
IN THE UNITED STATES DISTRICT COURT 
FOR THE DISTRICT OF DELAWARE 

BIO-RAD LABORATORIES, INC. and 
PRESIDENT AND FELLOWS OF HARVARD 
COLLEGE 

Plaintiffs, 

v. 

10X GENOMICS, INC., 

Defendant.  

C.A. No. 19-1699-RGA

DEMAND FOR JURY TRIAL 

FIRST AMENDED COMPLAINT 

Bio-Rad Laboratories, Inc. (“Bio-Rad”) and the President and Fellows of Harvard College 

(“Harvard University”) (collectively “Plaintiffs”) hereby allege  for their Complaint (“Complaint”) 

against Defendant 10X Genomics, Inc. (“10X”), on personal knowledge as to their own actions 

and on information and belief as to the actions of others, as follows: 

NATURE OF THE ACTION 

1. This is an action for patent infringement arising under the United States

Patent Act 35 U.S.C. §§1 et seq., including 35 U.S.C. § 271. 

2. Plaintiffs bring this action to halt 10X’s infringement of their rights under

the Patent Laws of the United States 35 U.S.C. §1, et. seq., which arise under U.S. Patent No. 

8,871,444 (“the ’444 patent”), which is attached hereto as Exhibit 1, U.S. Patent No. 9,919,277 

(“the ’277 patent”), which is attached hereto as Exhibit 14. 

3. Bio-Rad by itself brings this action to halt 10X’s infringement of its rights

under the Patent Laws of the United States 35 U.S.C. §1, et. seq., and U.S. Patent No. 10,190,115 

(“the ’115 patent”), which is attached hereto as Exhibit 15.    
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THE PARTIES 

4. Plaintiff Bio-Rad is a Delaware corporation having a principal place of 

business at 1000 Alfred Nobel Drive, Hercules, CA 94547.  

5. Harvard University is a research university incorporated as a Massachusetts 

not-for-profit institution, with its principal place of business at 1563 Massachusetts Ave., 

Cambridge, Massachusetts 02138.  Harvard University is a patent owner and licensor for the ’444  

and ’277 patents.   

6. 10X is a company organized and existing under the laws of Delaware, with 

its principal place of business at 7068 Koll Center Parkway, Suite 401, Pleasanton, CA, 94566. 

JURISDICTION AND VENUE 

7. This action for patent infringement arises under the patent laws of the 

United States, Title 35 of the United States Code. 

8. This Court has subject matter jurisdiction pursuant to 28 U.S.C. §§ 1331 

and 1338(a). 

9. This Court has personal jurisdiction over defendant 10X.  10X has 

substantial contacts with the forum as a consequence of conducting business in Delaware, and has 

purposefully availed itself of the benefits and protections of Delaware state law by incorporating 

under Delaware law.  

10. This Court has personal jurisdiction over nominal defendant Harvard 

University.  Harvard University has substantial contacts with the forum as a consequence of 

conducting business and activities in Delaware. 
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11. Venue is proper in this District under 28 U.S.C. §§ 1391(b) and (c), and 

1400(b) because Bio-Rad and 10X are both Delaware corporations and Delaware is a convenient 

forum for resolution of the parties’ disputes set forth herein.  

BACKGROUND 

12. Bio-Rad is a leader in the field of life science research and clinical 

diagnostics, and today many of Bio-Rad’s products and tools used in the biotechnology industry 

are recognized as the gold standard. 

13. A centerpiece of many of Bio-Rad’s products is its Droplet Digital™ 

technology.  This technology involves partitioning biological samples by placing them in 

individual microdroplets that are formed based on emulsion chemistry.  Using this technology, 

researchers can create a large numbers of partitions, each one for carrying out a reaction, with a 

minimum amount of sample handling and a minimum amount of sample volume. A variety of 

different reactions may be carried out inside the droplets, including polymerase chain reaction 

(“PCR”), and various reactions to prepare samples for next generation sequencing (“NGS”). 

14. Bio-Rad began offering its Droplet Digital™ PCR (“ddPCR™”) Systems 

brands in 2011 following its $162 million acquisition of QuantaLife, Inc. (“QuantaLife”) and its 

digital droplet PCR technology. The work at QuantaLife, and subsequently at Bio-Rad, led to a 

large number of patents being granted throughout the world concerning droplet-based emulsion 

systems and methods. 

15. Bio-Rad’s droplet digital technology was a breakthrough that greatly 

advanced the capabilities of PCR and NGS.  Just one year after the launch of Bio-Rad’s first 

generation product, the number of papers citing Bio-Rad’s droplet digital method using PCR 
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nearly quintupled.  Indeed, more than 250 peer-reviewed papers have been published in the fields 

of cancer, liquid biopsy, virology, and other diseases that cited to BioRad’s technology. 

16. Bio-Rad’s ddSEQ™ Single-Cell Isolator uses Droplet Digital™ technology 

to encapsulate single cells and barcodes into subnanoliter droplets, where cell lysis and barcoding 

of cellular messenger RNA occur. Libraries are generated representing the messenger RNAs from 

single cells that can be sequenced for Single Cell Analysis. 

17. Bio-Rad has spent years and hundreds of millions of dollars researching, 

acquiring and developing its Droplet technology and portfolio that is the foundation for many 

droplet-based applications such as ddPCR™ and NGS and Single Cell Analysis. 

18. For instance, in addition to its $162 million acquisition of QuantaLife, Bio-

Rad completed an $87 million acquisition of RainDance Technologies, Inc. (“RainDance”), and 

all of its intellectual property.   

19. As another example, Bio-Rad is the exclusive licensee of droplet 

intellectual property from world-renowned institutions, such as Harvard University and Lawrence 

Livermore National Laboratory.  Likewise, by virtue of its acquisition of RainDance, Bio-Rad 

acquired an exclusive licensee to foundational droplet technology developed at the University of 

Chicago. 

20. Starting in 2012, several Bio-Rad employees, including Serge Saxanoff (the 

sole inventor of the ’115 patent) left to found 10X Technologies, Inc., which later became 

Defendant 10X.  This company, like Bio-Rad, focused on developing systems and methods for 

generating droplet-based emulsions.  

21. In 2015, 10X launched a droplet-based emulsion system called GemCode 

that used the claimed microchips and chemistry for forming droplets that can be used in, among 
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other things, Next Generation Sequencing and Single Cell Analysis.  Approximately one year later, 

10X launched an updated version of its droplet-based emulsion system called Chromium.  These 

platforms compete against Bio-Rad’s Droplet Digital™ technology. 

22. In February 2015, RainDance filed a lawsuit in this district accusing 10X’s 

GemCode and Chromium platforms of infringing several patents developed at the University of 

Chicago.  Following its acquisition of RainDance, Bio-Rad substituted itself as the lead Plaintiff 

in this litigation.  In November 2018, Bio-Rad obtained a jury verdict of willful infringement 

against 10X Genomics, and in August 2019 Bio-Rad obtained a permanent injunction.   

23. Following the jury verdict, 10X announced a new line of products, which it 

recently began selling under the tradename “Next GEM.”  The Next GEM platform consists of an 

instrument known as the Chromium Controller along with reagent kits for carrying out various 

genetic analyses, including at least 10X’s Chromium Single Cell Gene Expression Solution, 

Chromium Single Cell Immune Profiling Solution, and Chromium Single Cell ATAC Solution.  

See generally Exs. 2-3.  

24. The Next GEM platform is at the heart of a $362 million IPO that 10X will 

launch imminently.  As 10X stated in its prospectus, “[w]e currently expect that, by the end of the 

third quarter of 2019, all Chromium instruments that we sell will operate exclusively with our Next 

GEM solutions and that our Chromium products utilizing our Next GEM microfluidic chips will 

constitute substantially all of our Chromium sales by the end of 2020.”  Ex. 4 at 7.   

25. 10X, however, infringes, literally or under the doctrine of equivalents, at 

least the ’444 patent through its activities connected to the Next GEM platform.   
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COUNT I 

(Infringement of U.S. Patent No. 8,871,444) 

26. Plaintiffs re-allege and incorporates by reference the allegations contained 

in paragraphs 1 through 25 above as relevant to this count. 

27. On October 28, 2014, the United States Patent and Trademark Office duly 

and legally issued the ’444 patent, entitled “In vitro evolution in microfluidic systems.”  A copy 

of the ’444 patent is attached as Exhibit 1. 

28. Andrew David Griffiths, David A. Weitz, Darren R. Link, Keunho Link, 

and Jerome Bibette are the sole and true inventors of the ’444 patent.  By operation of law and as 

a result of written assignment agreements, United Kingdom Research and Innovation  (“UKRI”) 

and President and Fellows of Harvard College (“Harvard University”) obtained the entire right, 

title and interest to and in the ’444 patent. 

29. Pursuant to license agreements Bio-Rad entered into with UKRI and 

Harvard University, Bio-Rad obtained an exclusive license to the ’444 patent in the field of 

microfluidic systems, kits and chips. 

30. On information and belief, 10X has infringed and continues to infringe at 

least claims 1-2, 4, and 8 of the ’444 patent pursuant to 35 U.S.C. § 271(a), literally or under the 

doctrine of equivalents, by using within the United States without authority the Next GEM 

products.  As an example, attached as Exhibit 5 is a preliminary and exemplary claim chart 

detailing 10X’s infringement of multiple claims of the ’444 patent.  This chart is not intended to 

limit Plaintiff’s right to modify this chart or any other claim chart or allege that other activities of 

10X infringe the identified claims or any other claims of the ’444 patent or any other patents.  

Exhibit 5 is hereby incorporated by reference in its entirety.  Each claim element in Exhibit 5 that 
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is mapped to 10X’s Next GEM platform shall be considered an allegation within the meaning of 

the Federal Rules of Civil Procedure and therefore a response to each allegation is required. 

31. 10X’s infringement of the ’444 patent has been knowing and willful.  10X’s 

founders, senior-most executives, and senior scientists became aware of Bio-Rad’s license with 

Harvard University at least in connection with 10X’s November 2018 trial against Bio-Rad in this 

district, where 10X was found to willfully infringe intellectual property from the University of 

Chicago.  Moreover, 10X has become deeply familiar with the full scope of the Harvard University 

droplet patent portfolio (including the ’444 patent), at least because it has licensed certain patents 

from Harvard University, as confirmed by Dr. Ben Hindson, 10X’s co-founder and Chief Scientific 

Officer, during 10X’s November 2018 trial.  In fact, Dr. Hindson confirmed that 10X was well 

aware of the work of at least one named inventor of the ’444 patent, including Dr. Weitz.   

32. Consistent with the foregoing, going back to at least April 4, 2014, 10X has 

filed Information Disclosure Statements with the United States Patent Office in which it has cited 

U.S. Patent Application No. 2006/0078888, which is a published version of the priority application 

that the ’444 patent is a continuation of.  See Exs. 10-13.   

33. On information and belief, in view of 10X’s (1) knowledge of Bio-Rad’s 

license with Harvard University, (2) knowledge of the Harvard University droplet patents, and (3) 

prior willful infringement of intellectual property controlled by Bio-Rad, 10X has carefully 

monitored and analyzed the Harvard University droplet patent portfolio and, through that work, 

become aware of the ’444 patent and the fact that the Next GEM platform infringes the ’444 patent.  

Despite being aware of these facts, 10Xs has nonetheless launched its Next GEM platform, even 

making it the centerpiece of a $362 million IPO.  As 10X stated in in its prospectus in support of 

its IPO, “[w]e currently expect that, by the end of the third quarter of 2019, all Chromium 
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instruments that we sell will operate exclusively with our Next GEM solutions and that our 

Chromium products utilizing our Next GEM microfluidic chips will constitute substantially all of 

our Chromium sales by the end of 2020.”  Ex. 4 at 7.   

34. In addition, 10X has had knowledge of and notice of the ’444 patent and its 

infringement since at least, and through, the filing and service of this Complaint and despite this 

knowledge continues to commit the aforementioned infringing acts.  For at least the reasons stated 

in this paragraph and in paragraphs 31-33 above, this infringement has been willful.   

35. 10X actively, knowingly, and intentionally has induced, or has threatened 

to induce, infringement of at least claims 1-2, 4, and 8 of the ’444 patent through a range of 

activities.  First, on information and belief, 10X has induced infringement by controlling the design 

and manufacture of, offering for sale, and selling the Next GEM platform and/or its individual 

components with the knowledge and specific intent that its customers will use the Next GEM 

platform to infringe the ’444 patent, literally or under the doctrine of equivalents, by performing 

the claimed method for detecting a product of an enzymatic reaction.   

36. Second, on information and belief, 10X has induced infringement by its 

customers through the dissemination of promotional and marketing materials relating to the Next 

GEM platform with the knowledge and specific intent that its customers will use the Next GEM 

platform to infringe the ’444 patent, literally or under the doctrine of equivalents, by performing 

the claimed method for detecting a product of an enzymatic reaction.  For instance, 10X promotes 

the Next GEM platform on its website.  As 10X states on the Technology portion of its website, 

its “proprietary Next GEM technology fuels our Chromium System with an innovative reagent 

delivery system, set of algorithms and turnkey software analysis tools that enable the discovery of 

previously inaccessible genetic information at massive rate and scale.” Ex. 3 at 1.   
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37. Third, on information and belief, 10X has induced infringement by its 

customers through the creation of distribution channels for the Next GEM platform and/or its 

individual components in the United States with the knowledge and specific intent that its 

customers will use the Next GEM platform to infringe the ’444 patent, literally or under the 

doctrine of equivalents, by performing the claimed method for detecting a product of an enzymatic 

reaction.   

38. Fourth, on information and belief, 10X has induced infringement through 

the distribution of other instructional materials, product manuals, and technical materials with the 

knowledge and the specific intent to encourage and facilitate its customer’s infringing (either 

literally or under the doctrine of equivalents) use of the Next GEM platform.  See, e.g., Exs. 2, 7-

9.  10X is liable for its induced infringement of the ’444 patent pursuant to 35 U.S.C. § 271 (b). 

39. 10X has engaged in the above activities with knowledge of the ’444 patent 

and with the specific intent to encourage and cause infringement by its customers, as shown by the 

allegations set forth in ¶¶ 31-38 above.   

40. 10X has contributed to, or has threatened to contribute to, the infringement 

by its customers of the ’444 patent by, without authority, selling and offering to sell within the 

United States materials and apparatuses for practicing the claimed invention of the ’444 patent, 

including at least the Next GEM platform as a whole and/or the individual components of the Next 

GEM platform (including without limitation reagent kits).  When, for example, the Next GEM 

platform is used by 10X’s customers for the various applications 10X offers, the claimed method 

for detecting the product of an enzymatic reaction is performed, thereby infringing, literally or 

under the doctrine of equivalents, at least claims 1-2, 4, and 8 of the ’444 patent.  The Next GEM 
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platform and/or its individual components, supplied by 10X, constitute a material part of the 

claimed invention of the ’444 patent. 

41. On information and belief, 10X knows that the Next GEM platform and/or 

its individual components constitute a material part of the inventions of the ’444 patent and that 

they are not a staple article or commodity of commerce suitable for substantial noninfringing use.  

As documented above and in Exhibit 5, the Next GEM platform consists of a specialized 

microfluidic device along with specialized reagents for conducting reactions in microfluidic 

droplets.  See supra ¶ 23; Exs. 2, 7-9.  As such, no part of the Next GEM platform is a staple article 

of commerce suitable for substantial non-infringing use.  10X knows that the Next GEM platform 

and its individual components are not staple articles or commodities of commerce suitable for 

substantial non-infringing use because the Next GEM platform and its individual components have 

no use apart from infringing the ’444 patent.  10X is liable for its contributory infringement of the 

’444 patent pursuant to 35 U.S.C. § 271(c). 

42. 10X’s infringement of the ’444 patent has injured Plaintiff in its business 

and property rights.  10X’s infringement of the ’444 patent has been and is deliberate and willful 

and constitutes egregious misconduct.  Despite actual knowledge of the ’444 patent and numerous 

related patents and applications since at least its trial against Bio-Rad in this district in November 

2018, 10X continued to develop and launch its infringing products.  As set forth in Exhibit 5, when 

customers use 10X’s Next GEM platform, they practice every element of multiple claims of the 

’444 patent.  In developing and launching its product, 10X has been willfully blind to this ongoing 

infringement.  Plaintiff is entitled to recover monetary damages for the injuries arising from 10X’s 

willful infringement pursuant to 35 U.S.C. § 284 in an amount to be determined at trial.  10X’s 
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infringement of the ’444 patent has caused irreparable harm to Plaintiff and will continue to cause 

such harm unless and until 10X’s infringing activities are enjoined by this Court.  

COUNT II 

(Infringement of U.S. Patent No. 9,919,277) 

43. Plaintiffs re-allege and incorporate by reference the allegations contained in 

paragraphs 1 through 42 above as relevant to this count. 

44. On March 20, 2018, the United States Patent and Trademark Office duly 

and legally issued the ’277 patent, entitled “In vitro evolution in microfluidic systems.”  A copy 

of the ’277 patent is attached as Exhibit 14. 

45. Andrew David Griffiths, David A. Weitz, Darren R. Link, Keunho Ahn, and 

Jerome Bibette are the sole and true inventors of the ’277 patent.  By operation of law and as a 

result of written assignment agreements, United Kingdom Research and Innovation  (“UKRI”) and 

President and Fellows of Harvard College (“Harvard University”) obtained the entire right, title 

and interest to and in the ’277 patent. 

46. Pursuant to license agreements Bio-Rad entered into with UKRI and 

Harvard University, Bio-Rad obtained an exclusive license to the ’277 patent in the field of 

microfluidic systems, kits and chips. 

47. On information and belief, 10X has infringed and continues to infringe at 

least claims 1-6, 8-9, 11, and 13-14 of the ’277 patent pursuant to 35 U.S.C. § 271(a), literally or 

under the doctrine of equivalents, by using within the United States without authority the Next 

GEM products.  As an example, attached as Exhibit 16 is a preliminary and exemplary claim chart 

detailing 10X’s infringement of multiple claims of the ’277 patent.  This chart is not intended to 

limit Plaintiff’s right to modify this chart or any other claim chart or allege that other activities of 

10X infringe the identified claims or any other claims of the ’277 patent or any other patents.  
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Exhibit 16 is hereby incorporated by reference in its entirety.  Each claim element in Exhibit 16 

that is mapped to 10X’s Next GEM platform shall be considered an allegation within the meaning 

of the Federal Rules of Civil Procedure and therefore a response to each allegation is required. 

48. 10X’s infringement of the ’277 patent has been knowing and willful.  10X’s 

founders, senior-most executives, and senior scientists became aware of Bio-Rad’s license with 

Harvard University at least in connection with 10X’s November 2018 trial against Bio-Rad in this 

district, where 10X was found to willfully infringe intellectual property from the University of 

Chicago.  Moreover, 10X has become deeply familiar with the full scope of the Harvard University 

droplet patent portfolio (including the ’277 patent), at least because it has licensed certain patents 

from Harvard University, as confirmed by Dr. Ben Hindson, 10X’s co-founder and Chief Scientific 

Officer, during 10X’s November 2018 trial.  In fact, Dr. Hindson confirmed that 10X was well 

aware of the work of at least one named inventor of the ’277 patent, including Dr. Weitz.   

49. On information and belief, in view of 10X’s (1) knowledge of Bio-Rad’s 

license with Harvard University, (2) knowledge of the Harvard University droplet patents, and (3) 

prior willful infringement of intellectual property controlled by Bio-Rad, 10X has carefully 

monitored and analyzed the Harvard University droplet patent portfolio and, through that work, 

become aware of the ’277 patent and the fact that the Next GEM platform infringes the ’277 patent.  

Despite being aware of these facts, 10Xs has nonetheless launched its Next GEM platform, even 

making it the centerpiece of a $362 million IPO.  As 10X stated in in its prospectus in support of 

its IPO, “[w]e currently expect that, by the end of the third quarter of 2019, all Chromium 

instruments that we sell will operate exclusively with our Next GEM solutions and that our 

Chromium products utilizing our Next GEM microfluidic chips will constitute substantially all of 

our Chromium sales by the end of 2020.”  Ex. 4 at 7.   
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50. In addition, 10X has had knowledge of and notice of the ’277 patent and its 

infringement since at least, and through, the filing and service of this Complaint and despite this 

knowledge continues to commit the aforementioned infringing acts.  For at least the reasons stated 

in this paragraph and in paragraphs 47-49 above, this infringement has been willful.   

51. 10X actively, knowingly, and intentionally has induced, or has threatened 

to induce, infringement of at least claims 1-6, 8-9, 11, and 13-14 of the ’277 patent through a range 

of activities.  First, on information and belief, 10X has induced infringement by controlling the 

design and manufacture of, offering for sale, and selling the Next GEM platform and/or its 

individual components with the knowledge and specific intent that its customers will use the Next 

GEM platform to infringe the ’277 patent, literally or under the doctrine of equivalents, by 

performing the claimed method for conducting an enzymatic reaction.   

52. Second, on information and belief, 10X has induced infringement by its 

customers through the dissemination of promotional and marketing materials relating to the Next 

GEM platform with the knowledge and specific intent that its customers will use the Next GEM 

platform to infringe the ’277 patent, literally or under the doctrine of equivalents, by performing 

the claimed method for conducting an enzymatic reaction.  For instance, 10X promotes the Next 

GEM platform on its website.  As 10X states on the Technology portion of its website, its 

“proprietary Next GEM technology fuels our Chromium System with an innovative reagent 

delivery system, set of algorithms and turnkey software analysis tools that enable the discovery of 

previously inaccessible genetic information at massive rate and scale.” Ex. 3 at 1.   

53. Third, on information and belief, 10X has induced infringement by its 

customers through the creation of distribution channels for the Next GEM platform and/or its 

individual components in the United States with the knowledge and specific intent that its 
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customers will use the Next GEM platform to infringe the ’277 patent, literally or under the 

doctrine of equivalents, by performing the claimed method for conducting an enzymatic reaction.   

54. Fourth, on information and belief, 10X has induced infringement through 

the distribution of other instructional materials, product manuals, and technical materials with the 

knowledge and the specific intent to encourage and facilitate its customer’s infringing (either 

literally or under the doctrine of equivalents) use of the Next GEM platform.  See, e.g., Exs. 2, 7-

9.  10X is liable for its induced infringement of the ’277 patent pursuant to 35 U.S.C. § 271 (b). 

55. 10X has engaged in the above activities with knowledge of the ’444 patent 

and with the specific intent to encourage and cause infringement by its customers, as shown by the 

allegations set forth in ¶¶ 47-54 above.   

56. 10X has contributed to, or has threatened to contribute to, the infringement 

by its customers of the ’277 patent by, without authority, selling and offering to sell within the 

United States materials and apparatuses for practicing the claimed invention of the ’277 patent, 

including at least the Next GEM platform as a whole and/or the individual components of the Next 

GEM platform (including without limitation reagent kits).  When, for example, the Next GEM 

platform is used by 10X’s customers for the various applications 10X offers, the claimed method 

for conducting an enzymatic reaction is performed, thereby infringing, literally or under the 

doctrine of equivalents, at least claims 1-6, 8-9, 11, and 13-14 of the ’277 patent.  The Next GEM 

platform and/or its individual components, supplied by 10X, constitute a material part of the 

claimed invention of the ’277 patent. 

57. On information and belief, 10X knows that the Next GEM platform and/or 

its individual components constitute a material part of the inventions of the ’277 patent and that 

they are not a staple article or commodity of commerce suitable for substantial noninfringing use.  
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As documented above and in Exhibit 16, the Next GEM platform consists of a specialized 

microfluidic device along with specialized reagents for conducting reactions in microfluidic 

droplets.  See supra ¶ 23; Exs. 2, 7-9.  As such, no part of the Next GEM platform is a staple article 

of commerce suitable for substantial non-infringing use.  10X knows that the Next GEM platform 

and its individual components are not staple articles or commodities of commerce suitable for 

substantial non-infringing use because the Next GEM platform and its individual components have 

no use apart from infringing the ’277 patent.  10X is liable for its contributory infringement of the 

’277 patent pursuant to 35 U.S.C. § 271(c). 

58. 10X’s infringement of the ’277 patent has injured Plaintiff in its business 

and property rights.  10X’s infringement of the ’277 patent has been and is deliberate and willful 

and constitutes egregious misconduct.  Despite actual knowledge of the ’277 patent and numerous 

related patents and applications since at least its trial against Bio-Rad in this district in November 

2018, 10X continued to develop and launch its infringing products.  As set forth in Exhibit 16, 

when customers use 10X’s Next GEM platform, they practice every element of multiple claims of 

the ’277 patent.  In developing and launching its product, 10X has been willfully blind to this 

ongoing infringement.  Plaintiff is entitled to recover monetary damages for the injuries arising 

from 10X’s willful infringement pursuant to 35 U.S.C. § 284 in an amount to be determined at 

trial.  10X’s infringement of the ’277 patent has caused irreparable harm to Plaintiff and will 

continue to cause such harm unless and until 10X’s infringing activities are enjoined by this Court.  

COUNT III 

(Infringement of U.S. Patent No. 10,190,115) 

59. Bio-Rad re-alleges and incorporates by reference the allegations contained 

in paragraphs 1 through 58 above as relevant to this count. 
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60. On March 20, 2018, the United States Patent and Trademark Office duly 

and legally issued the ’115 patent, entitled “Methods and Compositions For Nucleic Acid 

Analysis.”  A copy of the ’115 patent is attached as Exhibit 15. 

61. Serge Saxonov is the sole and true inventor of the ’115 patent.  By operation 

of law and as a result of written assignment agreements, Bio-Rad obtained the entire right, title 

and interest to and in the ’115 patent. 

62. On information and belief, 10X has infringed and continues to infringe at 

least claims 1, 4-15, and 18-26 of the ’115 patent pursuant to 35 U.S.C. § 271(a), literally or under 

the doctrine of equivalents, by using within the United States without authority the Next GEM 

products.  As an example, attached as Exhibit 17 is a preliminary and exemplary claim chart 

detailing 10X’s infringement of multiple claims of the ’115 patent.  This chart is not intended to 

limit Plaintiff’s right to modify this chart or any other claim chart or allege that other activities of 

10X infringe the identified claims or any other claims of the ’115 patent or any other patents.  

Exhibit 17 is hereby incorporated by reference in its entirety.  Each claim element in Exhibit 17 

that is mapped to 10X’s Next GEM platform shall be considered an allegation within the meaning 

of the Federal Rules of Civil Procedure and therefore a response to each allegation is required. 

63. 10X’s infringement of the ’115 patent has been knowing and willful.  10X’s 

founders, senior-most executives, and senior scientists were aware of the ’115 patent at least since 

the founding of 10X. Serge Saxonov, a co-founder of 10X and former employee of Bio-Rad is the 

sole inventor on the ’115 patent and worked on the invention encompassed by the ’115 patent 

while he was employed at Bio-Rad. Thus, Serge Saxonov and 10X are deeply familiar with the 

’115 patent.   
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64. Consistent with the foregoing, going back to at least December 4, 2015, 10X 

has filed Information Disclosure Statements with the United States Patent Office in which it has 

cited U.S. Patent Publication No. 2015/0376609 which is a published version of the application 

that resulted in the ’115 patent.  See Ex. 18.   

65. Despite being aware of these facts, 10X has nonetheless launched its Next 

GEM platform, even making it the centerpiece of a $362 million IPO.  As 10X stated in in its 

prospectus in support of its IPO, “[w]e currently expect that, by the end of the third quarter of 

2019, all Chromium instruments that we sell will operate exclusively with our Next GEM solutions 

and that our Chromium products utilizing our Next GEM microfluidic chips will constitute 

substantially all of our Chromium sales by the end of 2020.”  Ex. 4 at 7.   

66. In addition, 10X has had knowledge of and notice of the ’115 patent and its 

infringement since at least, and through, the filing and service of this Complaint and despite this 

knowledge continues to commit the aforementioned infringing acts.  For at least the reasons stated 

in this paragraph and in paragraphs 63-64 above, this infringement has been willful.   

67. 10X actively, knowingly, and intentionally has induced, or has threatened 

to induce, infringement of at least claims 1, 4-15, and 18-26 of the ’115 patent through a range of 

activities.  First, on information and belief, 10X has induced infringement by controlling the design 

and manufacture of, offering for sale, and selling the Next GEM platform and/or its individual 

components with the knowledge and specific intent that its customers will use the Next GEM 

platform to infringe the ’115 patent, literally or under the doctrine of equivalents, by using the 

claimed composition and device.   

68. Second, on information and belief, 10X has induced infringement by its 

customers through the dissemination of promotional and marketing materials relating to the Next 
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GEM platform with the knowledge and specific intent that its customers will use the Next GEM 

platform to infringe the ’115 patent, literally or under the doctrine of equivalents, by using the 

claimed composition and device.  For instance, 10X promotes the Next GEM platform on its 

website.  As 10X states on the Technology portion of its website, its “proprietary Next GEM 

technology fuels our Chromium System with an innovative reagent delivery system, set of 

algorithms and turnkey software analysis tools that enable the discovery of previously inaccessible 

genetic information at massive rate and scale.” Ex. 3 at 1.   

69. Third, on information and belief, 10X has induced infringement by its 

customers through the creation of distribution channels for the Next GEM platform and/or its 

individual components in the United States with the knowledge and specific intent that its 

customers will use the Next GEM platform to infringe the ’115 patent, literally or under the 

doctrine of equivalents, by using the claimed composition and device.   

70. Fourth, on information and belief, 10X has induced infringement through 

the distribution of other instructional materials, product manuals, and technical materials with the 

knowledge and the specific intent to encourage and facilitate its customer’s infringing (either 

literally or under the doctrine of equivalents) use of the Next GEM platform.  See, e.g., Exs. 2, 7-

9.  10X is liable for its induced infringement of the ’115 patent pursuant to 35 U.S.C. § 271 (b). 

71. 10X has engaged in the above activities with knowledge of the ’115 patent 

and with the specific intent to encourage and cause infringement by its customers, as shown by the 

allegations set forth in ¶¶ 62-69 above.   

72. 10X has contributed to, or has threatened to contribute to, the infringement 

by its customers of the ’115 patent by, without authority, selling and offering to sell within the 

United States materials and apparatuses for practicing the claimed invention of the ’115 patent, 
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including at least the Next GEM platform as a whole and/or the individual components of the Next 

GEM platform (including without limitation reagent kits).  When, for example, the Next GEM 

platform is used by 10X’s customers for the various applications 10X offers, the claimed 

composition and device is used, thereby infringing, literally or under the doctrine of equivalents, 

at least claims 1, 4-15, and 18-26 of the ’115 patent.  The Next GEM platform and/or its individual 

components, supplied by 10X, constitute a material part of the claimed invention of the ’115 patent. 

73. On information and belief, 10X knows that the Next GEM platform and/or 

its individual components constitute a material part of the inventions of the ’115 patent and that 

they are not a staple article or commodity of commerce suitable for substantial noninfringing use.  

As documented above and in Exhibit 17, the Next GEM platform consists of a specialized 

microfluidic device along with specialized reagents for conducting reactions in microfluidic 

droplets.  See supra ¶ 23; Exs. 2, 7-9.  As such, no part of the Next GEM platform is a staple article 

of commerce suitable for substantial non-infringing use.  10X knows that the Next GEM platform 

and its individual components are not staple articles or commodities of commerce suitable for 

substantial non-infringing use because the Next GEM platform and its individual components have 

no use apart from infringing the ’115 patent.  10X is liable for its contributory infringement of the 

’115 patent pursuant to 35 U.S.C. § 271(c). 

74. 10X’s infringement of the ’115 patent has injured Plaintiff in its business 

and property rights.  10X’s infringement of the ’115 patent has been and is deliberate and willful 

and constitutes egregious misconduct.  Despite actual knowledge of the ’115 patent, 10X continued 

to develop and launch its infringing products.  As set forth in Exhibit 17, when customers use 

10X’s Next GEM platform, they practice every element of multiple claims of the ’115 patent.  In 

developing and launching its product, 10X has been willfully blind to this ongoing infringement.  
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Plaintiff is entitled to recover monetary damages for the injuries arising from 10X’s willful 

infringement pursuant to 35 U.S.C. § 284 in an amount to be determined at trial.  10X’s 

infringement of the ’115 patent has caused irreparable harm to Plaintiff and will continue to cause 

such harm unless and until 10X’s infringing activities are enjoined by this Court.  

PRAYER FOR RELIEF 

 WHEREFORE, Plaintiffs pray for relief as follows: 

A. Judgment that 10X has infringed one or more claims of the ’444 and ’277 

patents; 

B. An order permanently enjoining 10X from further infringement of the ’444 

and ’277 patents or in the alternative an on-going royalty; 

C. An award of damages pursuant to 35 U.S.C. § 284; 

D. A determination that 10X’s infringement of the ’444 and ’277 patents has 

been and is willful, and an award of enhanced damages, up to and including trebling of the damages 

awarded to Bio-Rad; 

E. An award to Bio-Rad of its costs, pre- and post-judgment interest, and 

reasonable expenses to the fullest extent permitted by law; 

F. A declaration that this case is exceptional pursuant to 35 U.S.C. § 285, and 

an award of attorneys’ fees and costs; and 

G. An award of such other and further relief as the Court may deem just and 

proper. 

 WHEREFORE, Bio-Rad by itself prays for relief as follows: 

A. Judgment that 10X has infringed one or more claims of the ’115 patent; 

B. An order permanently enjoining 10X from further infringement of the’115 
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patent or in the alternative an on-going royalty; 

C. An award of damages pursuant to 35 U.S.C. § 284; 

D. A determination that 10X’s infringement of the ’115 patent has been and is 

willful, and an award of enhanced damages, up to and including trebling of the damages awarded 

to Bio-Rad; 

E. An award to Bio-Rad of its costs, pre- and post-judgment interest, and 

reasonable expenses to the fullest extent permitted by law; 

F. A declaration that this case is exceptional pursuant to 35 U.S.C. § 285, and 

an award of attorneys’ fees and costs; and 

An award of such other and further relief as the Court may deem just and proper. 

DEMAND FOR JURY TRIAL 

Pursuant to Federal Rule of Civil Procedure 38(b), Bio-Rad hereby demands a trial by jury 

on all issues so triable. 

21

Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 21 of 835 PageID #: 1506



 

Dated: November 4, 2019 

Of Counsel:  

Edward R. Reines  
Derek C. Walter  
WEIL, GOTSHAL & MANGES LLP 
201 Redwood Shores Parkway 
Redwood Shores, CA  94065 
(650) 802-3000

Respectfully submitted, 

FARNAN LLP 

/s/ Brian E. Farnan 
Brian E. Farnan (Bar No. 4089) 
Michael J. Farnan (Bar No. 5165) 
919 N. Market St., 12th Floor 
Wilmington, DE 19801 
(302) 777-0300
(302) 777-0301 (Fax)
bfarnan@farnanlaw.com
mfarnan@farnanlaw.com

Attorneys for Plaintiffs Bio-Rad Laboratories, 
Inc. and President and Fellows of Harvard 
College 

22

Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 22 of 835 PageID #: 1507



   
 

 
EXHIBIT 1 

Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 23 of 835 PageID #: 1508Case 1:19-cv-01699—RGA Document 8 Filed 11/05/19 Page 23 of 835 PageID #: 1508

EXHIBIT 1



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 24 of 835 PageID #: 1509case 11946016994611 D°"“me“t8 Flllllllflllllfllllllfllllflllllllllllllll‘lllfllflllllllllllllllllllllog

 

USOO8871444B2

(12) United States Patent (10) Patent No.: US 8,871,444 B2
Griffiths et al. (45) Date of Patent: *Oct. 28, 2014

(54) IN VITRO EVOLUTION IN MICROFLUIDIC 2219/0052 (2013.01); 3011 2400/0487

(71)

(72)

(73)

(*)

(21)

(22)

(65)

(63)

(51)

(52)

SYSTEMS

Applicants:Medical Research Council, London
(GB); President and Fellows of
Harvard College, Cambridge, MA (US)

Inventors: Andrew David Griffiths, Strasbourg
(FR); David A. Weitz, Cambridge, MA
(US); Darren R. Link, Lenxington, MA
(US); Keunho Ahn, Lafayette, CA (US);
Jerome Bibette, Paris (FR)

Assignees: Medical Research Council, London
(GB); President and Fellows of
Harvard College, Cambridge, MA (US)

Notice: Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
U.S.C. 154(b) by 0 days.

This patent is subject to a terminal dis-
claimer.

Appl. No.: 13/693,356

Filed: Dec. 4, 2012

Prior Publication Data

US 2013/0217601A1 Aug. 22, 2013

Related US. Application Data

Continuation of application No. ll/665,030, filed as
application No. PCT/GB2005/003889 on Oct. 10,
2005, which is a continuation of application No.
10/961,695, filed on Oct. 8, 2004, now Pat. No.
7,968,287.

Int. Cl.

C12Q 1/68 (2006.01)
G01N 33/53 (2006.01)
0123 19/34 (2006.01)
C12M 1/00 (2006.01)
G01N 15/06 (2006.01)
co7H 21/04 (2006.01)
3011 3/00 (2006.01)
301F 13/00 (2006.01)
3011 19/00 (2006.01)
301F 5/06 (2006.01)
C12N 15/10 (2006.01)
301F 3/08 (2006.01)
0123 21/00 (2006.01)
US. Cl.

CPC ........ 301J 19/0046 (2013.01); 301.1 2219/005
(2013.01); 301.12219/00657 (2013.01); BOIL

3/502784(2013.01);B01F13/0071(2013.01);
BOIL 3/502753 (2013.01);B01F 13/0076

(2013.01); BOIL 2200/0636 (2013.01); 30]]
2219/00466 (2013.01); BOIJ 2219/00468

(2013.01); BOIJ22I9/00576 (2013.01); 30]]
2219/00722 (2013.01);B01F 5/0646 (2013.01);

BOIL 2300/0867 (2013.01); B01F 5/0655
(2013.01); BOIL 2300/0864 (2013.01); 30]]

(2013.01); C12N15/1075 (2013.01); 301F
3/0807 (2013.01); 301.12219/00545 (2013.01);

301F 13/0062 (2013.01); 3011 2300/0654
(2013.01); C12N15/1058 (2013.01); 3011

2300/0816 (2013.01); 3011 2200/0673
(2013.01); C12P21/00 (2013.01); 3011

3/502776 (2013.01); 301F 5/0647 (2013.01);
3011 2400/0415 (2013.01); 3011 3/502 746

(2013.01)
USPC ......... 435/61; 435/71; 435/912; 435/2831;

422/681; 536/23.1; 536/2433

(58) Field of Classification Search
CPC ..................... B01L 3/502784; A61K 49/1806;

C12Q 1/686
USPC ............... 435/6.1, 7.1, 91.2, 283.1; 422/681;

536/23.1, 24.33
See application file for complete search history.

(56) References Cited

U.S. PATENT DOCUMENTS

2,097,692 A 11/1937 Fiegel
2,164,172 A 6/1939 Dalton
2,656,508 A 10/1953 Coulter
2,692,800 A 10/1954 Nichols et al.
2,797,149 A 6/1957 Skeggs
2,879,141 A 3/1959 Skeggs
2,971,700 A 2/1961 Peeps
3,479,141 A 11/1969 Smythe et al.

(Continued)

FOREIGN PATENT DOCUMENTS

AU 2004225691 B2 6/2010
CA 2520548 A1 10/2004

(Continued)
OTHER PUBLICATIONS

Mazutis et al, Droplet-Based Microfluidic Systems for High-
Throughput Single DNA Molecule Isothermal Amplification and
Analysis, 2009, Anal. Chem., 81, 4813-4821.*
Adang, A.E. et al., The contribution of combinatorial chemistry to
lead generation: an interim analysis, Curr Med Chem 8: 985-998
2001 .

EAdVislry Action for US. Appl. No. 11/360,845, mailed Jun. 14,2010.

(Continued)

Primary Examiner 7 Narayan Bhat
(74) Attorney, Agent, or FirmiBrown Rudnick LLP;
Thomas C. Meyers

(57) ABSTRACT

The invention describes a method for isolating one or more
genetic elements encoding a gene product having a desired
activity, comprising the steps of: (a) compartmentalizing
genetic elements into microcapsules; and (b) sorting the
genetic elements which express the gene product having the
desired activity; wherein at least one step is under microflu-
idic control. The invention enables the in Vitro evolution of

nucleic acids and proteins by repeated mutagenesis and itera-
tive applications of the method of the invention.

9 Claims, 25 Drawing Sheets



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 25 of 835 PageID #: 1510Case 1:19-cv-01699-RGA Document 8 Filed 11/05/19 Page 25 of 835 PageID #: 1510

 
US 8,871,444 B2

Page 2

(56) References Cited 5,427,946 A 6/1995 Kricka et a1.
5,445,934 A 8/1995 Fodoret al.

US. PATENT DOCUMENTS 5,452,878 A 9/1995 Gravesen et al.
5,452,955 A 9/1995 Lundstrom

3,608,821 A 9/1971 Simmetéfl. 5,454,472 A 10/1995 Beneckeetal.
3,698,635 A 10/1972 51014635 5,460,945 A 10/1995 Springer etal.
3,816,331 A 6/1974 Brown, Jr. eta1. 5,475,096 A 12/1995 Goldetal,
3,930,061 A 12/1975 Scharfenberger 5,480,614 A 1/1996 Kernnhon
3,960,187 A 6/1976 Stock eta1. 5,486,335 A 1/1996 erdrng etal.
3,980,541 A 9/1976 Aine 5,498,392 A 3/1996 Wilding etal.
3,982,541 A 9/1976 L’Esperance,Jr. 5,500,415 A 3/1996 Dollatet al.
4,014,469 A 3/1977 Sato 5,503,851 A 4/1996 Manketal.
4,022,575 A 5/1977 Hansen eta1. 5,512,131 A 4/1996 KunraretaL
4,034,966 A 7/1977 Suhetal. 5,516,635 A 5/1996 Eklnsetal.
4,059,552 A 11/1977 Zweigle etal. 5518709 A 5/1996 Sutton et a1.
4,091,042 A 5/1978 Alexanderson eta1. 5,523,162 A 6/1996 Franz etal.
4,117,550 A 9/1978 Follandet 31. 5,587,128 A 12/1996 W11d1ngetal.
4,130,394 A 12/1978 Negersnnth 5,604,097 A 2/1997 Brenner
4,210,809 A 7/1980 Pelavin 5,612,188 A 3/1997 Shuleretal.
4,253,846 A 3/1981 Smytheetal. 5,616,478 A 4/1997 Chetverinetal.
4,266,721 A 5/1981 51014635 5,617,997 A 4/1997 Kobayashietai.
4,279,345 A 7/1981 Allred 5,635,358 A 6/1997 Wilding etal.
4,297,345 A 10/1981 Howarth 5,636,400 A 6/1997 Young
4,315,754 A 2/1982 Ruzickaet a1. 5,641,658 A 6/1997 Adarns et_a1~
4378 957 A 4/1983 Maikin et al. 5,643,729 A 7/1997 Tan1guch1et al.
4383767 A 5/1983 Jido 5,655,517 A 8/1997 Coffee
4,439:980 A 4/1984 Biblarz et 31. 5,656,155 A 8/1997 Norcross et 31.
4,508,265 A 4/1985 Jido 5,661,222 A 8/1997 Hare
4,533,634 A 8/1985 Maldonado et al. 5,662,874 A 9/1997 DaV_1d
4585209 A 4/1986 Aine et 31. 5,670,325 A 9/1997 Lapldus et al.
4618476 A 10/1986 Columbus 5,681,600 A 10/1997 Antinone etal.
4675285 A 6/1987 Clark eta1. 5,695,934 A 12/1997 Brenner
4,676:274 A 6/1987 Brown 5,726,026 A 3/1998 Wilding etal.
4,683,195 A 7/1987 Mullis eta1. 5,726,404 A 3/1998 Brody
4,683,202 A 7/1987 Mullis 5,733,526 A 3/1998 TreV1no et al.
4,739,044 A 4/1988 Stabinsky 5,739,036 A 4/1998 Parrls
4,757,141 A 7/1988 Fungetal. 5,744,366 A 4/1998 Krlckaetal.
4,767,515 A 8/1988 Scott eta1. 5,750,988 A 5/1998 Apffeletal.
4,767,929 A 8/1988 Valentine 5,762,775 A 6/1998 DePaolietal.
4,779,805 A 10/1988 Jackson eta1. 5,779,868 A 7/1998 Farce etal.
4801086 A 1/1989 Noakes 5,783,431 A 7/1998 Peterson etal.
4:801’529 A 171989 Perlman 5,840,506 A 11/1998 Giordano
4,829:996 A 5/1989 Noakesetal. 5,846,719 A 12/1998 Brenneretal.
4,853,336 A 8/1989 Saros et 31. 5,849,491 A 12/1998 Radomskietal.
4,865,444 A 9/1989 Green eta1. 5,858,187 A 1/1999 Rnrnseyetal
4,883,750 A 11/1989 Whiteleyetal. 5,858,655 A 1/1999 AIIlOld
4908112 A 3/1990 Pace 5,858,670 A 1/1999 Lamet 31.
4:931:25 A 671990 Cheng 5,863,722 A 1/1999 Brenner
4,941,959 A 7/1990 Scott 5,868,322 A 2/1999 Loucks, Jr. et 31.
4,962,885 A 10/1990 Coffee 5,872,010 A 2/1999 Kargeretal.
4,963,498 A 10/1990 Hillrnan eta1. 5,876,771 A 3/1999 Slzer et a1.
4,981,580 A 1/1991 Auer 5,880,071 A 3/1999 Parceetal.
4,996,004 A 2/1991 Bucheleret a1. 5,882,680 A 3/1999 Suzukr et a1.
5,091,652 A 2/1992 Mathies et a1. 5,884,846 A 3/1999 Tan
5,096,615 A 3/1992 Prescott eta1. 5,887,755 A 3/1999 H09d_,III
5,122,360 A 6/1992 Harris et al. 5,888,746 A 3/1999 Tab1t1et al.
5,180,662 A 1/1993 Sitkovsky 5,888,778 A 3/1999 Snuber
5,185,099 A 2/1993 Delpuech etal. 5904933 A 5/1999 Rressetal.
5,188,290 A 2/1993 Gebauer et a1. 5921678 A 7/1999 Desar et al.
5188291 A 2/1993 Cross 5,927,852 A 7/1999 Serafin
5:204:112 A 4/1993 Hope et al. 5,928,870 A 7/1999 Lapidus et al.
5,207,973 A 5/1993 Harris et a1. 5,932,100 A 8/1999 Yageretal.
5,241,159 A 8/1993 Chatteriee etal. 5935331 A 8/1999 Nakaet a1.
5,260,466 A 11/1993 McGibbon 5,942,056 A 8/1999 Srngh
5,262,027 A 11/1993 Scott 5,942,443 A 8/1999 Parce et al.
5,270,163 A 12/1993 Goldetal. 5,958,203 A 9/1999 Parce 6t 31.
5,296,375 A 3/1994 Krickaetal. 5,972,187 A 10/1999 Parceetal.
5,304,487 A 4/1994 Wilding et 31. 5,980,936 A 11/1999 Krafft-et 31.
5,310,653 A 5/1994 Hanausek—Walaszek eta1. 5,989,815 A 11/1999 Skolnrck etal~
5,313,009 A 5/1994 Guenkel e131. 5,989,892 A 11/1999 Nishimaki etal.
5,344,594 A 9/1994 Sheridon 5,995,341 A 11/1999 Tanakaet 31.
5,378,957 A 1/1995 Kelly 5,997,636 A 12/1999 Gamarnik et 31.
5,397,605 A 3/1995 Barbieri 6,008,003 A 12/1999 Haak-Frendscho et al.
5,399,461 A 3/1995 Van etal. 6,023,540 A 2/2000 Waitet 31.
5,399,491 A 3/1995 Kacian et 31. 6,028,066 A 2/2000 Unger
5,401,634 A 3/1995 Milbrath ...................... 435/6.15 6,042,709 A 3/2000 Parce et 31.
5,403,617 A 4/1995 Haaland 6,045,755 A 4/2000 Leblet 31.
5,413,924 A 5/1995 Kosak et 31. 6,046,056 A 4/2000 Parce et 31.
5,417,235 A 5/1995 Wise et 31. 6,048,551 A 4/2000 Hilfingeret ai.



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 26 of 835 PageID #: 1511Case 1:19-cv-01699-RGA Document 8 Filed 11/05/19 Page 26 of 835 PageID #: 1511

 
US 8,871,444 B2

Page 3

(56) References Cited 6,355,193 B1 3/2002 Stott
6,355,198 B1 3/2002 Kimetal.

us. PATENT DOCUMENTS 6,357,670 B2 3/2002 Ganan-Calvo
6,386,463 B1 5/2002 Ganan-Calvo

6,068,199 A 5/2000 Coffee 6,391,559 B1 5/2002 Brown etal.
6,080,295 A 6/2000 Parce etal. 6,394,429 B2 5/2002 Ganan-Calvo
6,086,740 A 7/2000 Kennedy 6,399,339 B1 6/2002 Wolberg et 31.
6,096,495 A 8/2000 Kasai etal. 6,399,389 B1 6/2002 Parce et al.
6,103,537 A 8/2000 Ullman et 31. 6,403,373 B1 6/2002 Scanlan et al.
6105571 A 8/2000 Coffee 6,405,936 B1 6/2002 Ganan-CalVO
6:105’877 A 8/2000 Coffee 6,408,878 B2 6/2002 Ungeretal.
6,116:516 A 9/2000 Ganan-Calvo 6,409,832 B2 6/2002 Weigletal.
6,118,849 A 9/2000 Tanirnori et al. 6429025 Bl 8/2002 Farce etal~
6,119,953 A 9/2000 Ganan-Calvo et a1. 6,429,148 Bl 8/2002 ChU_etal~
6,120,666 A 9/2000 Jacobson etal. 6,432,143 132 80002 Kublak etal~
6,124,388 A 9/2000 Takaiet 31. 6,432,148 B1 8/2002 Ganan-Calvo
6,124,439 A 9/2000 Friedman e131. 6,432,630 B1 8/2002 Blankenstein
6,130,052 A 10/2000 Van Baren etal. 6,439,103 Bl 8/2002 Miller _
6,130,098 A 10/2000 Handjque et 31. 6,440,706 B1 8/2002 Vogelsteln etal.
6137214 A 10/2000 Raina 6,450,139 B1 9/2002 Watanabe
6:138:077 A 10/2000 Brenner 6,450,189 B1 9/2002 Ganan-Calvo
6,139 303 A 10/2000 Reedetal. 6,454,193 B1 9/2002 Busicket al.
6,140:053 A 10/2000 Koster 6,464,336 Bl 10/2002 Shanna
6,143,496 A 11/2000 Brown et a1. 6,464,886 32 10/2002 Ganan-CalVO
6,149,789 A 11/2000 Benecke et al. 6475441 Bl 11/2002 Farce etal~
6,150,180 A 11/2000 Parce et a1. 6,481,648 Bl 11/2002 Zimmermann
6150516 A 11/2000 Brenner et 31. 6,489,103 B1 12/2002 Griffiths et al.
6:165’778 A 12/2000 Kedar 6,503,933 B1 1/2003 Moloneyetal.
6,171:796 B1 1/2001 Anetal. 6,506,609 B1 1/2003 Wadaet 31.
6,171,850 B1 1/2001 Nagle e131. 6,508,988 B1 1/2003 Van Dametal.
6,172,214 B1 1/2001 Brenner 6,520,425 Bl 2/2003 Reneker
6,172,218 B1 1/2001 Brenner 6,524,456 B1 2/2003 RamseyetaL
6,174,160 B1 1/2001 Lee et 31. 6,540,395 B2 4/2003 Muhlbauer et 31.
6,174,469 B1 1/2001 Ganan-Calvo 6,540,895 B1 4/2003 Spence et 31.
6,180,372 B1 1/2001 Franzen 6,551,836 B1 4/2003 Chowetal.
6,184,012 B1 2/2001 Neriet 31. 6,553,944 B1 4/2003 Allen et al.
6187214 B1 2/2001 Ganan-Calvo 6,553,960 B1 4/2003 Yoshikawa et al.
6:189:803 B1 2/2001 Ganan-Calvo 6,554,202 132 40003 Ganan-Calvo
6,196,525 B1 3/2001 Ganan-Calvo 6,557,334 B2 5/2003 lager
6197335 B1 3/2001 Sherman 6,557,834 B2 5/2003 Ganan-CalVO
6:197:835 B1 3/2001 GanmCalVO 6,558,944 B1 5/2003 Parce et a1.
6,203,993 B1 3/2001 Shuber et al. 6558960 Bl 5/2003 Farce etal~
6,210,396 B1 4/2001 MacDonald et al. 6560030 132 50003 Legrand etal~
6,210,891 B1 4/2001 Nyren et 31. 6,565,010 B2 5/2003 Anderson et 31.
6,210,896 B1 4/2001 Chan 6,569,631 B1 5/2003 Pantoliano etal.
6,214,558 B1 4/2001 Shuber et al. 6576420 Bl 6/2003 CarsonetaL
6,221,654 B1 4/2001 Quake e131. 6,591,852 B1 7/2003 McNeelyetal.
6,227,466 B1 5/2001 Hartman etal. 6,592,321 B2 7/2003 Bonker etal.
6,234,402 B1 5/2001 Ganan-Calvo 6,592,821 Bl 7/2003 Wadaetal~
6,235,383 B1 5/2001 Hong etal. 6,608,726 B2 8/2003 Legrandetal.
6,235,475 B1 5/2001 Brenner et a1. 6,610,499 B1 8/2003 FulWyleretal.
6,241,159 B1 6/2001 Ganan-Calvo et a1. 6,614,598 B1 9/2003 Quake etal.
6,243,373 B1 6/2001 Turock 6,627,603 B1 9/2003 Blbette et al.
6248 378 B1 6/2001 Ganan-Calvo 6,630,006 B2 10/2003 Santarsiero et al.
6:251’661 B1 6/2001 Umbe et 31. 6,630,353 B1 10/2003 Parce et a1.
6,252:129 B1 6/2001 Coffee 6,632,619 B1 10/2003 Harrison et al.
6,258,568 B1 7/2001 Nyren 6,638,749 B1 10/2003 Beckman etal.
6,258,858 B1 7/2001 Nakajima et 31. 6,645,432 B1 11/2003 Anderson et al.
6,263,222 B1 7/2001 Diab etal. 6,646,253 B1 11/2003 Rohwer et al.
6,266,459 B1 7/2001 Walt et 31. 6,653,626 B2 11/2003 Fischer et 31.
6,267,353 B1 7/2001 Friedline et al. 6,656,267 32 12/2003 Newman
6,267,858 B1 7/2001 Parce et al. 6659370 Bl 12/2003 1110116 _
6,268,165 B1 7/2001 O’Brien 6,660,252 B2 12/2003 Matathla et al.
6,268,222 B1 7/2001 Chandleretal. 6,670,142 32 12/2003 Lau etal~
6,274,320 B1 8/2001 Rothberg et a1. 6,679,441 Bl 1/2004 BorrfletaL
6,274,337 B1 8/2001 Parce et 31. 6,680,178 B2 1/2004 Harrls et 31.
6,294,344 B1 9/2001 O’Brien 6,682,890 B2 1/2004 Mack et 31.
6,296,673 B1 10/2001 Santarsiero et a1. 6,717,136 132 40004 Apdersson etal~
6,299,145 B1 10/2001 Ganan-Calvo 6,729,561 B2 5/2004 leae etal.
6,301,055 B1 10/2001 Legrandetal. 6,739,036 B2 5/2004 Kelke etal.
6,306,659 131 10/2001 Parce et 31, 6,744,046 B2 6/2004 Valaskovic etal.
6,310,354 B1 10/2001 Hanninen et a1. 6,752,922 B2 6/2004 Huang et a1.
6,310,653 B1 10/2001 Malcolm, Jr. et al. 6,753,147 B2 6/2004 Vogelstein et al.
6,316,208 B1 11/2001 Roberts et a1. 6,766,817 B2 7/2004 da Silva
6,316,213 B1 11/2001 O’Brien 6,767,194 B2 7/2004 Jeon etal.
6,318,640 B1 11/2001 Coffee 6,767,704 B2 7/2004 Wa1c1man et a1.
6,336,463 B1 1/2002 Ohta 6,790,328 B2 9/2004 Jacobson etal.
6,344,325 B1 2/2002 Quake et a1. 6,793,753 B2 9/2004 Ungeretal.
6,352,828 B1 3/2002 Brenner 6,797,056 B2 9/2004 David



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 27 of 835 PageID #: 1512Case 1:19-cv-01699-RGA Document 8 Filed 11/05/19 Page 27 of 835 PageID #: 1512

 
US 8,871,444 B2

Page 4

(56) References Cited 7,473,531 B1 1/2009 Domon et a1.
7,476,506 B2 1/2009 Schleyer et al.

US. PATENT DOCUMENTS 7,479,370 132 1/2009 COignet
7,479,371 B2 1/2009 Ando et a1.

6,800,849 B2 10/2004 Staats 7,479,376 B2 1/2009 Waldman et a1.
6,806,058 B2 10/2004 Jesperson et a1. 7,482,129 132 1/2009 SoyUPak ML
6808 382 B2 10/2004 Lanfranchi 7,501,244 B2 3/2009 Relnhard et a1.
6:808:882 B2 10/2004 Griffiths et a1. 7,504,214 B2 3/2009 Erlander et a1.
6,814,980 B2 11/2004 Levy et a1. 7,507,532 B2 3/2009 Chang etal.
6,818,395 B1 11/2004 Quake etal. 7,507,541 B2 3/2009 Raltano etal.
6,832,787 B1 12/2004 Renzi 7,510,707 B2 3/2009 Platica et a1.
6,833,242 B2 12/2004 Quake et a1. 7,510,842 B2 3/2009 Podust et a1.
6,841,350 B2 1/2005 Ogden et al. 7,514,209 132 40009 Dalétal.
6,872,250 B2 3/2005 David et al. 7514210 B2 4/2009 Holllgeretal.
6,890,487 B1 5/2005 Sklar et a1. 7,524,633 B2 4/2009 Sldransky
6897018 B1 5/2005 Yuan et a1. 7,527,933 B2 5/2009 Sah1n et a1.
6:905:844 B2 6/2005 Kim 7,537,897 B2 5/2009 Brenner etal.
6,918,404 B2 7/2005 Dias da Silva 7,541,383 B2 6/2009 Fu etal.
6926313 B1 8/2005 Renzi 7,544,473 B2 6/2009 Brenner
6’935’768 B2 8/2005 Lowe e131. 7,556,776 B2 7/2009 Fraden et al.
6,936,417 B2 8/2005 Orntoft 7,582,446 B2 9/2009 Griffiths et a1.
6:942:978 B1 9/2005 O>Brien 7,622,081 B2 11/2009 Chou etal.
6,949,342 B2 9/2005 Golub et a1. 7,632,562 32 12/2009 Nalrétal.
6,960,437 B2 11/2005 Enzelberger et a1. 7,635,562 32 12/2009 Harrisetal.
6,974,667 B2 12/2005 Horne et a1. 7,638,276 B2 12/2009 Grlfliths et a1.
6,998,232 B1 2/2006 Feinstein etal. 7,655,435 B2 2/2010 Holligeretal.
7,022,472 B2 4/2006 Robbins etal. 7,655,470 B2 2/2010 Ismagilov etal.
7,041,481 B2 5/2006 Anderson et a1. 7,666,593 B2 2/2010 Lapldus
7049 072 B2 5/2006 Seshi 7,691,576 B2 4/2010 Holllger et a1.
7’056’674 B2 @2006 Baker et 31 7,698,287 B2 4/2010 Becker et a1.
7,057,026 B2 6/2006 Barnes et a1. 7,708,949 B2 5/2010 Stone et al.
7066586 B2 6/2006 da Silva 7,718,578 B2 5/2010 Griffiths et a1.
7:068:874 B2 @2006 Wang e131. 7,736,890 B2 6/2010 Sia et a1.
7 078 180 B2 7/2006 Genetta 7,741,130 B2 6/2010 Lee, Jr. et a1.
7:081:192 B1 7/2006 Wang e131. 7,814,175 B1 10/2010 Chang etal.
7,081,340 B2 7/2006 Baker et a1. 7,824,889 B2 11/2010 Vogelstein et a1.
7,090,983 B1 8/2006 Muramatsu etal. 7,888,017 B2 2/2011 Quake etal.
7,115,230 B2 10/2006 Sundararajan et a1. 7,897,044 132 3/2011 Hoyosetal.
7,118,910 B2 10/2006 Unger et a1. 7,897,341 B2 3/2011 Grlfliths etal.
7,129,091 B2 10/2006 Ismagilov et al. 7901939 132 30011 Ismaghov etal.
7,138,233 B2 11/2006 Griffiths et a1. 7,968,287 132 600“ Grlffithsetal.
7,153,700 B1 12/2006 Pardee et a1. 8012382 132 90011 K1m_etal~
7,156,917 B2 1/2007 Moriyama et a1. 8,153,402 B2 4/2012 Holllgeretal.
7163 801 B2 1/2007 Reed 2001/0010338 A1 8/2001 Ganan-Calvo
7:169:560 B2 1/2007 Lapidus e131. 2001/0020011 A1 9/2001 Mathiowitz et a1.
7 171311 B2 1/2007 Daiet a1. 2001/0023078 A1 9/2001 Bawendj et a1.

7:198:899 B2 4/2007 Schleyeretal. 2001/0029983 A1 10/2001 Ungeretal.
7204 431 B2 4/2007 Liet a1. 2001/0034031 A1 10/2001 Short et a1.
7’229’770 B1 6mm Price e131. 2001/0041343 A1 11/2001 Pankowsky
7’252’943 B2 8/2007 Griffiths e131 2001/0041344 A1 11/2001 Sepetov et a1.
7’267’938 B2 9/2007 Anderson e131. 2001/0042793 A1 11/2001 Ganan-Calvo
7:268:167 B2 9/2007 Higuchi e131. 2001/0048900 A1 12/2001 Barde11 etal.
7282 337 B1 10/2007 Harris 2001/0050881 A1 12/2001 Depaoliet a1.
7’291’462 B2 “/2007 O’Brien e1 31 2002/0004532 A1 1/2002 Matathia et a1.
7:294:503 B2 “/2007 Quake e131. 2002/0005354 A1 1/2002 Spence etal.
7,300,765 B2 11/2007 Patel 2002/0008028 A1 1/2002 Jacobson et a1.
7,308,364 B2 12/2007 Shaughnessyetal. 2002/0012971 A1 “2002 Mehta
7,314,721 B2 1/2008 Gure etal. 2002/0022038 A1 2/2002 B1atryet a1.
7 316 906 B2 1/2008 Chiorazzi et a1. 2002/0022261 A1 2/2002 Anderson et a1.
7’326’529 B2 ”008 A11 e131 2002/0033422 A1 3/2002 Ganan-Calvo
7:332:280 B2 2/2008 Levy e131. 2002/0036139 A1 3/2002 Becker et al.
7,332,590 B2 2/2008 Nacht et a1. 2002/0058332 A1 5/2002 Quake et a1.
7 341211 B2 3/2008 Ganan Calvo et al. 2002/0067800 A1 6/2002 Newman et a1.

7:348:142 B2 3/2008 Wang 2002/0119459 A1 8/2002 Griffiths
7,358,231 B1 4/2008 McCaffey et a1. 2002/0143437 A1 10/2002 Handique et a1.
7,361,474 B2 4/2008 Siegler 2002/0155080 A1 10/2002 Glenn et a1.
7364 862 B2 4/2008 Aliet 31. 2002/0158027 A1 10/2002 Moon et a1.
7’368’255 B2 5/2008 Bae e131. 2002/0164271 A1 11/2002 Ho
7:378:233 B2 5/2008 Sidmnskyetal. 2002/0164629 A1 11/2002 Quake etal.
7,378,280 B2 5/2008 Quake et a1. 2003/0012586 A1 1/2003 Iwata et a1.
7,390,463 B2 6/2008 He e131, 2003/0015425 A1 1/2003 Bohm et a1.
7,393,665 B2 7/2008 Brenner 2003/0017579 A1 1/2003 Corn et a1.
7,416,851 B2 8/2008 Davi et a1. 2003/0039169 A1 2/2003 Ehrfeld et a1.
7,429,467 B2 9/2008 Holligeretal. 2003/0047688 A1 3/2003 Farisetal. ................ 250/432R
7,432,064 B2 10/2008 Salceda et a1. 2003/0059764 A1 3/2003 Ravkin et a1.
7,442,507 B2 10/2008 Polskyet a1. 2003/0061687 A1 4/2003 Hansen et a1.
7,449,303 B2 11/2008 Coignet 2003/0064414 A1 4/2003 Benecky et a1.
7,468,271 B2 12/2008 Golovchenko et a1. 2003/0082795 A1 5/2003 Shuler et a1.
7,473,530 B2 1/2009 Huttemann 2003/0124586 A1 7/2003 Griffiths et a1.



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 28 of 835 PageID #: 1513Case 1:19-cv-01699—RGA Document 8 Filed 11/05/19 Page 28 of 835 PageID #: 1513

 
US 8,871,444 B2

Page 5

(56) References Cited 2006/0195269 A1 8/2006 Yeatman et a1.
2006/0223127 A1 10/2006 Yip etal.

us. PATENT DOCUMENTS 2006/0234254 A1 10/2006 Anetal.
2006/0234259 A1 10/2006 Rubin etal.

2003/0144260 A1 7/2003 Gilon 2006/0252057 A1 11/2006 Raponiet al.
2003/0148544 A1 8/2003 Nie et 31. 2006/0258841 A1 11/2006 Michlet a1.
2003/0183525 A1 10/2003 Elrodet 31. 2006/0263888 A1 11/2006 Fritz etal.
2003/0224509 A1 12/2003 Moon etal. 2006/0269558 A1 11/2006 Murphy §t31~
2003/0229376 A1 12/2003 Sandhu 2006/0269971 A1 11/2006 Diamandis
2003/0230486 A1 12/2003 Chien etal. 2006/0281089 A1 12/2006 Gibson et al.
2003/0232356 A1 12/2003 Dooley etal. 2007/0003442 A1 1/2007 Link e_t31~
2004/0005582 A1 1/2004 Shipwash 2007/0026439 A1 2/2007 Faulstlch etal.
2004/0005594 A1 1/2004 Holligeretal. 2007/0053896 A1 3/2007 Ahmed eral
2004/0018525 A1 1/2004 WiI‘tZ etal. 2007/0054119 A1 3/2007 Garstecki et al.
2004/0027915 A1 2/2004 Lowe et 31. 2007/0056853 A1 3/2007 Aizenberg et al.
2004/0037813 A1 2/2004 Simpson etal. 2007/0077572 A1 4/2007 Tawfik etal~
2004/0041093 A1 3/2004 Schultz et 31. 2007/0077579 A1 4/2007 Griffiths etal.
2004/0050946 A1 3/2004 Wang et 31. 2007/0092914 A1 4/2007 Griffiths etal.
2004/0053247 A1 3/2004 Cordon-Cardo etal. 2007/0120899 A1 5/2007 Ohnlshletal.
2004/0053418 A1 3/2004 Fouilletetal. ................ 436/164 2007/0154889 A1 7/2007 Wang
2004/0068019 A1 4/2004 Higuchiet 31. 2007/0166705 A1 7/2007 Miiton et a1.
2004/0071781 A1 4/2004 Chattopadhyayet 31. 2007/0184439 A1 8/2007 Gliilfordetal.
2004/0079881 A1 4/2004 Fischeret 31. 2007/0184489 A1 8/2007 Griffiths etal.
2004/0096515 A1 5/2004 Bausch etal. 2007/0195127 A1 8/2007 Ah_n_et31~
2004/0136497 A1 7/2004 Meldrumet 31. 2007/0259351 A1 11/2007 Chinitz et al.
2004/0146921 A1 7/2004 Eveleigh etal. 2007/0259368 A1 11/2007 AnetaL
2004/0159633 A1 8/2004 Whitesides et 31. 2007/0259374 A1 11/2007 Griffiths etal.
2004/0181131 A1 9/2004 Maynardet 31. 2007/0292869 A1 12/2007 Beckeretal.
2004/0181343 A1 9/2004 Wigstrom etal. 2008/0003142 A1 “2008 Link etal~
2004/0182712 A1 9/2004 Basol 2008/0009005 A1 “2008 Kruk
2004/0188254 A1 9/2004 Spaid 2008/0014589 A1 1/2008 Linketal.
2004/0224419 A1 11/2004 Zheng etal. 2008/0014590 A1 1/2008 Dahary etal.
2004/0253731 A1 12/2004 Holligeret 31. 2008/0020940 A1 1/2008 Stedronskyet al.
2004/0258203 A1 12/2004 Yamano etal. 2008/0021330 A1 1/2008 HWang etal.
2004/0259083 A1 12/2004 Oshima ............................. 435/6 2008/0023330 A1 1/2008 V10_Vy et_al~
2005/0032238 A1 2/2005 Karp etal. 2008/0038754 A1 2/2008 Farlas-Elsneretal.
2005/0032240 A1 2/2005 Lee etal. NOS/0044828 A1 2/2008 Kwok
2005/0037392 A1 2/2005 Griffiths etal. 2008/0050378 A1 2/2008 Nakamuraetal.
2005/0042648 A1 2/2005 Griffiths etal. 2008/0050723 A1 2/2008 Belaceletal.

2005/0048467 A1 3/2005 Sastryet 31. 2008/0053205 A1 3/2008 Pollacketal.
2005/0064460 A1 3/2005 Holligeretal. 2008/0057514 A1 3/2008 Goldenrlng
2005/0069920 A1 3/2005 Griffithsetal. 2008/0058432 A1 3/2008 Wang e_tal.
2005/0079510 A1 4/2005 Berka etal. NOS/0063227 A1 3/2008 Rohrseltz
2005/0084923 A1 4/2005 Mueller et al. 2008/0064047 A1 3/2008 ZefierfitaL
2005/0087122 A1 4/2005 Ismagliov etal. 2008/0081330 A1 4/2008 KahYeilan
2005/0095611 A1 5/2005 Chan et 31. 2008/0081333 A1 4/2008 Monet a1.
2005/0100895 A1 5/2005 Waldman etal. 2008/0092973 A1 4/2008 Lal
2005/0129582 A1 6/2005 Breidford etal. 2008/0113340 A1 5/2008 Schlégel
2005/0130173 A1 6/2005 Leamon etal. ................... 435/6 2008/0118462 A1 5/2008 AlanletaL
2005/0152908 A1 7/2005 Liewetal. 2008/0138806 A1 6/2008 Chowetal.
2005/0164239 A1 7/2005 Griffiths etal. 2008/0166772 A1 7/2008 Hollinger etal.
2005/0170431 A1 8/2005 Ibrahimetal. 2008/0171078 A1 7/2008 Gray
2005/0172476 A1 8/2005 Stone et 31. 2008/0176211 A1 7/2008 Spence et al.

2005/0183995 A1 8/2005 Deshpande etal. 2008/0176236 A1 7/2008 T530 etal~
2005/0207940 A1 9/2005 Butler et 31. 2008/0181850 A1 7/2008 Thaxton etal.
2005/0221339 A1 10/2005 Griffithsetal. 2008/0206756 A1 8/2008 Let? etal~
2005/0226742 A1 10/2005 Ungeretal. 2008/0222741 A1 9/2008 Chlnnalyan
2005/0227264 A1 10/2005 Nobile etal. 2008/0234138 A1 9/2008 Shaughnessyetal.
2005/0260566 A1 “/2005 Fischeret 31. 2008/0234139 A1 9/2008 Shaughnessyetal.

2005/0272159 A1 12/2005 Ismagilov etal. NOS/0268473 A1 10/2008 M9sesetal~
2005/0287572 A1 12/2005 Mathiesetal. ................... 435/6 2008/0269157 A1 10/2008 Srlvastava etal~
2006/0003347 A1 1/2006 Griffithsetal. 2008/0274908 A1 11/2008 Chang
2006/0003429 A1 1/2006 Frost et al. 2008/0280302 A1 11/2008 Kebebew
2006/0003439 A1 1/2006 Ismagilov etal. 2008/0286199 A1 11/2008 LlYlngston et al.
2006/0036348 A1 2/2006 Handique etal. 2008/0286801 A1 11/2008 ArioletaL
2006/0046257 A1 3/2006 Pollocketal. 2008/0286811 A1 11/2008 Moses etal.
2006/0051329 A1 3/2006 Lee et 31. 2008/0293578 A1 11/2008 Shaugnessyet al.
2006/0078888 A1 4/2006 Griffithsetal. 2008/0311570 A1 12/2008 Lal_
2006/0078893 A1 4/2006 Griffiths etal. 2008/0311604 A1 12/2008 Elting et a1.
2006/0094119 A1 5/2006 Ismagilov etal. 2009/0004687 A1 1/2009 Mansfield etal~
2006/0108012 A1 5/2006 Barrowetal. 2009/0005254 A1 1/2009 Griffiths etal.
2006/0110759 A1 5/2006 Paris et al. 2009/0012187 A1 1/2009 Chu etal.
2006/0115821 A1 6/2006 Einstein etal. 2009/0017463 A1 1/2009 Bhowmick
2006/0147909 A1 7/2006 Rarbach etal. 2009/0021728 A1 1/2009 Heinz etal.
2006/0153924 A1 7/2006 Griffithsetal. 2009/0023137 A1 1/2009 Van DerZee etal.

2006/0154298 A1 7/2006 Griffithsetal. 2009/0026082 A1 1/2009 Rothberg etal.
2006/0160762 A1 7/2006 Zetteretal. 2009/0029372 A1 1/2009 Wewer
2006/0163385 A1 7/2006 Link etal. 2009/0042737 A1 2/2009 Katz etal.
2006/0169800 A1 8/2006 Roselletal. 2009/0053700 A1 2/2009 Griffithsetal.



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 29 of 835 PageID #: 1514Case 1:19-cv-01699—RGA Document 8 Filed 11/05/19 Page 29 of 835 PageID #: 1514

 
US 8,871,444 B2

Page 6

(56) References Cited EP 2127736 12/2009GB 01148543 4/1969
U.S. PATENT DOCUMENTS GB 1446998 8/ 1976

GB 2005224 4/1979

2009/0053732 A1 2/2009 Vermesh eta1. GB 2047880 12/1980
2009/0060797 A1 3/2009 Mathies et a1. GB 2062225 5/1981
2009/0062144 A1 3/2009 Guo GB 2064114 6/1981
2009/0068170 A1 3/2009 Weitz etal. GB 2097692 A 11/1982
2009/0075265 A1 3/2009 Budirnan etal. GB 02210532 6/1989
2009/0075307 A1 3/2009 Fischer etal. JP 3-232525 10/1998
2009/0075311 A1 3/2009 Karl 11’ 2000271475 10/2000
2009/0081237 A1 3/2009 D’Andrea etal. W0 W0-84/02000 5/1984

2009/0081685 A1 3/2009 Beyer etal. W0 W0-91/05058 A1 4/1991
2009/0087849 A1 4/2009 Malinowski et a1. W0 W0-91/07772 5/1991
2009/0092973 A1 4/2009 Er1andereta1. W0 W0-92/03734 3/1992
2009/0098542 A1 4/2009 Budirnan etal. W0 W0-92/21746 12/1992
2009/0098543 A1 4/2009 Budirnan etal. W0 W0-93/03151 2/1993
2009/0118128 A1 5/2009 Liu eta1. W0 W0-93/08278 4/1993
2009/0124569 A1 5/2009 Bergan eta1. W0 W0-93/22053 11/1993
2009/0127454 A1 5/2009 Ritchie eta1. W0 W0-93/22054 11/1993
2009/0127589 A1 5/2009 Rothberg eta1. W0 W0-93/22055 11/1993
2009/0131353 A1 5/2009 Insel et a1. W0 W0-93/22058 11/1993
2009/0131543 A1 5/2009 Weitz etal. W0 W0-93/22421 11/1993
2009/0191565 A1 7/2009 Lapidus et a1. W0 W0-94/16332 7/1994
2009/0197248 A1 8/2009 Griffiths et a1. W0 W0-94/23738 10/1994
2009/0197772 A1 8/2009 Griffiths et a1. W0 W0-94/24314 10/1994
2009/0246788 A1 10/2009 Albert etal. W0 W0-94/26766 11/1994
2009/0325236 A1 12/2009 Griffiths et a1. W0 W0-95/11922 5/1995
2010/0003687 A1 1/2010 Simen et a1. W0 W0-95/19922 7/1995
2010/0009353 A1 1/2010 Barnes et a1. W0 W0-95/24929 9/1995
2010/0022414 A1 1/2010 Link etal. W0 W0-95/33447 12/1995
2010/0035252 A1 2/2010 Rothberg eta1. W0 W0-96/34112 10/1996
2010/0075436 A1 3/2010 Urdea eta1. W0 W0-96/38730 12/1996
2010/0105112 A1 4/2010 Holtze eta1. W0 W0-96/40062 12/1996
2010/0111768 A1 5/2010 Banerjee eta1. W0 W0-96/40723 12/1996
2010/0124759 A1 5/2010 Wang etal. W0 W0-97/00125 1/1997
2010/0136544 A1 6/2010 Agrestietal. W0 W0-97/00442 1/1997
2010/0137143 A1 6/2010 Rothberg eta1. W0 W0-97/04297 2/1997
2010/0137163 A1 6/2010 Link etal. W0 W0-97/04748 2/1997

2010/0159592 A1 6/2010 Holligeretal. W0 W0-97/23140 7/1997
2010/0172803 A1 7/2010 Stone etal. W0 W0-97/28556 8/1997
2010/0188073 A1 7/2010 Rothberg eta1. W0 W0-97/39814 10/1997
2010/0197507 A1 8/2010 Rothberg eta1. W0 W0-97/40141 10/1997
2010/0210479 A1 8/2010 Griffiths et a1. W0 W0-97/45644 12/1997
2010/0213628 A1 8/2010 Bausch etal. W0 W0-97/47763 12/1997
2010/0233026 A1 9/2010 Ismagliov eta1. W0 W0-98/00231 1/1998
2010/0282617 A1 11/2010 Rothberg eta1. W0 W0-98/00705 1/1998
2010/0300559 A1 12/2010 Schultz etal. W0 W0-98/02237 1/1998
2010/0300895 A1 12/2010 Nobile eta1. W0 W0-98/10267 3/1998

2010/0301398 A1 12/2010 Rothberg eta1. W0 W0-98/13502 4/1998
2010/0304982 A1 12/2010 Hinz eta1. W0 W0-98/23733 6/1998
2011/0000560 A1 1/2011 Miller et a1. W0 W0'98/31700 7/1998
2011/0142734 A1 6/2011 Isrna 1' t 1 W0 WO'98/33001 7/1998g 10V 0 a .
2011/0174622 A1 7/2011 Isrna '1 t 1 W0 WO'98/34120 8/1998g? 0V9 3' W0 W0-98/37186 8/1998
2011/0176966 A1 7/2011 Ismagllov etal. WO WO-98/41869 9/1998
2011/0177494 A1 7/2011 Ismag110V etal. WO WO-98/52691 11/1998
2011/0177586 A1 7/2011 Ismag110V etal. WO WO-98/58085 12/1998
2011/0177609 A1 7/2011 Ismagllov etal. W0 WO-99/02671 1/1999
2011/0188717 A1 8/2011 Baudryet 31. W0 WO-99/22858 5/1999
2011/0190146 A1 8/2011 Boehm et al. wo WO-99/28020 6/1999
2011/0244455 A1 10/2011 Larson eta1. W0 W0—99/31019 6/1999
2011/0250597 A1 10/2011 Larson eta1. W0 W0—99/54730 10/1999
2011/0275063 A1 11/2011 Weitz etai. W0 WO-99/61888 12/1999
2012/0010098 A1 1/2012 Griffiths et a1. W0 W0-00/04139 A1 1/2000
2012/0015382 A1 1/2012 Weitz etal. W0 WO-00/47322 2/2000

2012/0015822 A1 1/2012 Weitz etal. $8 wg-ggggfig $888

FOREIGN PATENT DOCUMENTS $8 $888§éggg 88888

CH As 48 4823112223 9533?DE 4308839 (:2 4/1997
EP 0047130 B1 2/1985 W0 WO-01/14589 3/2001
EP 0249007 A3 3/1991 W0 WO-01/18244 3/2001
EP 0476178 Al 3/1992 W0 WO-01/64332 9/2001
EP 0540281 B1 7/1996 WO WO-01/68257 9/2001
EP 0528580 B1 12/1996 W0 W0-01/69289 9/2001
EP 0895120 2/1999 W0 W0—01/72431 10/2001
EP 1741482 1/2007 WO WO-01/80283 10/2001



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 30 of 835 PageID #: 1515Case 1:19-cv-01699—RGA Document 8 Filed 11/05/19 Page 30 of 835 PageID #: 1515

US 8,871,444 132
Page 7
 

(56) References Cited

FOREIGN PATENT DOCUMENTS

WO WO-02/18949 3/2002
WO WO-02/22869 3/2002
WO WO-02/23163 3/2002
WO WO-02/31203 4/2002
WO WO-02/47665 6/2002
WO WO-02/047665 8/2002
WO WO-02/060275 8/2002
WO WO-02/078845 10/2002
WO WO-02/103011 12/2002
WO WO-02/103363 12/2002
WO WO-03/011443 2/2003
WO WO-03/037302 5/2003
WO WO-03/044187 5/2003
WO WO-03/078659 9/2003
WO WO-03/099843 12/2003
WO WO-2004/002627 1/2004
WO WO-2004/018497 3/2004
WO WO-2004/024917 3/2004
WO WO-2004/038363 5/2004
WO WO-2004/069849 8/2004
WO WO-2004/074504 9/2004
WO WO-2004/083443 9/2004
WO WO-2004/087308 10/2004
WO WO-2004/088314 10/2004
WO WO-2004/091763 10/2004
WO WO-2004/102204 11/2004
WO WO-2004/103565 12/2004
WO WO-2005/000970 1/2005
WO WO-2005/002730 1/2005
WO WO-2005/021151 3/2005
WO WO-2005/103106 11/2005
WO WO-2005/118138 12/2005
WO WO-2006/002641 1/2006
WO WO-2006/009657 1/2006
WO WO-2006/027757 3/2006
WO WO-2006/038035 4/2006
WO WO-2006/040551 4/2006
WO WO-2006/040554 4/2006
WO WO-2006/078841 7/2006
WO WO-2006/096571 9/2006
WO WO-2006/101851 9/2006
WO WO-2007/021343 2/2007
WO WO-2007/030501 3/2007
WO WO-2007/081385 7/2007
WO WO-2007/081387 7/2007
WO WO-2007/089541 8/2007
WO WO-2007/114794 10/2007
WO WO-2007/123744 11/2007
WO WO-2007/133710 11/2007
WO WO-2007/138178 12/2007
WO WO-2008/021123 2/2008
WO WO-2008/063227 5/2008
WO WO-2008/097559 8/2008
WO WO-2008/121342 10/2008
WO WO-2008/130623 10/2008
WO WO-2009/029229 3/2009
WO WO-2010/056728 5/2010
WO WO-2010/040006 8/2010
WO WO-2010/151776 12/2010
WO WO-2011/042564 4/2011
WO WO-2011/079176 6/2011

OTHER PUBLICATIONS

Advisory Action for US. Appl. No. 11/698,298 mailed May 20,
201 1.

Affholter and F. Arnold, Engineering a Revolution, Chemistry in
Britain, Apr. 1999, p. 48.
Agrawal and Tang, Site-specific functionalization of
oligodeoxynucleotides for non-radioactive labelling, Tetrahedron
Letters 31:1543-1546 (1990).
Aharoni et a1., High-Throughput screens and selections of enzyme-
encoding genes, Curr Opin Chem Biol, 9(2): 210-6 (2005).
Ahn et a1., Dielectrophoretic manipulation of drops for high-speed
microluidic sorting devices, Applied Phys Lett 88, 024104 (2006).

Allen et a1., High throughput fluorescence polarization: a homoge-
neous alternative to radioligand binding for cell surface receptors J
Biomol Screen. 5(2):63-9 (2000).
Altman et a1., Solid-state laser using a rhodamine-doped silica gel
compound, IEEE Photonics technology letters 3(3): 189-190 (1991).
Amstutz, P et a1., In vitro display technologies: novel developments
and applications. Curr Opin Biotechnol, 12, 400-405 (2001).
Anarbaev et a1., Klenow fragment and DNA polymerase alpha-
primase fromserva calf thymus in water-in-oil microemulsions,
Biochim Biophy Acta 1384:315-324 (1998).
Anderson et a1., Preparation of a cell-free protein-synthesizing sys-
tem from wheat germ, Methods Enzymol 101:635-44 (1983).
Anderson, J .E., Restriction endonucleases and modification
methylases, Curr. Op. Struct. Biol., 3:24-30 (1993).
Ando, S. et a1., PLGA microspheres containing plasmid DNA: pres-
ervation of supercoiled DNA via cryopreparation and carbohydrate
stabilization, J Pharm Sci, 88(1):126-130 (1999).
Angell et a1., Silicon micromechanical devices, Scientific American
248:44-55 (1983).
Anhufet a1., Determination of SMN1 and SMN2 copy number using
TaqMan technology, Hum Mutat 22(1):74-78 (2003).
Anna et a1., Formation of dispersions using flow focusing in
microchannels, Applied Physics Letters,82(3): 364-366 (2003).
Arkin, M.R. et a1., Probing the importance of second sphere residues
in an esterolytic antibody by phage display, J Mol Biol 284(4): 1083-
94 (1998).
Armstrong et a1., Multiple-Component Condensation Strategies for
Combinatorial Library Synthesis, Acc. Chem. Res. 29(3):123-131
(1996).
Ashkin and Dziedzic, Optical trapping and manipulation of viruses
and bacteria, Science 235(4795):1517-20 (1987).
Ashkin et a1., Optical trapping and manipulation of single cells using
infrared laser beams, Nature 330:769-771 (1987).
Atwell, S. & Wells, J.A., Selection for Improved Subtiligases by
Phage Display, PNAS 96:9497-9502(1999).
Auroux, Pierre-Alain et a1., Micro Total Analysis Systems. 2. Ana-
lytical Standard Operations and Applications, Analytical Chemistry,
vol. 74, No. 12, 2002, pp. 2637-2652.
Baccarani et a1., Escherichia coli dihydrofolate reductase: isolation
and characterization of two isozymes, Biochemistry 16(16):3566-72
(1977).
Baez et a1., Glutathione transferases catalyse the detoxication of
oxidized metabolites (o-quinones) of catecholamines and may serve
as an antioxidant system preventing degenerative cellular processes,
Biochem. J 324:25-28 (1997).
Bagwe et a1, Improved drug delivery using microemulsions: ratio-
nale, recent progress, and new horizons, Crit Rev Ther Drug Carr Sys
18(1):77-140 (2001).
Baker, M., Clever PCR: more genotyping, smaller volumes, Nature
Methods 7:351-356 (2010).
Ball and Schwartz, CMATRIX: software for physiologically based
pharmacokinetic modeling using a symbolic matrix representation
system, Comput Biol Med 24(4):269-76 (1994).
Ballantyne and Nixon, Selective Area Metallization by Electron-
Beam Controlled Direct Metallic Deposition, J. Vac. Sci. Technol.
10:1094 (1973).
Barany F., The ligase chain reaction in a PCR World, PCR Methods
and Applications 1(1):5-16 (1991).
Barany, F. Genetic disease detection and DNA amplification using
cloned thermostable ligase, PNAS 88(1): 189-93 (1991).
Baret et a1., Fluorescence-activated droplet sorting (FADS): efficient
microfluidic cell sorting based on enzymatic activity, Lab on a Chip
9: 1850-1858 (2009).
Baret et a1., Kinetic aspects of emulsion stabilization by surfactants:
a microfluidic analysis, Langmuir 25:6088-6093 (2009).
Bass et a1., Hormone Phage: An Enrichment Method for Variant
Proteins With Altered Binding Properties, Proteins 8:309-314(1990).
Bauer, J ., Advances in cell separation: recent developments in
counterflow centrifugal elutriation and continuous flow cell separa-
tion, J Chromotography, 722:55-69 (1999).
Beebe et a1., Functional hydrogel structures for autonomous flow
control inside microfluidic channels, Nature 404:588-590 (2000).



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 31 of 835 PageID #: 1516Case 1:19-cv-01699-RGA Document 8 Filed 11/05/19 Page 31 of 835 PageID #: 1516

US 8,871,444 132
Page 8 

(56) References Cited

OTHER PUBLICATIONS

Beer et al., On-Chip, Real-Time, Single-Copy Polymerase Chain
Reaction in Picoliter Droplets, Anal. Chem., 2007, V. 79, pp. 847-
8475.

Bein, Thomas, Efficient Assays for Combinatorial methods for the
Discovery of Catalysts, Agnew. Chem. Int. Ed. 38:3, 323-26 (1999).
Benichou et al., Double Emulsions Stabilized by New Molecular
Recognition Hybrids of Natural Polymers, Polym. Adv. Tehcnol
13:1019-1031(2002).
Benner, S.A., Expanding the genetic lexicon: incorporating non-
standard amino acids into proteins by ribosome-based synthesis,
Trends Biotechnol 12:158-63 (1994).
Benning, M.M. et al., The binding of substrate analogs to
phosphotriesterase. J Biol Chem, 275, 30556-30560 (2000).
Berman et al., An agarose gel electrophoresis assay for the detection
of DNA-binding activities in yeast cell extracts, Methods Enzyrnol
155:528-37 (1987).
Bernath et al, In Vitro Compartmentalization by Double Emulsions:
Sorting and Gene Enrichment by Fluorescence Activated Cell Sort-
ing, Anal. Biochem 325 : 1 5 1-157 (2004).
Bernath et al., Directed evolution of protein inhibitors of DNA-
nucleases by in vitro compartmentalization (IVC) and nano-droplet
delivery, J. Mol. Biol 345(5):1015-26 (2005).
Betlach, L. et al., A restriction endonuclease analysis of the bacterial
plasmid controlling the EcoRI restriction and modification of DNA.
Federation Proceedings, 35, 2037-2043 (1976).
Bibette et al., Emulsions: basic principles, Rep. Prog. Phys. 62:
969-1033 (1999).
Bico, Jose et al., Rise of Liquids and Bubbles in Angular Capillary
Tubes, Journal ofColloid and Interface Science, 247: 162-166 (2002).
Bico, Jose et al., Self-Propelling Slugs, J. Fluid Mech., 467: 101-127
(2002).
Blattner and Dahlberg, RNA synthesis startpoints in bacteriophage
lambda: are the promoter and operator transcribed, Nature New Biol
237(77):227-32 (1972).
Boder et al., Yeast surface display for screening combinatorial
polypeptide libraries, Nat Biotechnol 15(6):553-7 (1997).
Bougueleret, L. et al., Characterization of the gene coding for the
EcoRV restriction and modification system of Escherichia coli,
Nucleic Acids Res, 12(8):3659-76 (1984).
Boyum, A., Separation of leukocytes from blood and bone marrow.
Introduction, Scand J Clin Lab Invest Suppl 97:7 (1968).
Branebj erg et al., Fast mixing by lamination, MEMS Proceedings 9th
Ann WO rkshop, San Diego, Feb. 11-15, 1996, 9:441-446 (1996).
Braslavsky et al., Sequence information can be obtained from single
DNA molecules, PNAS 100(7):3960-3964 (2003).
Bringer et al., Microfluidic Systems for Chemical Kinetics That Rely
on Chaotic Mixing in Droplets, Philos TransactA Math Phys Eng Sci
362:1-18 (2004).
Brody et al. , A self-assembled microlensing rotational probe, Applied
Physics Letters, 74:144-46 (1999).
Brown et al., Chemical synthesis and cloning of a tyrosine tRNA
gene, Methods Enzymol 68:109-151 (1979).
Bru, R. et al., Catalytic activity of elastase in reverse micelles,
Biochem Mol Bio Int, 31(4):685-92 (1993).
Bru, R. et al., Product inhibition of alpha-chymotrypsin in reverse
micelles. Eur J Biochem 199(1): 95-103 (1991).
Brummelkamp et al., A system for stable expression of short inter-
fering RNAs in mammalian cells, Science 296(5567):550-3 (2002).
Buckpitt et al.,Hepatic and pulmonary microsomal metabolism of
naphthalene to glutathione adducts: factors affecting the relative rates
of conjugate formation, J. Pharmacol. Exp. Ther. 231:291-300
(1984).
Buican et al., Automated single-cell manipulation and sorting by
light trapping, Applied Optics 26(24):5311-5316 (1987).
Burbaum, J ., Miniaturization technologies in HTS: how fast, how
small, how soon Drug Discov Today 3:313-322 (1998).
Burns et al., Microfabricated structures for integrated DNA analysis,
Proc. Natl. Acad. Sci. USA, 93:5556-5561(1996).

Burns, J .R. et al., The Intensification of Rapid Reactions in
Multiphase Systems Using Slug Flow in Capillaries, Lab on a Chip,
1:10-15 (2001).
Burns, Mark et al., An Integrated Nanoliter DNA Analysis Device,
Science, 282:484-487(1998).
Byrnes, P.J. et al., Sensitive fluorogenic substrates for the detection of
trypsin-like proteases and pancreatic elastase, Anal Biochem,
126:447 (1982).
Cahill et al., Polymerase chain reaction and Q beta replicase ampli-
fication, Clin Chem 37(9):1482-5 (1991).
Caldwell, S.R. et al., Limits of diffusion in the hydrolysis of sub-
strates by the phosphodiesterase from Pseudomonas diminuta, Bio-
chemistry, 30: 7438-7444 (1991).
Calvert, P., Inkj et printing for materials and devices, Chem Mater 13:
3299-3305 (2001).
Caruthers, Gene synthesis machines: DNA chemistry and its uses,
Science 230:281-285 (1985).
Chakrabarti, A.C. et al., Production of RNA by a polymerase protein
encapsulated within phospholipid vesicles, J Mol Evol, 39(6):555-9
(1994).
Chamberlain and Ring, Characterization of T7-specific ribonucleic
acid polymerase. 1. General properties ofthe enzymatic reaction and
the template specificity of the enzyme, J Biol Chem 248:2235-44
(1973).
Chan, Emory M. et al., Size-Controlled Growth of CdSe
Nanocrystals in Microfluidic Reactors, Nano Letters, 3(2): 199-
201(2003).
Chang and Su, Controlled double emulsification utilizing 3D PDMS
microchannels, Journal of Micromechanics and Microengineering
18:1-8 (2008).
Chang, T.M., Recycling ofNAD(P) by multienzyrne systems immo-
bilized by microencapsulation in artifical cells, Methods Enzymol,
136(67):67-82 (1987).
Chao et al., Control of Concentration and Volume Gradients in
Microfluidic Droplet Arrays for Protein Crystallization Screening,
26th Annual International Conference of the IEEE Engineering in
Medicine and Biology Society, San Francisco, California Sep. 1-5,
2004.

Chao et al., Droplet Arrays in Microfluidic Channels for Combinato-
rial Screening Assays, Hilton Head 2004: A Solid State Sensor,
Actuator and Microsystems Workshop, Hilton Head Island, South
Carolina, Jun. 6-10, 2004.
Chapman et al., In vitro selection of catalytic RNAs, Curr. op. Struct.
Biol, 4:618-22 (1994).
Chayen, Crystallization with oils: a new dimension in
macromolecular crystal growth Journal of Crystal Growth,196:434-
441(1999).
Chen et al., Capturing a Photoexcited Molecular Structure Through
Time-Domain X-ray Absorption Fine Structure, Science
292(5515):262-264 (2001).
Chen et al., Microfluidic Switch for Embryo and Cell Sorting The
12th International Conference on Solid State Sensors, Actuators, and
Microsystems, Boston, MA Jun. 8-12, 2003 Transducers, 1: 659-662
(2003).
Chen-Goodspeed et al., Structural Determinants of the substrate and
stereochemical specificity of phosphotriesterase, Biochemistry,
40(5): 1325-31 (2001).
Chen-Goodspeed, M. et al., Enhancement, relaxation, and reversal of
the stereoselectivity for phosphotriesterase by rational evolution of
active site residues, Biochemistry, 40: 1332-1339 (2001b).
Cheng, Z.,et al, Electro flow focusing inmicrofluidic devices,
Microfluidics Poster, presented at DBAS, Frontiers in Nanoscience,
presented Apr. 10, 2003.
Chetverin and Spirin, Replicable RNA vectors: prospects for cell-
free gene amplification, expression, and cloning, Prog Nucleic Acid
Res Mol Biol, 51:225-70 (1995).
Chiang, C.M. et al., Expression and purification ofgeneral transcrip-
tion factors by FLAG epitope-tagging and peptide elution, Pept Res,
6: 62-64 (1993).
Chiba et al., Controlled protein delivery from biodegradable
tyrosino-containing poly(anhydride-co-imide) microspheres,
Biomaterials, 18(13): 893-901 (1997).



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 32 of 835 PageID #: 1517Case 1:19-cv-01699-RGA Document 8 Filed 11/05/19 Page 32 of 835 PageID #: 1517

US 8,871,444 132
Page 9
 

(56) References Cited

OTHER PUBLICATIONS

Chiou et al., A closed-cylce capillary polymerase chain reaction
machine, Analytical Chemistry, American Chemical Society,
73:2018-21 (2001).
Chiu et al., Chemical transformations in individual ultrasmall
biomimetic containers, Science, 283: 1892-1895 (1999).
Chou et al., A mirofabricated device for sizing and sorting DNA
molecules 96: 1 1-13(1998).
Clackson, T. et al., In vitro selection from protein and peptide librar-
ies, Trends Biotechnol, 12: 173-84 (1994).
Clausell-Tormos et al., Droplet-based microfluidic platforms for the
encapsulation and screening of Mammalian cells and multicellular
organisms, Chem Biol 15(5):427-437 (2008).
Cohen, S. et al., Controlled delivery systems for proteins based on
poly(lactic/glycolic acid) microspheres, Pharm Res, 8(6):713-720
(1991).
Collins et al., Optimization of Shear Driven Droplet Generation in a
Microluidic Device, ASME International Mechanical Engineering
Congress and R&D Expo, Washington (2003).
Collins, J. et al., Microfluidic flow transducer based on the measure-
ments of electrical admittance, Lab on a Chip, 4:7-10 (2004).
Compton, J ., Nucleic acid sequence-based amplification, Nature,
350(6313):91-2 (1991).
Cormack, B.P. et al., FACS-optimized mutants of the green fluores-
cent protein (GFP), Gene 173(1):33-38 (1996).
Cortesi et al., Production of lipospheres as carriers for bioactive
compounds, Biomateials, 23(11): 2283-2294 (2002).
Courrier et al., Reverse water-in-fluorocarbon emulsions and
microemulsions obtained with a fluorinated surfactant, Colloids and
Surfaces A: Physicochem. Eng. Aspects 244: 141-148 (2004).
Craig, D. et al., Fluorescence-based enzymatic assay by capillary
electrophoresis laser-induced fluoresence detection for the
determinination of a few alpha-galactosidase molecules, Anal.
Biochem. 226: 147 (1995).
Creagh, AL. et al., Structural and catalytic properties of enzymes in
reverse micelles, Enzyme Microb Technol 15(5): 383-92 (1993).
Crosland-Taylor, A Device for Counting Small Particles suspended
in a Fluid through a Tube, Nature 171:37-38 (1953).
Crowley, J. M., Electrical breakdown of bimolecular lipid mem-
branes as an electromechanical instability, Biophys J. 13(7):711-724
(1973).
Cull, M.G. et al., Screening for receptor ligands using large libraries
of peptides linked to the C terminus of the lac repressor, PNAS
89: 1865-9 (1992).
Curran, D.P., Strategy-level separations in organic synthesis: from
planning to practice. Angew Chem Int Ed, 37: 1174-11-96 (1998).
Czarnik, A.W., Encoding methods for combinatorial chemistry, Curr
Opin Chem Biol 1:60-66 (1997).
Dankwardt et al., Combinatorial synthesis of small-molecule librar-
ies using 3-amino-5-hydroxybenzoic acid, 1:113-120 (1995).
Davis, J .A. et al., Deterministic hydrodynamics: Taking blood apart,
PNAS 103:14779-14784 (2006).
Davis, S.S. et al., Multiple emulsions as targetable delivery systems,
Methods in Enzymology, 149: 51-64 (1987).
de Gans, B.J. et al., Inkjet printing of polymers: state of the art and
future developments, Advanced materials, 16: 203-213 (2004).
De-Bashan, L. E. et al., Removal ofammonium and phosphorus ions
from synthetic wastewater by the microalgae Chlorella vulgaris
coimmobilized in alginate beads with the microalgae growth-pro-
moting bacteriumAzospirillum brasilense, Water Research 36: 294 1 -
2948 (2002).
Delagrave, S. et al., Red-shifted excitation mutants of the green
fluorescent protein, Biotechnology 13(2): 151-4 (1995).
DelRaso, In vitro methodologies for enhanced toxicity testing,
Toxicol. Lett. 68:91-99 (1993).
Demartis et al., A strategy for the isolation ofcatalytic activities from
repertoires ofenzymes displayed on phage, J. Mol. Biol 286 :6 1 7-633
(1999).

Dickinson, E., Emulsions and droplet size control, Wedlock, D.J.,
Ed., in Controlled Particle Droplet and Bubble Formulation, But-
terWO rth-Heine-mann, 191-257 (1994).
DiMatteo, et al., Genetic conversion of an SMN2 gene to SMNl: A
novel approach to the treatment of spinal muscular atrophy, Exp Cell
Res. 314(4):878-886 (2008).
Dinsmore et al., Colioidosomes: Selectively Permeable Capsules
Composed of Colloidal Particles, Science 298(5595):1006-1009.
(2002).
Dittrich et al., A new embedded process for compartmentalized cell-
free protein expression and on-line detection in microfluidic devices,
Chembiochem 6(5):811-814 (2005).
Doi et al., In vitro selection of restriction endonucleases by in vitro
compartmentilization, Nucleic Acids Res, 32(12): e95 (2004).
Doi, N. and Yanagawa, H. Stable: protein-DNA fusion system for
screening ofcombinatorial protein libraries in vitro, FEBS Lett., 457:
227-230 (1999).
Doman, T.N. et al., Molecular docking and high-throughput screen-
ing for novel inhibitors of protein tyrosine phosphatase-1B, J Med
Chem, 45: 2213-2221 (2002).
Domling A., Recent advances in isocyanide-based multicomponent
chemistry, Curr Opin Chem Biol, 6(3):306-13 (2002).
Domling and Ugi, Multicomponent Reactions with Isocyanides,
Angew Chem Int Ed 39(18):3168-3210 (2000).
Dove et al., In Brief, Nature Biotechnology 20: 1213 (2002).
Dower et al., High efficiency transformation ofE. coli by high voltage
electroporation, Nucleic Acids Res 16:6127-6145 (1988).
Dressman et al., Transforming single DNA molecules into fluores-
cent magnetic particles for detection and enumeration of genetic
variations, PNAS 100:8817-22 (2003).
Dreyfus et al., Ordered and disordered patterns in two phase flows in
microchannels, Phys Rev Lett 90(14): 144505-1-144505-4 (2003).
Drmanac et al., Sequencing by hybridization: towards an automated
sequencing of one million M13 clones arrayed on membranes,
Elctrophoresis 13:566-573 (1992).
Dubertret et al., In vivo imaging of quantum dots encapsulated in
phospholipid micelles, Science, 298: 1759-1762 (2002).
Duffy et al., Rapid Protyping of Microfluidic Systems and
Polydimethylsiloxane, Anal Chem 70:474-480 (1998).
Duggleby, R. G. Enzyme Kinetics and Mechanisms, Pt D. Academic
Press 249:61-90 (1995).
Dumas, D.P., Purification and properties of the phosphotriesterase
from Psuedomonas diminuta, J Biol Chem 264: 19659-19665
(1989).
Eckert and Kunkel, DNA polymerase fidelity and the polymerase
chain reaction, Genome Res 1:17-24 (1991).
Edd et al., Controlled encapsulation of single-cells into
monodisperse picolitre drops, Lab Chip 8(8): 1262-1264 (2008).
Edel, Joshua B. et al., Microfluidic Routes to the Controlled Produc-
tion ofNanopaticles, Chemical Communications, 1136-1137(2002).
Edris et al., Encapsulation of orange oil in a spray dried double
emulsion, Nahrung/Food, 45(2):133-137 (2001).
Effenhauser et al., Glass chips for high-speed capillary
electrophoresis separations with submicrometer plate heights, Anal
Chem 65:2637-2642 (1993).
Eggers, Jens et al., Coalescence of Liquid Drops, J. Fluid Mech.,401
:293-310 (1999).
Ehrig, T. et al., Green-fluorescent protein mutants with altered fluo-
rescence excitation spectra, Febs Lett, 367(2):163-66 (1995).
Eigen et al., hypercycles and compartments: compartments assistsi
but does not replaceihypercyclic organization of early genetic
information, J Theor Biol, 85:407-11 (1980).
Eigen et al., The hypercycle: coupling of RNA and protein
biosynthesis in the infection cycle of an RNA bacteriophage, Bio-
chemistry, 30:11005-18 (1991).
Eigen, Wie entsteht information Prinzipien der selbstorganisation in
der biologie, Berichte der punsen-gesellschaft fur physikalische
chemi, 80:1059-81 (1976).
Ellington and Szostak, In vitro selection of RNA molecules that bind
specific ligands, Nature, 346:818-822 (1990).
Ellman et al., Biosynthetic method for introducing unnatural amino
acids site-specifically into proteins, Methods Enzyrnol, 202:301-36
(1991).



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 33 of 835 PageID #: 1518Case 1:19-cv-01699—RGA Document 8 Filed 11/05/19 Page 33 of 835 PageID #: 1518

US 8,871,444 B2
Page 10
 

(56) References Cited

OTHER PUBLICATIONS

Endo et al. Kinetic determination of trace cobalt by visual
autocatalytic indication, Talanta 47:349-353 (1998).
Endo et a1., Autocatalytic decomposition of cobalt complexes as an
indicator system for the determination oftrace amounts ofcobalt and
effectors, Analyst 121:391-394 (1996).
Eow et a1., Electrocoalesce-separators for the separation of aqueous
drops from a flowing dielectric viscous liquid, Separation and Puri-
fication Tech 29:63-77 (2002).
Eow et a1., Electrostatic enhancement of coalescence of water drop-
lets in oil: a review of the technology, Chemical Engineeing Journal
85:357-368 (2002).
Eow et a1., Motion, deformation and break-up of aqueous drops in
oils under high electric field strengths, Chemical Eng Proc 42:259-
272 (2003).
Eow et al., The behavior of a liquid-liquid interface and drop-inter-
face coalescence under the influence ofan electric field, Colloids and
Surfaces A: Physiochern. Eng. Aspects 215: 101-123 (2003).
Eow, et al. Electrostatic and hydrodynamic separation of aqueous
drops in a flowing viscous oil, Chemical Eng Proc 41 :649-657
(2002).
Extended European Search Report for EP 10181911.8 mailed Jun. 1,
2011 (7 pages).
Extended European Search Report for EP 10184514.7 mailed Dec.
20, 2010 (5 pages).
Faca et al., A mouse to human search for plasma proteome changes
associated with pancreatic tumor development, PLoS Med 5(6):el23
(2008).
Fahy et a1., Self-sustained sequence replication (3 SR): an isothermal
transcription-based amplification system alternative to PCR, PCR
Methods Appl 1:25-33 (1991).
Fan and Harrison, Micromachining of capillary electrophoresis
injectors and separators on glass chips and evaluation of flow at
capillary intersections, Anal Chem 66: 177-184 (1994).
Fastrez, J ., In vivo versus in vitro screening or selection for catalytic
activity in enzymes and abzymes, Mol Biotechnol 7(1):37-55 (1997).
Fettinger et a1., Stacked modules for micro flow systems in chemical
analysis: concept and studies using an enlarged model, Sens Actuat
B. 17:19-25 (1993).
Fiedler et a1., Dielectrophoretic sorting of particles and cells in a
microsystem, Anal Chem 70(9): 1909-1915 (1998).
Field, J. et a1., Purification of a RAS-responsive adenylyl cyclase
complex from Saccharomyces cervisiaebyuse ofan epitope addition
method. Mol Cell Biol, 8: 2159-2165 (1988).
Fields, S. and Song, 0., A novel genetic system to detect protein-
protein interactions, Nature 340(6230): 245-6 (1989).
Filella et a1., TAG-72, CA 19.9 and CEA as tumor markers in gastric
cancer, Acta Oncol. 33(7):747-751 (1994).
Finch, C.A., Encapsulation and controlled release, Spec Publ R Soc
Chem, 138:35 (1993).
Finch, C.A., Industrial Microencapsulation: Polymers for
Microcapsule Walls, 1-12 in Encapsulation and Controlled Release,
Woodhead Publishing (1993).
Fire & Xu, Rolling replication of short DNA circles, PNAS
92(10):4641-5 (1995).
Firestine, SM. et a1., Using an AraC-based three hybrid system to
detect biocatalysts in vivo, Nat Biotechnol 18: 544-547 (2000).
Fisch et al., A strategy of exon shuffling for making large peptide
repertoires displayed on filamentous bacteriophage, PNAS
93:7761-6 (1996).
Fisher et al., Cell Encapsulation on a Microfluidic Platform, The
Eighth International Conference on Miniaturised Systems for Chem-
istry and Life Scieces, MicroTAS 2004, Sep. 26-30, Malmo, Sweden.
Fletcher et a1., Micro reactors: principles and applications in organic
synthesis, Tetrahedron 58:4735-4757 (2002).
Fluri et a1., Integrated capillary electrophoresis devices with an effi-
cient po stcolumn reactor in planar quartz and glass chips, Anal Chem
68:4285-4290 (1996).

Fornusek, L. et a1., Polymeric microspheres as diagnostic tools for
cell surface marker tracing, Crit Rev Ther Drug Carrier Syst, 2: 137-
74 (1986).
Fowler, Enhancement ofMixing by Droplet-Based Microfluidics, Int
Conf MEMS 97-100 (2002).
Freese, E., The specific mutagenic effect ofbase analogues on Phage
T4, J Mol Biol, 1: 87 (1959).
Frenz et a1., Reliable microfluidic on-chip incubation of droplets in
delay-lines, Lab on a Chip 9: 1344-1348 (2008).
Fu et al., A microfabricated fluorescence-activated cell sorter, Nature
Biotechnology, 17(11):1109-1111 (1999).
Fu et al., An Integrated Microfabricated Cell Sorter, Anal. Chem., 74:
2451-2457 (2002).
Fulton et a1., Advanced multiplexed analysis with the FlowMetrix
system, Clin Chem 43:1749-1756 (1997).
Fulwyler, Electronic Separation of Biological Cells by Volume, Sci-
ence 150(3698):910-911 (1965).
Gallarate et a1., On the stability ofascorbic acid in emulsified systems
for topical and cosmetic use, Int J Pharm 188(2):233-241 (1999).
Ganan-Calvo, A.M., Perfectly Monodisperse Microbubbling by Cap-
illary Flow Focusing, Phys Rev Lett 87(27): 274501-1-4 (2001).
Ganan-Calvo, Generation of Steady Liquid Microthreads and
Micron-Sized Monodisperse Sprays and Gas Streams, Phys Rev Lett
80(2):285-288 (1998).
Garcia-Ruiz et al. A super-saturation wave ofprotein crystallization,
J. Crystal Growth, 232:149-155(2001).
Garcia-Ruiz et a1., Investigation on protein crystal growth by the gel
acupuncture method{, Acta, Cryst., 1994, D50, 99. pp. 484-490.
Garstecki, et a1., Formation of monodisperse bubbles in a
microfiuidic flow-focusing device, Appl Phys Lett 85(13):2649-2651
(2004).
Gasperlin et al., The structure elucidation of semisolid w/o emulsion
systems containing silicone surfactant, Intl J Pharm, 107:51-6
(1994).
Gasperlin et a1., Viscosity prediction of lipophillic semisolid emul-
sion systems by neural network modeling, Intl J Pharm, 196:37-50
(2000).
Georgiou et a1., Display of heterologous proteins on the surface of
microorganisms: from the screenign of combinatiorial libraires to
live recombinant vaccines. Nat Biotechnol 15(1), 29-34 (1997).
Georgiou, G., Analysis of large libraries of protein mutants using
flow cytometry, Adv Protein Chem, 55: 293-315 (2000).
Gerdts et al., A Synthetic Reaction NetWork: Chemical Amplifica-
tion Using Nonequilibrium Autocatalytic Reactions Coupled in
Time, J. Am. Chem. Soc 126:6327-6331 (2004).
Ghadessy et a1., Directed Evolution ofPolymerase Function by Com-
partmentalized Self-Replication, PNSAS 98(8): 4552-4557 (2001).
Gibbs et a1., Detection ofsingle DNA base differences by competitive
oligonucleotide priming, Nucleic Acids Res. 17(7): 2437-48 (1989).
Gilliland, G., Analysis of cytokine mRNA and DNA: Detection and
quantitation by competitive polymerase chain reaction, PNAS,
87(7):2725-9 (1990).
Giusti et a1., Synthesis and characterization of 5‘ fluorescent dye
labeled oligonucleotides, Genome Res 2:223 -227 (1993).
Gold et a1., Diversity of Oligonucleotide Functions Annu Rev
Biochem, 64: 763-97 (1995).
Goodall, J. L. et a1., Operation of Mixed-Culture Immobilized Cell
Reactors for the Metabolism of Meta- and Para-Nitrobenzoate by
Comamonas Sp. JS46 and Comamonas Sp. JS47, Biotechnology and
Bioengineering, 59 (1): 21-27 (1998).
Gordon and Balasubramanian, Solid phase synthesisgdesigner link-
ers for combinatorial chemistry: a review, J. Chem. Technol.
Biotechnol, 74(9):835-851 (1999).
Grasland-Mongrain et a1., Droplet coalescence in microfluidic
devices, 30 pages (Jul. 2003) From internet: http://www.eleves.ens.
fr/home/grasland/rapports/stage4 .pdf.
Green, R. and Szostak, J .W., Selection ofa Ribozyrne That Functions
as a Superior Template in a Self Copying Reaction, Science, 258:
1910-5 (1992).
Gregoriadis, G., Enzyme entrapment in liposomes, Methods
Enzymol 44:218-227 (1976).



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 34 of 835 PageID #: 1519Case 1:19-cv-01699-RGA Document 8 Filed 11/05/19 Page 34 of 835 PageID #: 1519

US 8,871,444 B2
Page 11
 

(56) References Cited

OTHER PUBLICATIONS

Griffiths et al., Directed evolution of an extremely fast
phosphotriesterase by in vitro compartrnentalization, EMBO J,
22:24-35 (2003).
Griffiths et al., Isolation of high affinity human antibodies directly
from large synthetic repertoires, Embo J 13(14):3245-60 (1994).
Griffiths et al., Man-made enzymes-from design to in vitro
compartmentalisation, Curr Opin Biotechnol 11:338-353 (2000).
Griffiths, A., and Tawfik, D., Miniaturising the laboratory in emulsion
droplets, Trend Biotech 24(9):395-402 (2006).
Griffiths, A.D. et al., Strategies for selection of antibodies by phage
display, Curr Opin Biotechnol, 9:102-8 (1998).
Guatelli, J.C. et al., Isothermal, in vitro amplification ofnucleic acids
by a multienzyrne reaction modeled after retroviral replication,
PNAS, 87(5):1874-8 (1990).
Guixe et al., Ligand-Induced Conformational Transitions in
Escherichia coli Phosphofructokinase 2: Evidence for an Allosteric
Site for MgATP2n, Biochem., 37: 13269-12375 (1998).
Gupta, K.C., et al., A general method for the synthesis of
3'-sulfl1ydryl and phosphate group containing oligonucleotides, Nucl
Acids Res 19(11): 3019-3026(1991).
Haber et al., Activity and spectroscopic properties of bovine liver
catalase in sodium bis(2-ethylhexyl) sulfosuccinate/isooctane
reverse micelles, Eur J Biochem 217(2): 567-73 (1993).
Habig and Jakoby, Assays for differentiation of glutathione
S-transferases, Methods in Enzymology, 77: 398-405 (1981).
Hadd et al., Microchip Device for Performing Enzyme Assays, Anal.
Chem 69(17): 3407-3412 (1997).
Haddad et al., A methodology for solving physiologically based
pharmacokinetic models without the use of simulation software,
Toxicol Lett. 85(2): 113-26 (1996).
Hagar and Spitzer, The effect of endotoxemia on concanavalin A
induced alterations in cytoplasmic free calcium in rat spleen cells as
determined with Fluo-3, Cell Calcium 13:123-130 (1992).
Hai et al., Investigation on the release offluorescent markers from the
w/o/w emulsions by fluorescence-activated cell sorter, J Control
Release, 96(3): 393-402 (2004).
Haies et al., Morphometric study of rat lung cells. I. Numerical and
dimensional characteristics of parenchymal cell population, Am.
Rev. Respir. Dis. 123:533-54 (1981).
Hall, Experimental evolution ofEbg enzyme provides clues about the
evolution ofcatalysis and to evolutionary potential, FEMS Microbiol
Lett,174(1):1-8(1999).
Hall, The EBG system of E. coli: origin and evolution of a novel
beta-galactosidase for the metabolism of lactose, Genetica 118(2-
3):143-56 (2003).
Han et al., Quantum-dot-tagged Microbeads for Multiplexed Optical
Coding of Biomolecules, Nat Biotech 19(7): 631-635 (2001).
Handen, J.S, High-throughput screeningichallenges for the future,
Drug Discov World, 47-50 (2002).
Handique, K. et a1 ., On-Chip Thermopneumatic Pressure for Discrete
Drop Pumping, Analytical Chemistry, 73: 183 1-1838 (2001).
Hanes et al., Degradation of porous poly(anhydide-co-imide)
microspheres and implication for controlled macromolecule deliv-
ery, Biomaterials, 19(1-3): 163-172(1998).
Hanes et al., In vitro selection and evolution of functional proteins by
using ribosome display, PNAS 94:4937-42 (1997).
Hansen et al., A robust and scalable microfluidic metering method
that allows protein crystal growth by free interface diffusion, PNAS
99(26):16531-16536 (2002).
Harada et al., Monoclonal antibody G6K12 specific for membrane-
associated differentiation marker of human stratified squamous epi-
thelia and squamous cell carcinoma, J. Oral Pathol. Med 22(4): 145-
152 (1993).
Harder, K.W. et al., Characterization and kinetic analysis of the
intracellular domain of human protein tyrosine phosphatase beta
(HPTP beta) using synthetic phosphopeptides, Biochem J 298 (Pt 2):
395-401 (1994).
Harries et al., A Numerical Model for Segmented Flow in a
Microreactor, Int J of Heat and Mass Transfer, 46:3313-3322 (2006).

Harris et al., Single-molecule DNA sequencing of a viral genome,
Science 320(5872):106-109 (2008).
Harrison et al., Micromachining a miniaturized capillary
electrophoresis-based chemical analysis system on a chip, Science
261(5123):895-897 (1993).
Hasina et al., Plasminogen activator inhibitor-2: a molecular
biomarker for head and neck cancer progression, Cancer Research
63:555-559 (2003).
Haynes Principles of Digital PCR and Measurement Issue Oct. 15,
2012.

Hayward et al., Dewetting Instability during the Formation of
Polymersomes from BloceCopolymer-Stabilized Double Emulsions,
Langmuir, 22(10): 4457-4461 (2006).
He et al., Selective encapsulation of single cells and subcellular
organelles into picoliter- and femtoliter-volume droplets, Anal Chem
77(6):1539-1544 (2005).
Heim et al., Engineering Green Fluorescent Protein for Improved
Brightness, Longer Wavelengths and Fluorescence Response Energy
Transfer, Carr. Biol, 6(2): 178-182 (1996).
Hellman et al., Differential tissue-specific protein markers ofvaginal
carcinoma, Br J Cancer, 100(8): 1303-131 (2009).
Hergenrother et al., Small-Molecule Microarrays: Covalent Attach-
ment and Screening of Alcohol-Containing Small Molecules on
Glass Slides, J. Am. Chem. Soc, 122: 7849-7850 (2000).
Hildebrand et al., Liquid-Liquid Solubility of
Perfluoromethylcyclohexane with Benzene, Carbon Tetrachloride,
Chlorobenzene, Chloroform and Toluene, J. Am. Chem. Soc, 71:22-
25 (1949).
Hjelmfelt et al, Pattern-Recognition in Coupled Chemical Kinetic
Systems, Science, 260(5106):335-337 (1993).
Ho, SN. et al., Site-directed mutageneiss by overlap extension using
the polymerase chain reaction, Gene, 77(1):51-9 (1989).
Hoang, Physiologically based pharmacokinetic models: mathemati-
cal fundamentals and simulation implementations, Toxicol Lett79(1-
3):99-106 (1995).
Hochuli et a1 ., New metal chelate adsorbent selective for proteins and
peptides containing neighbouring histidine residues, J Chromatogr
411: 177-84 (1987).
Holmes et al., Reagents for Combinatorial Organic Synthesis: Devel-
opment of a New O-Nitrobenzyl Photolabile Linder for Solid Phase
Synthesis, J. OrgChem., 60: 2318-2319(1995).
Hong, SB. et al., Stereochemical constraints on the substrate speci-
ficity of phosphodiesterase, Biochemistry, 38: 1159-1165 (1999).
Hoogenboom et al., Multi-subunit proteins on the surface of filamen-
tous phage: methodologies for displaying antibody (Fab) heavy and
light chains, Nucl Acids Res., 91: 4133-4137 (1991).
Hoogenboom, H.R., Designing and optimizing library selection
strategies for generating high-affinity antibodies, Trends Biotechnol,
15:62-70 (1997).
Hopfinger & Lasheras, Explosive Breakup ofa Liquid Jet by a Swirl-
ing Coaxial Jet, Physics of Fluids 8(7):1696-1700 (1996).
Hopman et al., Rapid synthesis of biotin-, digoxigenin-,
trinitrophenyl-, and fluorochrome-labeled tyramides and their appli-
cation for In situ hybridization using CARD amplification, J of
Histochem and Cytochem, 46(6):771-77 (1998).
Horton et al., Engineering hybrid genes without the use ofrestriction
enzymes: gene splicing by overlap extension, Gene 77(1), 61-8
(1989).
Hosokawa, Kazuo et al., Handling of Picoliter Liquid Samples in a
Poly(dimethylsiloxane)-Based Microfluidic Device, Analytical
Chemistry, 71(20):4781-4785 (1999).
Hsu et a1 ., Comparison ofprocess parameters for microencapsulation
ofplasmid DNA in poly(D, L-lactic-co -glycolic acid microspheres, J
Drug Target, 7:313-23 (1999).
Huang L. R. et al., Continuous particle separation through determin-
istic lateral displacement, Science 304(5673):987-990 (2004).
Huang, Z. et al., A sensitive competitive ELISA for 2,4-dinitrophenol
using 3,6-fluorescein diphosphate as a fluorogenic substrate, J
Immunol Meth, 149:261 (1992).
Huang, Z.J., Kinetic assay of fluorescein mono-beta-D-galactosidase
hydrolysis by beta-galactosidase: a front-face measurement for
strongly absorbing fluorogenic substrates, Biochemistry, 30:8530-4
(1991).



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 35 of 835 PageID #: 1520Case 1:19-cv-01699-RGA Document 8 Filed 11/05/19 Page 35 of 835 PageID #: 1520

 
US 8,871,444 B2

Page 12

(56) References Cited Johannsson et a1., Amplification by Second Enzymes, In ELISA and
Other Solid Phase Immunoassays, Kemeny et al (ed.), Chapter 4, pp.

OTHER PUBLICATIONS

Hubert et al. Data Concordance from a Comparison between Filter
Binding and Fluorescence Polarization Assay Formats for Identifi-
cation of RUOCK-II Inhibitors, J biomol Screen 8(4):399-409
(2003).
Huebner, A. et a1., Quantitative detection of protein expression in
single cells using droplet microfluidics, Chem Com 12:1218-1220
(2007).
Hung et a1., Optimization of Droplet Generation by controlling
PDMS Surface Hydrophobicity, 2004 ASME International Mechani-
cal Engineering Congrees and RD&D Expo, Nov. 13-19, Anaheim,
CA (2004).
Hung, et al, Controlled Droplet Fusion in Microfluidic Devices,
MicroTAS 2004, Sep. 26-30, Malmo, Sweden (2004).
Hutchison et a1., Cell-free cloning using Phi29 polymerase, PNAS
102(48): 17332-17336 (2005).
Ibrahim, S.F. et a1., High-speed cell sorting: fundamentals and recent
advances, Curr Opin Biotchnol, 14(1):5-12 (2003).
Ikeda et a1., Bioactivation of tegafur to 5-fluorouracil is catalyzed by
cytochrome P-450 2A6 in human liver microsomes in vitro, Clin
Cancer Res 6(11):4409-4415 (2000).
Inai et a1., Immunohistochemical detection of an enamel protein-
related epitope in rat bone at an early stage of osteogenesis,
Histochemistry 99(5):335-362 (1993).
International Preliminary Report of Patentability for
PCTUS2010061741 Mailed Sep. 16, 2011(4 pages).
International Preliminary Report on Patentability mailed Sep. 20,
2007, for PCT/US2006/007772.
International Search Report and Written Opinion for PCT/US2009/
050931 Mailed Nov 26, 2009 (3 pages).
International Search Report and Written
PCTUS1154353 Mailed Apr. 20, 2012 (34 pages).
International Search Report and Written
PCTUS12024745 Mailed May 11, 2012 (21 pages).
International Search Report and Written
PCTUS1224741 Mailed Jun. 12, 2012 (12 pages).
International Search Report and Written Opinion for PCTUS125499
Mailed May 29, 2012 (10 pages).
International Search Report and Written Opinion in PCT/EP2010/
065188 Mailed Jan. 12, 2011 (7 pages).
International Search Report and Written Opinion in PCT/US11/
24615 Mailed Jul. 25, 2011 (37 pages).
International Search Report and Written Opinion in PCT/US2004/
010903 Mailed Dec. 20, 2004 (16 pages).
International Search Report and Written Opinion in PCT/US2006/
021286 Mailed Sep. 14, 2007 (16 pages).
International Search Report and Written Opinion in PCT/US2007/
002063 Mailed Nov. 15, 2007 (20 pages).
International Search Report in PCT/US01/18400 Mailed Jan. 28,
2005 ( 37 pages).
Ismagilov, Integrated Microfluidic Systems, Angew. Chem. Int. Ed
42:4130-4132 (2003).
Janda, et al, Chemical selection for catalysis in combinatorial anti-
body libraries, Science, 275:945-948 (1997).
Jang et a1., Controllable delivery of non-viral DNA from porous
scaffold, J Controlled Release 86(1):157-168 (2003).
Japanese Office Action for JP 2006-509830 mailed Jun. 1, 2011 (4
pages).
Jermutus et a1., Recent advances in producing and selecting func-
tional proteins by using cell-free translation, Curr Opin Biotechnol
9(5): 534-48 (1998).
Jestin et al., A Method for the Selection of Catalytic Activity Using
Phage Display and Proximity Coupling, Agnew. Chem. Int. Ed. Engi.
38(8): 1 124-1 127 (1999).
Jo, et al, Encapsulation of Bovine Serum Albumin in Temperature-
Programmed Shell-in-Shell Structures, Macromol. Rapid Comm
24:957-962 (2003).
Joerger et a1., Analyte detection with DNA-labeled antibodies and
polymerase chain reaction, Clin. Chem. 41(9): 1371-7 (1995).

Opinion for

Opinion for

Opinion for

85-106 John Wiley (1988).
Johannsson, A., Heterogeneous Enzyme Immunoassays, In Prin-
ciples and Practice of Immunoassay, pp. 295-325 Stockton Press
(1991).
Johnson, T.O. et a1., Protein tyrosine phosphatase 1B inhibitors for
diabetes, Nature Review Drug Discovery 1, 696-709 (2002).
Jones et al. Glowing jellyfish, luminescence and a molecule called
coelenterazine, Trends Biotechnol. 17(12):477-81 (1999).
Jones, L.J. et a1., Quenched BODIPY dye-labeled casein substrates
for the assay ofprotease activity by direct fluorescence measurement,
Anal Biochem, 251:144 (1997).
Joo et a1., Laboratory evolution of peroxide-mediated cytochrome
P450 hydroxylaion, Nature 399:670 (1999).
Joos et a1., Covalent attachment of hybridizable oligonucleotides to
glass supports, Analytical Biochemistry 247:96-101 (1997).
Joyce, G.F., In vitro Evolution of Nucleic Acids, Curr. Opp. Struc-
tural Biol, 4: 331-336 (1994).
Kadir and Moore, Haem binding to horse spleen ferritin, Febs Lett,
276: 81-4 (1990).
Kallen, R.G. et al., The mechanism of the condensation of formalde-
hyde with tetrahydrofolic acid, J. Biol. Chem., 241:5851-63 (1966).
Kambara et a1., Optimization of Parameters in a DNA Sequenator
Using Fluorescence Detection, Nature Biotechnology 6:816-821
(1988).
Kamensky et a1., Spectrophotometer: new instrument for ultrarapid
cell analysis, Science 150(3696):630-631 (1965).
Kanouni et a1., Preparation of a stable double emulsion (W1/0/W2):
role of the interfacial films on the stability ofthe system, Adv. Collid.
lnterf. Sci., 99(3): 229-254 (2002).
Katanaev et a1., Viral Q beta RNA as a high expression vector for
mRNA translation in a cell-free system, Febs Lett, 359: 89-92 (1995).
Katsura et a1., Indirect micromanipulation of single molecules in
water-in-oil emulsion, Electrophoresis, 22:289-93 (2001).
Kawakatsu et a1., Regular-sized cell creation in microchannel emul-
sification byvisual microprocessing method, Journal ofthe American
Oil ChemistS Society, 74:317-21 (1997).
Keana J. & Cai, S. X., New reagents for photoaffinity labeling:
synthesis and photolysis of functionalized perfluorophenyl azides, J.
Org. Chem.55(11):3640-3647 (1990).
Keefe, A.D. et a1., Functional proteins from a random-sequence
library, Nature, 410: 715-718 (2001).
Keij et a1., High-Speed Photodamage Cell Selection Using a Fre-
quency-Doubled Argon Ion Laser, Cytometry, 19(3): 209-216
(1995).
Keij, J .F., et a1., High-speed photodamage cell sorting: An evaluation
of the ZAPPER prototype, Methods in cell biology, 42: 371-358
(1994).
Kelly et a1., Miniaturizing chemistry and biology in microdroplets,
Chem Commun 18:1773-1788 (2007).
Kerker, M., Elastic and inelastic light scattering in flow cytometry,
Cytometry, 4: 1-10 (1983).
Khandjian, UV crosslinking of RNA to nylon membrane enhances
hybridization signals, Mol. Bio. Rep. 11: 107-115 (1986).
Kim et a1., Comparative study on sustained release ofhuman growth
hormone from semi-crystalline poly(L-lactic acid) and amorphous
poly(D,L-lactic-co-glycolic acid) microspheres: morphological
effect on protein release, Journal of Controlled Release, 98(1): 1 15-
125 (2004).
Kim S. et al, Type II quantum dots: CdTe/CdSe (core/shell) and
CdSe/ZnTe (core/shell) heterostructures, J. Am Chem Soc.
125:11466-11467 (2003).
Kircher et a1., High-throughput DNA sequencing-concepts and limi-
tations, Bioessays 32(6):524-536 (2010).
Kiss et a1., High-throughput quantitative polymerase chain reaction
in picoliter droplets, Anal. Chem 80:8975-8981 (2008).
Kitagawa et a1., Manipulation of a single cell with microcapillary
tubing based on its electrophoretic mobility, Electrophoresis
16:1364-1368 (1995).
Klug and Famulok, All you wanted to know about selex, Molecular
Biology Reports, 20:97-107 (1994).



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 36 of 835 PageID #: 1521Case 1:19-cv-01699-RGA Document 8 Filed 11/05/19 Page 36 of 835 PageID #: 1521

US 8,871,444 B2
Page 13
 

(56) References Cited

OTHER PUBLICATIONS

Klug and Schwabe, Protein motifs 5. Zinc fingers, FASEB J 9(8):597-
604 (1995).
Klug, A., Gene Regulatory Proteins and Their Interaction with DNA,
Ann NYAcad Sci, 758: 143-60 (1995).
Knaak et a1., Development of partition coefficients, Vmax and Km
values, and allometric relationships, Toxicol Lett. 79(I-3):87-98
(1995).
Knight, James B., Hydrodynamic Focusing on a Silicon Chip: Mix-
ing Nanoliters in Microseconds, Physical Review Lett 80(17):3863-
3866 (1998).
Kojima et al. PCR amplification from single DNA molecules on
magnetic beads in emulsion: application for high-throughput screen-
ing of transcription factor targets. Nucleic Acids Res. 33:e150
(2005).
Kolb et a1., Cotranslational folding of proteins, Biochem Cell Biol.,
73: 1217-20 (1995).
Komatsu et a1., Roles of cytochromes P450 1A2, 2A6, and 2C8 in
5-fluorouracil formation rom tegafur, an anticancer prodrug, in
human liver microsomes. Drug Met. Disp., 28:1457-1463 (2001).
Kopp et a1., Chemical amplification: continuous flow PCR on a chip,
Science, 280:1046-48 (1998).
Koster et a1., Drop-based microfluidic devices for encapsulation of
single cells, Lab on a Chip 8:1110-1115 (2008).
Kowalczykowski et a1., Biochemistry of homologous recombination
in Escherichia coli, Microbiol Rev 58(3):401-65 (1994).
Krafft et a1., Emulsions and microemulsions with a fluorocarbon
phase, Colloid and Interface Science 8(3):251-258 (2003).
Krafft, Fluorocarbons and fluorinated amphiphiles in drug delivery
and biomedical research, Adv Rev Drug Disc 47:209-228 (2001).
Krafft et a1., Synthesis and preliminary data on the biocompatibility
and emulsifying properties of perfluoroalkylated phosphoramidates
as injectable surfactants, Eur. J. Med. Chem., 26:545-550 (1991).
Kralj et a1., Surfactant-enhanced liquid-liquid extraction in
microfluidic channels with inline electric-field enhanced coales-

cence, Lab Chip 5:531-535 (2005).
Kricka and Wilding, Microchip PCR, Anal Bioanal Chem
377(5):820-825 (2003).
Kricka and Wilding, Micromachining: a new direction for clinical
analyzers, Pure and Applied Chemistry 68(10): 1831-1836 (1996).
Krumdiek, C.L. et a1., Solid-phase synthesis of
pteroylpolyglutamates, Methods Enzymol, 524-29 (1980).
Kumar, A. et a1., Activity and kinetic characteristics of glutathione
reductase in vitro in reverse micellar waterpool, Biochem Biophys
Acta, 996(1-2):1-6 (1989).
Lage et a1., Whole genome analysis of genetic alterations in small
DNA samples using hyperbranched strand displacement amplifica-
tion and array-CGH. Genome Res. 13: 294-307 (2003).
Lamprecht et a1., pH-sensitive microsphere delivery increases oral
bioavailability of calcitonin, Journal of Controlled Release, 98(1):
1-9(2004).
Lancet, D. et a1., Probability model for molecular recognition in
biuological receptor repertoirs: significance to the olfactory system,
PNAS, 90(8):3715-9 (1993).
Landergren et al., A ligase mediated gene detection technique. Sci-
ence 241(4869):1077-80 (1988).
Lasheras, et a1., Breakup and Atomization of a Round Water Jet by a
High Speed Annular Air Jet, J Fluid Mechanics 357:351-379 (1998).
Leary et a1., Application of Advanced Cytometric and Molecular
Technologies to Minimal Residual Disease Monitoring, Proceedings
of SPIE 3913:36-44 (2000).
Lee et al, Investigating the target recognition of DNA cytosine-5
methyltransferase Hhal by library selection using in vitro
compartmentalisation (IVC), Nucleic Acids Res 30:4937-4944
(2002).
Lee et a1., Circulating flows inside a drop under time-periodic non-
uniform electric fields, Phys Fuilds l2(8):l899-l910 (2000).
Lee, et al, Effective Formation of Silicone-in-Fluorocarbon-in-Water
Double Emulsions: Studies on Droplet Morphology and Stability,
Journal of Dispersion Sci Tech 23(4):49l-497(2002).

Lee, et al, Preparation of Silica Paticles Encapsulating Retinol Using
O/W/O Multiple Emulsions, Journal of Colloid and Interface Sci-
ence, 240(1): 83-89 (2001).
Lemof, et al, An AC Magnetohydrodynamic Microfluidic Switch for
Micro Total Analysis Systems, Biomedical Microdevices, 5(I):55-60
(2003).
Lesley et a1., Use of in vitro protein synthesis from PCR-generated
templates to study interaction ofE coli transcription factors with core
RNA polymerase, J Biol Chem 266(4):2632-8 (1991).
Lesley, S.A., Preparation and use of E. coli S-30 extracts, Methods
Mol Biol, 37:265-78 (1995).
Leung et al., A method for random mutagenesis of a defined DNA
segment using a modified polymerase chain reaction. Technique
1:11-15 (1989).
Li and Harrison, Transport, Manipulation, and Reaction of Biologi-
cal Cells On-Chip Using Electrokinetic Effects, Analytical Chemis-
try 69(8):1564-1568 (1997).
Li et a1., Nanoliter microfluidic hybrid method for simultaneous
screening and optimization validated with crystallization of mem-
brane proteins, PNAS 103: 19243-19248 (2006).
Li et a1., Single-step procedure for labeling DNA strand breaks with
fllourescein-or BODIPY—conjugated deoxynucleotides: detection of
apoptosis and bromodeoxyuridine incorporation. Cytometry 20: 172-
180 (1995).
Liao et a1., Isolation of athermostable enzyme variant by cloning and
selection in a thermophile, PNAS 83:576-80 (1986).
Lim et a1., Microencapsulated islets as bioartificial endocrine pan-
creas, Science 210(4472):908-10 (1980).
Link et al, Geometrically Mediated Breakup ofDrops in Microfluidic
Devices, Phys. Rev. Lett., 92(5): 054503-1 thru 054503-4 (2004).
Link et a1., Electric control droplets in microfluidic devices, Angew
Chem Int Ed 45:2556-2560 (2006).
Lipinski et a1., Experimental and Computational Approaches to Esti-
mate Solubility and Permeability in Drug Discovery and Develop-
ment Settings ,Adv. Drug Deliv. Rev., 46:3-26 (2001).
Lipkin et a1., Biomarkers of increased susceptibility to
gastreointestinal cancer: new application to studies ofcancer preven-
tion in human subjects, Cancer Research 48:235-245 (1988).
Liu et a1., Fabrication and characterization of hydrogel-based
microvalves, Mecoelectromech. Syst.ll:45-53 (2002).
Liu et a1., Passive Mixing in a Three-Dimensional Serpentine
MicroChannel, J MEMS 9(2):190-197 (2000).
Lizardi et a1., Mutation detection and single-molecule counting using
isothermal rolling-circle amplification. Nat Genet l9(3):225-32
(1998).
Loakes and Brown, 5-Nitroindole as a universal base analogue.
Nucleic Acids Res 22: 4039-4043 (1994).
Loakes et a1., Stability and structure of DNA oligonucleotides con-
taining non-specific base analogues. J. Mol. Biol 270:426-435
(1997).
Loeker et a1., Colloids and Surfaces A: Physicochem. Eng. Aspects
214:143-150, (2003).
Lopez-Herrera, et al, Coaxial jets generated from electrified Taylor
cones. Scaling laws, Aerosol Science, 34:535-552 (2003).
Lopez-Herrera, et al, One-Dimensional Simulation ofthe Breakup of
Capillary Jets of Conducting Liquids Application to E.H.D. Spray-
ing, Aerosol. Set, 30 (7): 895-912 (1999).
Lopez-Herrera, et al, The electro spraying ofviscous and non-viscous
semi-insulating liquids. Scalilng laws, Bulletin of the American
Physical Society,40 (l2):204l(l995).
Lorenceau et al, Generation of Polymerosomes from Double-Emul-
sions, Langmuir, 21(20): 9183-9186 (2005).
Lorenz et al, Isolation and expression of a cDNA encoding Renilla
rem'formis luciferase, PNAS 88(10):4438-42 (1991).
Loscertales, et al, Micro/Nano Encapsulation via Electrified Coaxial
Liquid Jets, Science, 295(5560): 1695-1698 (2002).
Low N.M. et a1., Mimicking somatic hypermutaion: affinity matura-
tion ofantibodies displayed on bacteriophage using a bacterila muta-
tor strain. J Mol Biol 260(3), 359-68 (1996).
Lowe, K.C., Perfluorochemical respiratory gas carriers: benefits to
cell culture systems, J Fluorine Chem 118:19-26 (2002).
Lowman et a1., Selecting high affinity binding proteins by
monovalent phage display, Biochemistry 30(45): 10832-8 (1991).



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 37 of 835 PageID #: 1522Case 1:19-cv-01699-RGA Document 8 Filed 11/05/19 Page 37 of 835 PageID #: 1522

US 8,871,444 B2
Page 14 

(56) References Cited

OTHER PUBLICATIONS

Lu et al., Robust fluorescein-doped silica nanoparticles via dense-
liquid treatment, Colloids and Surfaces A Physicachemical and Engi-
neering Aspects, 303(3):207-210 (2007).
Luisi et al, Activity and Conformation ofEnzymes in Reverse Micel-
lar Solutions, Meth. Enzymol 136:188-216 (1987).
Lund et al., Assesment of methods for covalent binding of nucleic
acids to magnetic beads, Dynabeads, and the characteristics of the
bound nucleic acids in hybridization reactions, Nucleic Acids
Research, Oxford University Press, 16(22) (1998).
Lunderberg et al., Solid-phase technology: magnetic beads to
improve nucleic acid detection and analysis, Biotechnology Annual
Review, 1:373-401 (1995).
Lundstrom, et al, Breakthrough in cancer therapy: Encapsulation of
drugs and viruses, www.currentdrugdiscovery.com, Nov. 19-23,
2002.

Lyne, P.D., Structure-Based Virtual Screening: An Overview, Drug
Discov. Today, 7(20):1047-1055 (2002).
VIa, C. et al., In vitro protein engineering using synthetic tRNA(Ala)
with different anticodons, Biochemistry 32(31):7939-45 (1993).
VIackenzie et al., The application of flow microfluorimetry to bio-
medical research and diagnosis: a review, Dev Biol Stand 64: 181-193
(1986).
Vlackenzie, IABS Symposium on Reduction ofAnimal Usage in the
Development and Control of Biological Products, London, UK,
1985.

VIaclean, D. et al., Glossary of terms used in combinatorial chemis-
try, Pure Appl. Chem. 71(12):2349-2365 (1999).
Vlagdassi et al., Multiple Emulsions: HLB Shift Caused by Emulsi-
fier Migration to External Interface, J. Colloid Interface Sci 97:374-
379 (1984).
VIahajan et al., Bcl-2 and Bax Interactions in Mitochondria Probed
with Green Florescent Protein and Fluorescence Resonance Energy
Transfer, Nat. Biotechnol. 16(6): 547-552 (1998).
VIanley et al., In vitro transcription: whole cell extract, Methods
Enzymol, 101:568-82 (1983).
VIanz et al., Micromachining ofmonocrystalline silicon and glass for
chemical analysis systems a look into next century’s technology or
just a fashionable craze, Trends in Analytical Chemistry 10(5): 144-
149 (1991).
VIao et al., Kinetic behaviour of alpha-chymotrypsin in reverse
micelles: a stopped-flow study, Eur J Biochem 208(1): 165-70 (1992).
VIao, Q. et al., Substrate effects on the enzymatic activity of
alphachymotrypsin in reverse micelles, Biochem Biophys Res Com-
mun, 178(3):1105-12 (1991).
VIardis, E.R., The impact ofnext-generation sequencing technology
on genetics, Trends Genet 24: 133-141 (2008).
Vlargulies, M et al., Genome sequencing in microfabricated high-
density picolitre reactors, Nature 437(7057):376-3 80 (2005).
VIarques et al., Porous Flow within Concentric Cylinders, Bull Am
Phys Soc Div Fluid Dyn 41:1768 (1996).
VIason, T.J. and Bibette, J. Shear Rupturing of Droplets in Complex
Fluids, Langmuir, 13(17):4600-4613 (1997).
VIastrobattista et al., High-throughput screening ofenzyme libraries:
in vitro evolution of a beta-galactosidase by fluorescence-activated
sorting ofdouble emulsions, Chem. Biol. 12(12): 1291-1300 (2005).
VIasui et ai ., Probing ofDNA-Binding Sites ofEscherichia coli RecA
Protein Utilizing 1-anilinonaphthalene-8-Sulfonic Acid, Biochem
37(35):12133-12143 (1998).
VIatayoshi, E.D. et al., Novel fluorogenic substrates for assaying
retroviral proteases by resonance energy transfer, Science 247:954
(1990).
VIattheakis et al., An in vitro polysome display system for identifying
ligands from very large peptide libraries, PNAS 91:9022-6 (1994).
VIayr, L.M., and Fuerst, P., The Future of High-Throughput Screen-
ing, JBiomol Screen 13:443-448 (2008).
VIazutis et al., Droplet-Based Microfluidic Systems for High-
Throughput Single DNA Molecule Isothermal Amplification and
Analysis, Anal Chem 81(12):4813-4821 (2009).

 

VIazutis et al., Multi-step microfluidic droplet processing: kinetic
analysis of an in vitro translated enzyme, Lab Chip 9:2902-2908
(2009).
VIcCafferty et al., Phage antibodies: filamentous phage displaying
antibody variable domains,Nature, 348: 552-4 (1990).
VIcDonald and Whitesides, Poly(dimethylsiloxane) as a material for
fabricating microfluidic devices, Account Chem. Res. 35:491-499
(2002).
VIcDonald et al. Fabrication of microfluidic systems in
poly(dimethylsiloxane), Electrophoresis 21(1):27-40 (2000).
VIelton et al., Efficient in vitro synthesis of biologically active RNA
and RNA hybridization probes from plasmids containing a
bacteriophage SP6 promoter, Nucl. Acids Res. 12(18):7035-7056
(1984).
VIendel, D. et al., Site-Directed Mutagenesis with an Expanded
Genetic Code, Annu Rev Biophys Biomol Struct, 24:435-62 (1995).
VIenger andYamada, Enzyme catalysis in water pools, J. Am. Chem.
Soc., 101:6731-4 (1979).
VIeylan and Howard, Atom/fragment contribution method for esti-
mating octanol-water partition coefficients, J Pharm Sci. 84(1):83-92
(1995).
VIiele et al., Autocatalytic replication of a recombinant RNA, J Mol
Biol, 171:281-95 (1983).
VIinshuil, J. and Stemmer, W.P., Protein evolution by molecular
breeding, Curr Opin Chem Biol 3(3): 284-90 (1999).
VIiroux and Walker, Over-production ofproteins in Escherichia coli:
mutant hosts that allow synthesis of some membrane proteins and
globular proteins at high levels, J ofMol Biol 260(3):289-98 (1996).
VIiyawaki et at., Fluorescent Indicators for Ca2+ Based on Green
Fluorescent Proteins and Calmodulin, Nature, 388: 882-887 (1997).
VIize et al., Dual-enzyme cascadeian amplified method for the
detection of alkaline phosphatase, Anal Biochem 179(2): 229-35
(1989).
VIock et al., A fluorometric assay for the biotin-avidin interaction
based on displacement of the fluorescent probe
2-anilinonaphthalene-6-sulfonic acid, Anal Biochem, 151:178-81
(1985).
VIoldavan, A., Photo-electric technique for the counting of micro-
scopical cells, Science 80:188-189 (1934).
VIontigiani, S. et al., Alanine substitutions in calmodulin-binding
peptides result in unexpected affinity enhancement, J Mol Biol,
25826-13 (1996).
VIoore, M.J., Exploration by lamp light, Nature, 374:766-7 (1995).
VIoudrianakis and Beer, Base sequence determination in nucelic
acids with the electron microscope 3. Chemistry and microscopy of
guanine-labeled DNA, PNAS 53:564-71 (1965).
VIueth et al., Origin of stratification in creaming emulsions, Physical
Review Letters 77(3):578-581 (1996).
VIulbry, W.W. et al., Parathion hydrolase specified by the
Flavobacterium opd gene: relationshio between the gene and protein.
J Bacteriol, 171: 6740-6746 (1989).
VIulder et al., Characterization of two human monoclonal antibodies
reactive with HLA-B12 and HLA-B60, respectively, raised by in
vitro secondary immunization of peripheral blood lymphocytes,
Hum. Immunol 36(3):186-192 (1993).
\Iakano et al., High speed polymerase chain reaction in constant flow,
Biosci Biotech and Biochem, 58:349-52 (1994).
\Iakano et al., Single-molecule PCR using water-in-oil emulsion, J
Biotech, 102:117-24 (2003).
\Iakano et al., Single-molecule reverse transcription polymerase
chain reaction using water-in-oil emulsion, J Biosci Bioeng 99:293-
295 (2005).
\Iametkin, S.N. et al., Cell-free translation in reversed micelles, FEB
Letters, 309(3):330-32 (1992).
\Iarang et al, Improved phosphotriester method for the synthesis of
gene fragments, Methods Enzymol, 68:90-98 (1979).
\Ielson, P. S., et al., Bifunctional oligonucleotide probes synthesized
using a novel CPG support are able to detect single base pair muta-
tions, Nucl Acids Res 17(18): 7187-7194 (1989).
\Iemoto et al., In vitro virus: bonding ofmRNA bearing puromycin at
the 3 terminal end to the C-terminal end of its encoded protein on the
ribosome in vitro, Federation of European Biochemical Societies,
414:405-8 (1997).

 



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 38 of 835 PageID #: 1523Case 1:19-cv-01699-RGA Document 8 Filed 11/05/19 Page 38 of 835 PageID #: 1523

US 8,871,444 B2
Page 15
 

(56) References Cited

OTHER PUBLICATIONS

\Iess, J .E. et al., Molecular Breeding: the natural approach to protein
design. Adv Protein Chem, 55: 261-292 (2000).
\Ig et a1., Protein crystallization by capillary counter-diffusion for
applied crystallographic structure determination, J. Struct. Biol,
142:218-231(2003).
\Ig, B.L. et a1., Factors affecting flow karyotype resolution,
Cytometry, PartA 69A: 1028-1036 (2006).
\Iguyen et a1., Optical detection for droplet size control in
microfluidic droplet-based analysis systems, Sensors and Actuators
B 117(2):431-436 (2006).
\Iihant et a1., Polylactide Microparticles Prepared by Double Emul-
sion/Evaporation Technique. I. Effect of Primary Emulsion Stability,
Pharmaceutical Research, 11(10):1479-1484 (1994).
\Iisisako et a1., Controlled formulation of monodisperse double
emulsions in a multiple-phase microluidic system, Sot Matter, 1:23-
27 (2005).
\Iisisako et a1., Formation of droplets using branch channels in a
microfluidic circuit, Proceedings of the SICE Annual Conference.
International Session Papers,l262-1264 (2002).
\Iisisako et a1., Microstructured Devices for Preparing Controlled
VIultiple Emulsions. Chem. Eng. Technol 31(8): 1091-1098 (2008).
\Iisisako, Takasi et a1., Droplet Formation in a MicroChannel NetWO
rk, Lab on a Chip, vol. 2, 2002, pp. 24-26.
\Iissim, A. et a1., Antibody fragments from a single pot phage display
library as immunochemical reagents, Embo J, 13:692-8 (1994).
\Iof and Shea, Drug-releasing scaffolds fabricated from drug-loaded
microspheres, J. Biomed Mater Res 59:349-356 (2002).
\Iorman, A., Flow Cytometry, Med. Phys., 7(6):609-615 (1980).
Oberholzer et a1., Enzymatic RNA replication in self-reproducing
vesicles: an approach to a minimal cell, Biochem Biophys Res Com-
mun 207(1):250-7 (1995).
Oberholzer et a1., Polymerase chain reaction in liposomes, Chem.
Biol. 2(10):677-82 (1995).
Obukowicz, M.G. et a1., Secretion and export of IGF-1 in Escerichia
coli strain JM101, Mol Gen Genet, 215:19-25 (1988).
Office Action for US. Appl. No. 11/246,911 mailed Feb. 8, 2011.
Office Action for US. Appl. No. 11/360,845 mailed Apr. 26, 2011.
Office Action for US. Appl. No. 11/360,845 mailed Aug. 4, 2010.
Office Action for US. Appl. No. 11/698,298, mailed Jun. 29, 2011.
Ogura, Y., Catalase activity at high concentrations of hydrogen per-
oxide, Archs Biochem Biophys, 57: 288-300 (1955).
Oh et a1., Distribution of Macropores in Silica Particles Prepared by
Using Multiple Emulsions, Journal ofColloid and Interface Science,
254(1): 79-86 (2002).
Okushima et al. Controlled production of monodisperse double
emulsions by two-step droplet breakup in microfluidic devices,
Langmuir 20(23): 9905-8 (2004).
Olsen et ai., Function-based isolation ofnovel enzymes from a large
library, Nat Bioteoltnol 13(10): 1071-4 (2000).
Omburo, G.A. et a1., Characterization of the zinc binding site of
bacterial phosphotriesterase, J of Biological Chem, 267:13278-83
(1992).
Oroskar et a1., Detection of immobilized amplicons by ELISA-like
techniques, Clin. Chem. 42: 1547-1555 (1996).
Ostermeier, M. et al., A combinatorial approach to hybrid enzymes
independent of DNA homology, Nat Biotechnol, 17(12): 1205-9
(1999).
Ouelette, A new wave of microfluidic devices, Indust Physicist pp.
14-17 (2003).
Pabit et a1., Laminar-Flow Fluid Mixer for Fast Fluorescence Kinet-
ics Studies, Biophys J 83:2872-2878 (2002).
Paddison et a1., Stable suppression of gene expression by RNAi in
mammalian cells, PNAS 99(3): 1443-1448 (2002).
Pannacci et a1., Equilibrium and Nonequilibrium States in
Microluidic Double Emulsions Physical Review Leters,
101(16): 164502 (2008).
Park et a1., Cylindrical compact thermal-cycling device for
continuoflow polymeras chain reaction, Anal Chem, ACS, 75:6029-
33 (2003).

 
Park et a1., Model of Formation of Monodispersed Colloids, J. Phys.
Chem. B 105:11630-11635 (2001).
Parker et a1., Development ofhigh throughput screening assays using
fluorescence polarization: nuclear receptor-ligand-binding and
kinase/phosphatase assays, J Biomol Screen, 5(2): 77-88 (2000).
Parmley et a1., Antibody-selectable filamentous fd phage vectors:
affinity purification oftarget genes. Gene 73(2):305-18 (1988).
Pedersen et al., A method for directed evolution and functional clon-
ing of enzymes, PNAS 95(18):10523-8 (1998).
Pelham and Jackson, An efficient mRNA-dependent translation sys-
tem from reticulocyte lysates, Eur J Biochem 67:247-56 (1976).
Pelletier et al., An in vivo library-verslibrary selection of optimized
protein-protein interactions, Nature Biotechnology, 17:683-90
(1999).
Peng et a1., Controlled Production of Emulsions Using a Crossflow
Membrane, Particle & Particle Systems Characterization 15:21-25
(1998).
Perelson et a1., Theorectical studies of clonal selection: minimal
antibody repertoire size and relaibility of self-non-self discrimina-
tion. J Theor Biol 81(4):645-70 (1979).
Perez-Gilabert et a1., Application of active-phase plot to the kinetic
analysis of lipoxygenase in reverse micelles, Biochemistry J.
288:1011-1015 (1992).
Perrin, J ., Polarisation de la lumiere de fluorescence vie moyenne des
molecules dans letat excite, J. Phys. Rad. 1:390-401 (1926).
Petrounia, I.P. et a1., Designed evolution of enzymatic properties,
Curr Opin Biotechnol, 11:325-330 (2000).
Piemi et a1., Transdermal delivery ofgluco se through hairless rat skin
in vitro: effect of multiple and simple emulsions, Int J Pharm,
171 :207-215 (1998).
Pirrung et al., A General Method for the Spatially Defined Immobi-
lization of Biomolecules on Glass Surfaces Using ‘Caged’ Biotin,
Bioconjug Chem 7: 317-321 (1996).
Ploem, in Fluorescent and Luminescent Probes for Biological Activ-
ity Mason, T. G. Ed., Academic Press, Landon, pp. 1-11, 1993.
Pluckthun, A. et al., In vitro selection and evolution of proteins, Adv
Protein Chem, 55: 367-403 (2000).
Pollack et a1., Electrowetting-based actuation of droplets for inte-
grated microfluidics, Lab Chip 2:96-101 (2002).
Pollack et a1., Selective chemical catalysis by an antibody, Science
234(4783):1570-3 (1986).
Pons et a1, Synthesis of Near-Infrared-Emitting, Water-Soluble
CdTeSe/CdZnS Core/Shell Quantum Dots, Chemistry of Materials
21(8):1418-1424 (2009).
Posner et a1., Engineering specificity for folate into dihydrofolate
reductase from Escherichia coli, Biochemistry, 35: 1653-63 (1996).
Poulin and Theil, “A priori” prediction of tissue: plasma partition
coefficients of drugs to facilitate the use of physiologically-based
pharmokinetic models in drug discovery, J Pharm Sci 89(1):16-35
(2000).
Priest, et a1. Generation of Monodisperse Gel Emulsions in a
Microfluidic Device, Applied Physics Letters, 88:024106 (2006).
Qi et a1., Acid Beta-Glucosidase: Intrinsic Fluorescence and
Conformational Changes Induced by Phospholipids and Saposin C,
Biochem., 37(33): 11544-11554 (1998).
Raghuraman et a1., Emulston Liquid Membranes for Wastewater
Treatment: Equillibrium Models for Some Typical Metal-Extractant
Systems,Environ. Sci. Technol 28: 1090-1098 (1994).
Ralhan, Discovery and Verification of Head-and-neck Cancer
Biomarkers by Differential Protein Expression Analysis Using
iTRAQ Labeling, Multidimensional Liquid Chromatography, and
Tandem Mass Spectrometry, Mol Cell Proteomics 7(6):1162-1173
(2008).
Ramsey, J .M., The burgeoning power ofthe shrinking laboratory, Nat
Biotechnol 17(1 1): 10612 (1999).
Ramstrom and Lehn, Drug discovery by dynamic combinatorial
libraries, Nat Rev Drug Discov 1:26-36 (2002).
Raushel, F.M. et a1., Phosphotriesterase: an enzyme in search of its
natural substrate, Adv Enzyrnol Relat Areas Mol Biol, 74: 51-93
(2000).
Rech et a1., Introduction of a yeast artificial chromosome vector into
Sarrachomyeces cervesia by electroporation, Nucleic Acids Res
1821313 (1990).



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 39 of 835 PageID #: 1524Case 1:19-cv-01699-RGA Document 8 Filed 11/05/19 Page 39 of 835 PageID #: 1524

US 8,871,444 B2
Page 16
 

(56) References Cited

OTHER PUBLICATIONS

Reyes et al., Micro Total Analysis Systems. 1. Introduction, Theory
and Technology, Anal Chem 74(12):2623-2636 (2002).
Riess, J .S., Fluorous micro- and nanophases with a biomedical per-
spective, Tetrahedron 58(20):4l 13-4131 (2002).
Roach et al., Controlling nonspecific protein adsorption in a plug-
based microfluidic system by controlling inteifacial chemistry using
fluorophase surfactants, Anal. Chem. 77:785-796 (2005).
Roberts & Ja, In vitro selection of nucleic acids and proteins: What
are we learning, Curr Opin Struct Biol 9(4): 521-9 (1999).
Roberts et al., Simian virus 40 DNA directs synthesis of authentic
viral polypeptides in a linked transcription-translation cell-free sys-
tem 72(5): 1922-1926 (1975).
Roberts, et al., RNA-peptide fusion for the in vitro selection of
peptides and proteins, PNAS 94:12297-302 (1997).
Roberts, J .W.,Termination factor for RNA synthesis, Nature, 224:
1168-74 (1969).
Roberts, R.W. Totally in vitro protein selection using mRNA-protein
fusions and ribosome display. Curr Opin Chem Biol 3(3), 268-73
(1999).
Rodriguez-Antona et al., Quantitative RT-PCR measurement of
human cytochrome P-450s: application to drug induction studies.
Arch. Biochem. Biophys., 376: 109-116 (2000).
Rolland et al., Fluorescence Polarization Assay by Flow Cytometry,
J. Immunol. Meth., 76(1): 1-10 (1985).
Rosenberg et al.,Termination of transcription in bacteriophage
lambda, J Biol Chem, 250: 4755-64 (1975).
Rosenberry, T.L., Acetylcholinesterase, Adv Enzymol Relat Areas
Mol Biol, 43: 103-218 (1975).
Rotrnan, Measurement of activities of single molecules of beta-
galactosidase, PNAS, 47: 1981-91 (1961).
Russon et al., Single-nucleotide polymorphism analysis by allele-
specific extension of fluorescently labeled nucleotides in a
microfluidic flow-through device, Electrophoresis, 24:158-61
(2003).
Sadtler et al., Achieving stable, reverse water-in-fluorocarbon emul-
sions. Angew Chem Int Ed 35: 1976-1978 (1996).
Saiki, R.K, et al, Primer directed enzymatic amplification of DNA
with a thermostable DNA polymerase. Science 239(4839):487-9l
(1988).
Sakamoto, Rapid and simple quantification ofbacterial cells by using
a microfluidic device, Appl Env Microb. 71 :2 (2005).
Sanchez et al., Breakup of Charged Capillary Jets, Bulletin of the
American Physical Society Division of Fluid Dynamics 41:1768-
1768 (1996).
Sano, T. et al., Immuno-PCR-Very sensitive antigen-detection by
means of sepcific antibody-DNA conjugates. Science 258(5079),
120-122 (1992).
SantaLucia, A unified view of polymer, dumbbell, and
oligonucleotide DNA nearest-neighbor thermodynamics, PNAS
95(4):1460-5 (1998).
Santra et al., Fluorescence lifetime measurements to determine the
core-shell nanostructure ofFITC-doped silica nanoparticles: An opti-
cal approach to evaluate nanoparticle photostability, J Luminescence
117(1):75-82 (2006).
Schatz et al., Screening of peptide libraries linked to lac repressor,
Methods Enzyrnol 267: 171-91 (1996).
Schneegass et al., Miniaturized flow-through PCR with different
template types in a silicone chip thermocycler, Lab on a Chip, Royal
Soc of Chem, 1:42-9 (2001).
Schubert et al., Designer Capsules, Nat Med 8: 1362 (2002).
Schweitzer et al., Immunoassays with rolling circle DNA amplifica-
tion: A versatile platform for ultrasensitive antigen detection, PNAS
97(18),10113-10119(2000).
Schweitzer, B. et al., Combining nucleic acid amplification and
detection. Curr Opin Biotechnol l2(l):2l-7 (2001).
Scott, R.L., The Solubility of Fluorocarbons, J. Am. Chem. Soc, 70:
4090-4093 (1948).

Seethala and Menzel, Homogeneous, Fluorescence Polarization
Assay for Src-Family Tyrosine Kinases, Anal Biochem 253(2):210-
218 (1997).
Seiler et al., Planar glass chips for capillary electrophoresis: repeti-
tive sample injection, quantitation, and separation efficiency, Anal
Chem 65(10): 1481-1488 (1993).
Selwyn M. J ., A simple test for inactivation of an enzyme during
assay, Biochim Biophys Acta 105:193-195 (1965).
Seo et al., Microfluidic consecutive flow-focusing droplet generators,
Soft Matter, 3:986-992 (2007).
Seong and Crooks, Efficient Mixing and Reactions Within
Microfluidic Channels Using Microbead-Supported Catalysts, J Am
Chem Soc 124(45):13360-1 (2002).
Seong et al., Fabrication of Microchambers Defined by
Photopolymerized Hydrogels and Weirs Within Microfluidic Sys-
tems: Application to DNA Hybridization, Analytical Chem
74(14):3372-3377 (2002).
Sepp et al., Microbead display by in vitro compartmentalisation:
selection for binding using flow cytometry, FEBS Letters 532 :45 5 -58
(2002).
Serpersu et al., Reversible and irreversible modification of erythro-
cyte membranse permeability by electric field, Biochim Biophys
Acta 812(3):779-785 (1985).
Shapiro, H.M., Multistation multiparameter flow cytometry: a criti-
cal review and rationale, Cytometry 3: 227-243 (1983).
Shestopalov et al., Multi-Step Synthesis ofNanoparticles Performed
on Millisecond Time Scale in a Microfluidic Droplet-Based System,
The Royal Society of Chemistry 4:316-32l(2004).
Shtern V, and Hussain F., Hysteresis in swirling jets, J. Fluid Mech.
309:1-44 (1996).
Sia &Whitesides, Microfluidic devices fabricated in
poly(dimethylsiloxane) for biological studies, Electrophoresis
24(21):3563-3576 (2003).
Sidhu, S.S., Phage display in pharmaceutical biotechnology, Curr
Opin Biotech 11:610-616 (2000).
Siemering et al., Mutations that suppress the thermosensitivity of
green fluorescent protein, Current Biology 6: 1653-1663 (1996).
Silva-Cunha et al., W/O/W multiple emulsions of insulin containing
a protease inhibitor and an absorption enhancer: biological activity
after oral administration to normal and diabetic rats, Int J Pharm
169:33-44 (1998).
Sims et al., Immunopolyrnerase chain reaction using real-time
polymerase chain reaction for detection, Anal. Biochem.
281(2):230-2 (2000).
Slappendel et al., Normal cations and abnormal membrane lipids in
the red blood cells of dogs with familial stomatocytosis hypertrophic
gastritis, Blood 84:904-909 (1994).
Slob et al., Structural identifiability of PBPK models: practical con-
sequences for modeling strategies and study designs, Crit Rev
Toxicol. 27(3):261-72 (1997).
Smith et al., Direct mechanical measurements of the elasticity of
single DNA molecules by using magnetic beads, Science
258(5085):1122-1126 (1992).
Smith et al., Fluorescence detection in automated DNA sequence
analysis, Nature 321 :674-679 (1986).
Smith et al., Phage display, Chemical Reviews 97(2), 391-410
(1997).
Smith et al., The synthesis ofoligonucleotides containing an aliphatic
amino group at the 5' terminus: synthesis offluorescent DNA primers
for use in DNA sequence analysis, Nucl. Acid Res. 13:2399-2412
(1985).
Smith G.P., Filamentous fusion phage: novel expression vectors that
display cloned antigens on the virion surface, Science 228(4705):
1315-7(1985).
Smyth et al., Markers of apoptosis: methods for elucidating the
mechanism of apoptotic cell death from the nervous system,
Biotechniques 32:648-665 (2000).
Sohn, et al, Capacitance cytometry: Measuring biological cells one
by one, PNAS 97(20): 10687-10690 (2000).
Somasundaram and Ramalingam, Gain studies ofRhodamine 6G dye
doped polymer laser, J Photochem Photobiol l25(l-3):93-98 (1999).
Song et al., A microfluidic system for controlling reaction networks
in time, Angew. Chem. Int. Ed. 42(7):768-772 (2003).



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 40 of 835 PageID #: 1525Case 1:19-cv-01699-RGA Document 8 Filed 11/05/19 Page 40 of 835 PageID #: 1525

US 8,871,444 B2
Page 17
 

(56) References Cited

OTHER PUBLICATIONS

Song et a1., Experimental Test of Scaling of Mixing by Chaotic
Advection in Droplets Moving Through Microfluidic Channels, App
Phy Lett 83(22):4664-4666 (2003).
Song, H. and Ismagilov, R.F., Millisecond kinetics on a microluidic
chip using nanoliters ofreagents, JAm Chem Soc. 125: 14613-14619
(2003).
Soni and Meller, Progress toward ultrafast DNA sequencing using
solid-state nanopores, Clin Chem 53:1996-2001 (2007).
Soumillion et a1., Novel concepts for the selection of catalytic activ-
ity. Curr Opin Biotechnol 12:387-394 (2001).
Soumillion et a1., Selection of B-lactomase on filamentous
bacteriophage by catalytic activity, J Mol Biol, 237:415-22 (1994).
Sproat et a1., the synthesis of protected 5‘-mercapto-2',5‘-
dideoxyribonucleoside-3‘-0-phosphorainidites, uses of 5‘-mercapto-
oligodeoxyribonucleotides, Nucleic Acids Res 15:4837-4848
(1987).
Stauber, et a., Rapid generation of monoclonal antibody-secreting
hybridomas against African horse sickness virus by in vitro immu-
nization and the fusion/cloning technique, J. Immunol. Meth
161(2):157-168 (1993).
Stemmer, W.P., DNA shuffling by random fragmentation and reas-
sembly: in vitro recombination for molecular evolution. PNAS
91(22):10747-51(1994).
Stemmer, W.P., Rapid evolution of a protein in vitro by DNA shuf-
fling, Nature 370(6488):389-91 (1994).
Stober et a1., Controlled growth ofmonodisperse silica spheres in the
micron size range, J Colloid and Interface Sci 26(1):62-69 (1968).
Stofl<o, H.R. et a1., A single step purification for recombinant pro-
teins. Characterization ofmicrotube associated protein (MAP2) frag-
ment which associates with the type II CAMP-dependent protein
kinase, Febs Lett 302: 274-278 (1992).
Stone et a1., Engineering flows in small devices: Microfluidics toward
a lab-on-a-chip, Ann. Rev. Fluid Mech. 36:381-441 (2004).
Strizhkov et a1., PCR amplification on a microarray of gel-immobi-
lized oligonucleotides: Detection of bacterial toxin- and drug-resis-
tant genes and their mutations, BioTechniques 29(4):844-857 (2000).
Stroock et a1., Chaotic mixer for microchannels, Science
295(5555):647-651 (2002).
Studer et a1., Fluorous Synthesis: A FluoroPhase Strategy for Improv-
ing Separation Efficiency in Organic Synthesis, Science 275: 823-
826 (1997).
Sugiura et a1., Effect of Channel Structure on MicroChannel
Emuisification, Langmuir 18:5708-5712 (2002).
Sugiura et a1., Interfacial tension driven monodjspersed droplet for-
mation from mtcrofabricated channel array Langmuir, 17: 5562-
5566 (2001).
Sundberg et a1., Spatially-Addressable Immobilisation ofMacromol-
ecules on Solid Supports, J. Am. Chem. Soc, 117:12050-12057
(1995).
Sung et al. Chip-based microfluidic devices coupled with
electrospray ionization-mass spectrometry, Electrophoresis
26: 1783-1791 (2005).
Suzuki et a1., Random mutagenesis of thermus aquaticus DNA
polmerase I: concordance of immutable sites in vivo with the crystal
structure, PNAS USA, 93:96701-9675 (1996).
Tabatabai and Faghri, A New Two-Phase Flow Map and Transition
BoundaryAccounting for Surface Tension Effects in Horizontal Min-
iature and Micro Tubes, J Heat Transfer 123:958-968 (2001).
Tabatabai et al, Economic feasability study of polyelectrolyte-en-
hanced ultrafiltration (PEUF) for water softening, J Membrane Sci-
ence 100(3):193-207 (1995).
Tabatabai et a1., Reducing Surfactant Adsorption on Carbonate Res-
ervoirs, SPE Resenroir Engineering 8(2):117-122 (1993).
Tabatabai, Water Softening Using polyelectrolyte-enhanced
ultrafiltration, Separation Science Technology 30(2):21 1-224
(1995).
Takayama et a1., Patterning Cells and Their Environments Using
Multiple Laminar Fluid Flows in Capillary NetWO rks,
PNAS96:5545-5548 (1999).

Takeuchi et a1., An Axisyrnmetric Flow-Focusing Microfluidic
Device, Adv. Mater 17(8):1067-1072 (2005).
Taly et a1., Droplets as Microreactors for High-Throughput Biology,
Chembiochem 8(3):263 -272 (2007).
Tan et a1., Controlled Fission of Droplet Emulsions in Bifurcating
Microfluidic Channels, Transducers Boston (2003).
Tan et a1., Design ofmicroluidic channel geometries for the control of
droplet volume, chemical concentration, and sorting, Lab Chip, 4(4):
292-298 (2004).
Tan et a1., Monodispersed microfluidic droplet generation by shear
focusing microfluidic device, Sensors and Actuators 114:350-356
(2006).
Tan, Y.C., Microfluidic Liposome Generation from Monodisperse
Droplet EmulsioniTowards the Realization ofArtificial Cells, Sum-
mer Bioengineering Conference, Florida (2003).
Tan, Y.C., Monodisperse Droplet Emulsions in Co -Flow Microfluidic
Channels, Micro TAS, Lake Tahoe (2003).
Tanaka et a1., Ethanol Production from Starch by a Coimmobilized
Mixed Culture System of Aspergillus awamori and Zymomonas
mobilis, Biotechnol Bioeng XXVII:1761-1768 (1986).
Tang et a1., A multi-color fast-switching microfluidic droplet dye
laser, Lab Chip 9:2767-2771 (2009).
Taniguchi et a1., Chemical Reactions in Microdroplets by Electro-
static Manipulation of Droplets in Liquid Media, Lab on a Chip
2:19-23 (2002).
Tawfik et a1., catELISA: a facile general route to catalytic antibodies,
PNAS 90(2):373-7 (1993).
Tawfik et a1., Efficient and selective p-nitrophenyl-ester:hydrolyzing
antibodies elicited by a p-nitrobenzyl phosphonate hapten, Eur J
Biochem, 244:619-26 (1997).
Tawfik et a1., Man-made cell-like compartments for molecular evo-
lution, Nature Biotechnology, 7(16):652-56 (1998).
Tawfik, D.S. et a1., 1,8-diabycyclo[5.4.0]undecane mediated
transesterification of p-nitrophenyl phosphonatesia novel route to
phosphono esters, Synthesis-Stuttgart, 10: 968-972 (1993).
Taylor et a1., Characterization ofchemisorbed monolayers by surface
potential measurments, J. Phys. D. Appl. Phys. 24:1443 (1991).
Taylor, The formation of emulsions in definable field of flow, Proc R
Soc London A 146(858):501-523 (1934).
Tchagang et a1., Early detection of ovarian cancer using group
biomarkers, Mol Cancer Ther 7:27-37 (2008).
Tencza et a1., Development of a Fluorescence Polarization-Based
Diagnostic Assay for Equine Infectious Anemia Virus, J Clinical
Microbiol 38(5):1854-185 (2000).
Terray et a1., Microfluidic Control Using Colloidal Devices,Science,
296(5574):1841-1844 (2002).
Terray, et al, Fabrication oflinear colloidal structures for microfluidic
applications, Applied Phys Lett 81(9):1555-1557 (2002).
Tewhey et a1., Microdroplet-based PCR amplification for large scale
targeted sequencing, Nat Biotechnol 27(11):1025-1031 (2009).
Theberge et a1., Microdroplets in Microfluidics: An Evolving Plat-
form for Discoveries in Chemistry and Biology, Angew. Chem. Int.
Ed 49(34):5846-5868 (2010).
Thompson, L.F., Introduction to Lithography, ACS Symposium
Series 219:1-13, (1983).
Thorsen et a1., Dynamic pattern formation in a vesicle-generating
microfluidic device, Phys Rev Lett 86(18):4163-4166 (2001).
Thorsen et a1., Microfluidic Large-Scale Integration, Science
298:580-584 (2002).
Tice et a1., Effects of viscosity on droplet formation and mixing in
microfluidic channels, Analytica Chimica Acta 507:73-77 (2004).
Tice et a1., Formation of droplets and mixing in multiphase
microfluidics at low values ofthe reynolds and the capillary numbers,
Langmuir 19:9127-9133 (2003).
Titomanlio et a1., Capillary experiments of flow induced crystalliza-
tion of Hope, AIChe Journal, 36(1): 13-18(1990).
Tleugabulova et a1., Evaluating formation and growth mechanisms of
silica particles using fluorescence anisotropy decay analysis,
Langmuir 20(14):5924-5932 (2004).
Tokatlidis et a1., Nascent chains: folding and chaperone intraction
during elongation on ribosomes, Philos Trans R Soc Lond B Biol Sci,
348:89-95 (1995).



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 41 of 835 PageID #: 1526Case 1:19-cv-01699-RGA Document 8 Filed 11/05/19 Page 41 of 835 PageID #: 1526

US 8,871,444 B2
Page 18
 

(56) References Cited

OTHER PUBLICATIONS

Tokeshi et a1., Continqulow Chemical Processing on a Microchip by
Combining Microunit Operations and a Multiphase Flow NetWO rk,
Anal Chem 74(7):1565-1571 (2002).
Tokumitsu, H. et a1., Preparation of gadopentetic acid-loaded
chitosan microparticles for gadolinium neutron-capture therapy of
cancer by a novel emulsion-droplet coalescence technique, Chem
and Pharm Bull 47(6):838-842 (1999).
Tramontano, A., Catalytic antibodies, Science 234(4783):1566-70
(1986).
Trindade, T., Nanocrystalline semiconductors: synthesis, properties,
and perspectives, Chem. Mat. 13:3843-3858 (2001).
Tripet, B. et a1., Engineering a de novo-designed coiled-coil
heterodimerization domain off the rapid detection, purification and
characterization of recombinantly expressed peptides and proteins,
Protein Engng., 9:1029-42 (1996).
Tuerk, C. and Gold, L., Systematic Evolution of Ligands by
Exponentid Enrichment: RNA Ligands to Bacteriophage T4 DNA
Polymerase, Science, 249:505-10 (1990).
Umbanhowar et a1., Monodisperse Emulsion Generation via Drop
Break Off in a Coflowing Stream, Langmuir 16(2):347-351 (2000).
Unger et a1., Monolithic microfabricated valves and pumps by
multylayer soft lithography, Science 288(5463):113-116 (2000).
Utada, A. et a1., Monodisperse double emulsions generated from a
microcapillary device, Science, 308:537-541 (2005).
Vainshtein et a1., Peptide rescue of an N-terminal truncation of the
stoffel fragment ofTaq DNA polymerase, Protein Science, 5: 1785 -92
(1996).
Van Bockstaele et a1., Prognostic markers in chronic lyrnphocytic
leukemia: a comprehensive review, Blood Rev 23(1):25-47 (2009).
Van Dille et al., Cell Microfluorometry: A Method for Rapid Fluo-
rescence Measurement, Science 163(3872):1213-1214 (1969).
Van Dille et al., The fluorescent cell photometer: a new method for the
rapid measurement of biological cells stained with fluorescent dyes,
Annual Report of the Los Alamos Scientific Laboratory of the Uni-
versity of California (Los Alamos, NM), Biological and Medical
Research Groupp (H-4) of the Health Division, Compiled by D. G.
Ott, pp. 100-105, distributed Jan. 23, 1968.
Vanhooke et a1., Three-dimensional structure of the zinc-containing
phosphotrieesterase with the bound substrate analog diethy
4-methylbenzylphosphonate, Biochemistry 35:6020-6025 (1996).
Varga, J.M. et a1., Mechanism of allergic cross-reactions-I.
Multispecific binding of ligands to a mouse monoclonal anti-DNP
IgE antibody. Mol Immunol 28(6), 641-54 (1991).
Vary, A homogeneous nucleic acid hybridization assay based on
strand displacement, Nucl Acids Res 15(17):6883-6897 (1987).
Venkateswaran et a1., Production of Anti-Fibroblast Growth Factor
Receptor Monoclonal Antibodies by In Vitro Immunization,
Hybirdoma, 11(6):729-739 (1992).
Venter et al., The sequence of the human genome, Science
291(5507):1304-51 (2001).
Vogelstein et a1., Digital PCR, PNAS 96(16):9236-9241 (1999).
Voss, E.W., Kinetic measurements of molecular interactions by
spectrofluorometry, J Mol Recognit, 6:51-58 (1993).
Wahler, D. et a1., Novel methods for biocatalyst screening. Curr Opin
Chem Biol, 5: 152-158 (2001).
Walde, P et a1., Oparin’s reactions revisited: enzymatic synthesis of
poly(adenylic acid) in micelles and self-reproducing vesicles. J Am
Chem Soc, 116: 7541-7547 (1994).
Walde, P. et a1., Spectroscopic and kinetic studies of lipases
solubilized in reverse micelles, Biochemistry, 32(15):4029-34
(1993).
Walde, P et a1., Structure and activity of trypsin in reverse micelles,
Eur J Biochem, 173(2):401-9 (1988).
Walker et a1., Isothermal in vitro amplification of DNA by a restric-
tion enzyme/DNA polymerase system, PNAS 89(1):392-6 (1992).
Walker et a1., Strand displacement amplificationian isothermal, in
vitro DNA amplification technique, Nucleic Acid Res, 20(7): 1691-6
(1992).

Wang et a1., DEP actuated nanoliter droplet dispensing using feed-
back control, Lab on a Chip 9:901-909 (2008).
Wang et a1., Preparation of Titania Particles Utilizing the Insoluble
Phase Interface in a MicroChannel Reactor, Chemical Communica-
tions 14:1462-1463 (2002).
Wang, AM. et a1., Quantitation of mRNA by the polymerase chain
reaction. Proc natl Aced Sci USA 86(24), 9717-21 (1989).
Wang, G.T. et a1., Design and synthesis of new fluorogenic HIV
protease substrates based on resonance energy transfer, Tetrahedron
Lett., 31:6493 (1990).
Warburton, B., Microcapsules for Multiple Emulsions, Encapsula-
tion and Controlled Release, Spec Publ R Soc Chem, 35-51 (1993).
Wasserman et a1., Structure and reactivity ofallyl-siloxane monolay-
ers formed by reaction of allcyltrichlorosilanes on silicon substrates,
Langmuir 521074-1087 (1989).
Weil. et a1., Selective and accurate initiation of transcription at the
Ad2 major late promotor in a soluble system dependent on purified
RNA polymerase II and DNA, Cell, 18(2):469-84 (1979).
Werle et a1., Convenient single-step, one tube purification of PCR
products for direct sequencing, Nucl Acids Res 22(20):4354-4355
(1994).
Wetmur et al., Molecular haplotyping by linking emulsion PCR:
analysis ofparaoxonase 1 haplotypes and phenotypes, Nucleic Acids
Res 33(8):2615-2619 (2005).
Wick et a1., Enzyme-containing liposomes can endogenously pro-
duce membrane-constituting lipids, Chem Biol 3(4):277-85 (1996).
Widersten and Mannervik, Glutathione Transferases with Novel
Active Sites Isolated by Phage Display from a Library of Random
Mutants, J Mol Biol 250(2):115-22 (1995).
Wiggins et a1., Foundations of chaotic mixing, Philos Transact A
Math Phys Eng Sci 362(1818):937-70 (2004).
Williams et a1., Amplification of complex gene libraries by emulsion
PCR, Nature Methods 3(7):545-550 (2006).
Williams et a1., Methotrexate, a high-affinity pseudosubstrate of
dihydrofolate reductase, Biochemistry, 18(12):2567-73 (1979).
Wilson, D.S. and Szostak, J.W., In vitro selection of functional
nucleic acids, Ann. Rev. Biochem. 68: 611-647 (1999).
Winter et a1., Making antibodies by phage display technology, Annu
Rev Immunol 12:433-55 (1994).
Wittrup, K.D., Protein engineering by cell-surface display. Curr Opin
Biotechnology, 12: 395-399 (2001).
Wolff et a1., Integrating advanced functionality in a microfabricated
high-throughput fluorescent-activated cell sorter, Lab Chip, 3(1):
22-27 (2003).
Wronski et a1., Two-color, fluorescence-based microplate assay for
apoptosis detection. Biotechniques, 32:666-668 (2002).
Wu et al., the ligation amplification reaction (LAR)-amplification of
specific DNA sequences using sequential rounds of template-depen-
dent ligation, Genomics 4(4):560-9 (1989).
Wyatt et a1., Synthesis and purification of large amounts of RNA
oligonucleotides, Biotechniques 11(6):764-9 (1991).
Xia and Whitesides, Soft Lithography, Angew. Chem. Int. Ed.
37:550-575 (1998).
Xia and Whitesides, Soft Lithography, Ann. Rev. Mat. Sci. 28:153-
184 (1998).
Xu, S. et a1., Generation of monodisperse particles by using
microfluidics: control over size, shape, and composition, Angew.
Chem. Int. Ed. 44:724-728 (2005).
Yamagishi, J. et a1., Mutational analysis of structure-activity relation-
ships in human tumor necrosis factor-alpha, Protein Eng, 3:713-9
(1990).
Yamaguchi et a1., Insulin-loaded biodegradable PLGA
microcapsules: initial burst release controlled by hydrophilic addi-
tives, Journal of Controlled Release, 81(3): 235-249 (2002).
Yelamos, J. et a1., Targeting of non-Ig sequences in place of the V
segment by somatic hypermutation. Nature 376(6537):225-9 (1995).
Yershov et a1., DNA analysis and diagnostics on oligonucleotide
microchips, PNAS 93(10):4913-4918 (1996).
Yonezawa et a1., DNA display for in vitro selection ofdiverse peptide
libraries, Nucleic Acids Research, 31(19): e118 (2203).
Yu et al. Responsive biomimetic hydrogel valve for microfluidics.
Appl. Phys. Lett 78:2589-2591 (2001).



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 42 of 835 PageID #: 1527Case 1:19-cv-01699-RGA Document 8 Filed 11/05/19 Page 42 of 835 PageID #: 1527

 
US 8,871,444 B2

Page 19

(56) References Cited Zheng et a1., A Droplet-Based, Composite PDMS/Glass Capillary
Microfluidic System for Evaluating Protein Crystallization Condi-

OTHER PUBLICATIONS

Yu et a1., Quantum dot and silica nanoparticle doped polymer optical
fibers, Optics Express 15(16):9989-9994 (2007).
Yu et a1., Specifc inhibition of PCR by non-extendable
oligonucleotides using a 5' to 3' exonuclease-deficient DNA
polymerase, Biotechniques 23(4):714-6, 718-20 (1997).
Zaccolo, M. et al., An approach to random mutagenesis ofDNA using
mixtures of triphosphate derivatives of nucleoside analogues. J Mol
Biol 255(4):589-603 (1996).
Zakrzewski, S.F., Preparation of tritiated dihydrofolic acid of high
specific activity, Methods Enzymol, 539 (1980).
Zaug and Cech, The intervening sequence RNA ofTetrahymena is an
enzyme, Science 231(4737):470-5 (1986).
Zaug and Cech, The Tetrahymena intervening sequence ribonucleic
acid enzyme is a phosphotransferase and an acid phosphatase,
Biochemisty 25(16):4478-82 (1986).
Zaug et al., The Tetrahymena ribozyme acts like an RNA restriction
endonuclease, Nature 324(6096):429-33 (1986).
Zhang et al., A Simple Statistical Parameter for Use in Evaluation and
Validation of High Throughput Screening Assays, Journal of
Biomolecular Screening, 4(2): 67-73 (1999).
Zhang, Z.Y., Substrate specificity of the protein tyrosine
phosphatases, PNAS 90: 4446-4450 (1993).
Zhao, B. et a1., Control and Applications of Immiscible Liquids in
Microchannels, J. Am. Chem. Soc, vol. 124:5284-5285 (2002).
Zhao, H. et al., Molecular evolution by staggered extension process
(StEP) in vitro recombination. Nat Biotechnol 16(3):258-61 (1998).

tions by Microbatch and Vapor-Diffusion Methods with On-Chip
X-Ray Diffraction, Angew. Chem.,116zl-4, (2004).
Zheng et al., A Microiuidic Approach for Screening Submicroliter
Volumes against Multiple Reagents by Using Performed Arrays of
Nanoliter Plugs in a Three-Phase Liquid/Liquid/Gas Flow, Angew.
Chem. Int. Ed., 44(17): 2520-2523 (2005).
Zheng et al., Formation of Droplets of Alternating Composition in
Microfluidic Channels and Applications to Indexing of Concentra-
tions in Droplet-Based /Assays, Anal. Chem.,76: 4977-4982 (2004).
Zheng et al., Screening of Protein Crystallization Conditions on a
Microfluidic Chip Using Nanoliter-Size Droplets, J Am Chem Soc
125(37): 1 1 170-1 1 171 (2003).
Zimmermann et a1., Dielectric Breakdown of Cell Membranes,
Biophys J 14(11):881-889 (1974).
Zimmermann et a1., Micro scale Production ofHybridomas by Hypo-
Osmolar Electrofusion, Hum. Antibod. Hybridomas, 3(1): 14-18
(1992).
Zubay, G., In vitro synthesis of protein in microbial systems, Annu
Rev Genet, 7: 267-87 (1973).
Zubay, G., The isolation and properties of Cap, the catabolite gene
activator, Methods Enzymol, 65: 856-77 (1980).
Zuckermann, R. et a1., Efficient Methods for Attachment of Thiol-
Specific Probes to the 3 { -end of Synthetic
Oligodeoxyribonucleotides, Nucleic Acids Res. 15:5305-5321
(1987).

* cited by examiner



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 43 of 835 PageID #: 1528Case 1:19-cv-01699—RGA Document 8 Filed 11/05/19 Page 43 of 835 PageID #: 1528

US. Patent Oct. 28, 2014 Sheet 1 of 25 US 8,871,444 B2

    
FIG. 1A

     
FIG. 1B



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 44 of 835 PageID #: 1529Case 1:19-cv-01699—RGA Document 8 Filed 11/05/19 Page 44 of 835 PageID #: 1529

US. Patent Oct. 28, 2014 Sheet 2 of 25 US 8,871,444 B2

 



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 45 of 835 PageID #: 1530Case 1:19-cv-01699—RGA Document 8 Filed 11/05/19 Page 45 of 835 PageID #: 1530

US. Patent Oct. 28, 2014 Sheet 3 of 25 US 8,871,444 B2

50 ’25 55 j

 



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 46 of 835 PageID #: 1531Case 1:19-cv-01699—RGA Document 8 Filed 11/05/19 Page 46 of 835 PageID #: 1531

US. Patent Oct. 28, 2014 Sheet 4 of 25 US 8,871,444 B2

50 15 55 5

 



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 47 of 835 PageID #: 1532Case 1:19-cv-01699—RGA Document 8 Filed 11/05/19 Page 47 of 835 PageID #: 1532

US. Patent Oct. 28, 2014 Sheet 5 of 25 US 8,871,444 B2

530

é 540
535

528 527

542 544

ES -$W-O+W$+ SE
545 E? 546

525

_ 500 510
500

505

510 505

520

}5m 0
O

O

515

O

 
FIG. 7A FIG. 7B



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 48 of 835 PageID #: 1533Case 1:19-cv-01699—RGA Document 8 Filed 11/05/19 Page 48 of 835 PageID #: 1533

US. Patent Oct. 28, 2014 Sheet 6 of 25 US 8,871,444 B2

~356 

458

 



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 49 of 835 PageID #: 1534

U.S. Patent

550

569 I
555

562 564

FIG. 8A

560

562

()1
011/

CD
/<ft

C33 .422

FIG. 8C

550

555 566

Oct. 28, 2014 Sheet 7 of 25

Case 1:19-cv-01699—RGA Document 8 Filed 11/05/19 Page 49 of 835 PageID #: 1534

560

562 J 564

\
\/22(I\\\

FIG. SB

560

562 554
565 I" \h 566

561

FIG. 8D

US 8,871,444 B2



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 50 of 835 PageID #: 1535Case 1:19-cv-01699—RGA Document 8 Filed 11/05/19 Page 50 of 835 PageID #: 1535

US. Patent Oct. 28, 2014 Sheet 8 of 25 US 8,871,444 B2

»~ 540
535 4

  
540 540

526 527 586 527

542 544 542 ' 544
. I

 



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 51 of 835 PageID #: 1536Case 1:19-cv-01699—RGA Document 8 Filed 11/05/19 Page 51 of 835 PageID #: 1536

 

US. Patent Oct. 28, 2014 Sheet 9 of 25 US 8,871,444 B2

57o

I
5 580 —» 58G

5‘25? 574 I
I 583 570 583

581‘// \\\4\\\\by.\ )/I I\\5\
FIG. 10A FIG. 1GB

 
 

» 580 580
574% 574-

531 ‘ 583 j/ 570I I \ 583
g *ON AN

FIG. 100 FIG. 10D



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 52 of 835 PageID #: 1537Case 1:19-cv-01699—RGA Document 8 Filed 11/05/19 Page 52 of 835 PageID #: 1537

US. Patent Oct. 28, 2014 Sheet 10 of 25 US 8,871,444 B2

 
618

“FM
611 6’32

FIG. 11A

 
FIG. 11B

 
FIG. 11C



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 53 of 835 PageID #: 1538Case 1:19-cv-01699—RGA Document 8 Filed 11/05/19 Page 53 of 835 PageID #: 1538

US. Patent Oct. 28,2014 Sheet 11 of 25 US 8,871,444 132

  
FIG. 12A FIG. 128

77

"(‘6 /\I\ 79

”VG—W
FIG. 12C FIG. 12D

 

76 69 7'8

1%va @ --+‘“ é
M

FIG. 12E FIG. 12F

 



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 54 of 835 PageID #: 1539Case 1:19-cv-01699—RGA Document 8 Filed 11/05/19 Page 54 of 835 PageID #: 1539

US. Patent Oct. 28,2014 Sheet 12 of 25 US 8,871,444 132

 

 
FIG. 12J



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 55 of 835 PageID #: 1540Case 1:19-cv-01699—RGA Document 8 Filed 11/05/19 Page 55 of 835 PageID #: 1540

US. Patent Oct. 28, 2014 Sheet 13 of 25 US 8,871,444 B2

 

 

651

  
 

§§§4§§§§§§4§§§§

 

   

652

_A‘““““““““““““‘““‘“‘_7 .“““““““‘
FIG. 13A

655  

 
 

‘
§§§‘§§§§\x\i‘§§§Q

656

_s“‘‘“““““““““““‘“‘“" A‘““““““‘'
FIG. 13B



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 56 of 835 PageID #: 1541Case 1:19-cv-01699—RGA Document 8 Filed 11/05/19 Page 56 of 835 PageID #: 1541

US. Patent Oct. 28, 2014 Sheet 14 of 25 US 8,871,444 132

 
FIG. 13D



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 57 of 835 PageID #: 1542Case 1:19-cv-01699—RGA Document 8 Filed 11/05/19 Page 57 of 835 PageID #: 1542

US. Patent Oct. 28, 2014 Sheet 15 of 25 US 8,871,444 B2

"""""""""""73307451

FIG. 14A

 
FIG. 14C



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 58 of 835 PageID #: 1543

   
  

3M

l2..B#4m4wm,

a7 .p8,..........................EaE239%<mr0_n_m5an.. iaaaaaaaaa%00+lAWHHHHHU0OflilHHHV8S._wémwom@fimmmZmUowm?mm..........................q
e

wm........................AEEEEoATEEEEPEggmocmuwmssm5mgSEES5fl0Q0OOOOOOW.2m. .
06m

U11m

wmw...........................m_H5meaofi$9525me8 u
t

mm

mm..........................am8awsmE02_
DL

c

AO............................ ..........................H..........................G..RES)“35$52:mem$32359.nu
9

mm

0.e......................................................................WM£2gammmmcfiswP5:cowwmmmcmfi
lOms.aU

C



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 59 of 835 PageID #: 1544

  

44

B2..B#4D4d4.}g1a7P8,58%S.mU
95

ma.a.030EpDowGE93SEE,Af......................................................................
50

o7AU1.
mwmmay

F

8.
mmmm

U9mC00m02mDL__cIII]..\Mon0mcmtom«mmmohugumfi53%.Rcommsum“muaafigumfi
9.

wtmmvtmyamPl0ws.aU
C

mm:fieEmEE>m<
OE

EQEmEEhm mcwmaw“waggamg

<2.®_u_

 
mowmwfiom$386935”



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 60 of 835 PageID #: 1545Case 1:19-cv-01699—RGA Document 8 Filed 11/05/19 Page 60 of 835 PageID #: 1545

US. Patent Oct. 28, 2014 Sheet 18 of 25 US 8,871,444 B2

 
C3

_ C.)
CD‘9'“

U.

63 I '
m \—

fl(2) m I
c

-: 9 > 0

LL

. 5 C2)
C2) O C) (:3 C3 0““
O C) C) O C)
1!) “9'4" 0") N V”

sgagggoagd

FIG.178FIG.17C 

 FIG.17A



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 61 of 835 PageID #: 1546Case 1:19-cv-01699—RGA Document 8 Filed 11/05/19 Page 61 of 835 PageID #: 1546

US. Patent Oct. 28, 2014 Sheet 19 of 25 US 8,871,444 B2

_ <3:

3 a

3;; "i
"if: C)

27: E 
C} if) C) 10
CD IN- LD N

"33363903 gagdmp 9,4,

FIG.180

FIG.18B

FIG.18A 



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 62 of 835 PageID #: 1547Case 1:19-cv-01699—RGA Document 8 Filed 11/05/19 Page 62 of 835 PageID #: 1547

US. Patent Oct. 28, 2014 Sheet 20 of 25 US 8,871,444 B2

 
FIG. 19A

 
FIG. 198



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 63 of 835 PageID #: 1548

        

004

mmmm

el}lllmmamor.ION0E,”wow05”am.om%009m.“ .wW8S,
,mU

36e
g

aP

m.naM01U2lamm
E-00

mmmmUam%AO
GR

mt

mm.VnVt9W9... .mP.momom08or.mom0;<80E
e5.myU

C



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 64 of 835 PageID #: 1549Case 1:19-cv-01699—RGA Document 8 Filed 11/05/19 Page 64 of 835 PageID #: 1549

US. Patent Oct. 28,2014 Sheet 22 of 25 US 8,871,444 132

Eargecrossectional areaChennai FIG.21B  
spacing

oil

carrier
44.

mi

deiayline
“igxwa-awm FIG.21A

aqueeusphase 



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 65 of 835 PageID #: 1550

 
O%

Am#4D4d4.}g1m070

%MONN.0E
00

mUw.
56e

g
aP

mm50O3U21amm
H00

mmmmU9C00O2DL
c

A0
GR9

NOWtum.mmwMmNN.OE<NN.0_..._
9P

1

S
eoMmU

C



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 66 of 835 PageID #: 1551Case 1:19-cv-01699—RGA Document 8 Filed 11/05/19 Page 66 of 835 PageID #: 1551

US. Patent Oct. 28, 2014 Sheet 24 of 25 US 8,871,444 132

000000
channel

fiber optic;

 
E

'- flouresence : ' 5

3;: le_ pm;-
flouresence

I --
3 bandpass

 



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 67 of 835 PageID #: 1552Case 1:19-cv-01699—RGA Document 8 Filed 11/05/19 Page 67 of 835 PageID #: 1552

US. Patent Oct. 28, 2014 Sheet 25 of 25 US 8,871,444 B2

F|G_24D

FIG.24C 



Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 68 of 835 PageID #: 1553Case 1:19-cv-01699-RGA Document 8 Filed 11/05/19 Page 68 of 835 PageID #: 1553

US 8,871,444 B2

1
IN VITRO EVOLUTION IN MICROFLUIDIC

SYSTEMS

The present application is a continuation application of
US. Ser. No. 11/665,030, filedApr. 14, 2009, which applica-
tion is a 35 U.S.C. §371 National Phase Application of PCT/
GB2005/003889, filed Oct. 10, 2005; which claims priority
from US. Ser. No. 10/961,695 filed Oct. 8, 2004, each of
which is incorporated by reference in its entirety.

The present invention relates to methods for use in in vitro
evolution of molecular libraries. In particular, the present
invention relates to methods of selecting nucleic acids encod-
ing gene products in which the nucleic acid and the activity of
the encoded gene product are linked by compartmentation,
using microfluidic systems to create and/or handle the com-
partments.

Evolution requires the generation of genetic diversity (di-
versity in nucleic acid) followed by the selection of those
nucleic acids which result in beneficial characteristics.

Because the nucleic acid and the activity ofthe encoded gene
product of an organism are physically linked (the nucleic
acids being confined within the cells which they encode)
multiple rounds of mutation and selection can result in the
progressive survival of organisms with increasing fitness.
Systems for rapid evolution of nucleic acids or proteins in
vitro advantageously mimic this process at the molecular
level in that the nucleic acid and the activity of the encoded
gene product are linked and the activity of the gene product is
selectable.

Recent advances in molecular biology have allowed some
molecules to be co-selected according to their properties
along with the nucleic acids that encode them. The selected
nucleic acids can subsequently be cloned for further analysis
or use, or subjected to additional rounds of mutation and
selection.

Common to these methods is the establishment of large
libraries of nucleic acids. Molecules having the desired char-
acteristics (activity) can be isolated through selection regimes
that select for the desired activity of the encoded gene prod-
uct, such as a desired biochemical or biological activity, for
example binding activity.

Phage display technology has been highly successful as
providing a vehicle that allows for the selection ofa displayed
protein by providing the essential link between nucleic acid
and the activity of the encoded gene product (Smith, 1985;
Bass et al., 1990; McCafferty et al., 1990; for review see
Clackson and Wells, 1994). Filamentous phage particles act
as genetic display packages with proteins on the outside and
the genetic elements which encode them on the inside. The
tight linkage between nucleic acid and the activity of the
encoded gene product is a result ofthe assembly of the phage
within bacteria. As individual bacteria are rarely multiply
infected, in most cases all the phage produced from an indi-
vidual bacterium will carry the same genetic element and
display the same protein.

However, phage display relies upon the creation ofnucleic
acid libraries in vivo in bacteria. Thus, the practical limitation
on library size allowed by phage display technology is of the
order of 107 to 101 1, even taking advantage ofA phage vectors
with excisable filamentous phage replicons. The technique
has mainly been applied to selection of molecules with bind-
ing activity. A small number ofproteins with catalytic activity
have also been isolated using this technique, however, selec-
tion was not directly for the desired catalytic activity, but
either for binding to a transition-state analogue (Widersten
and Mannervik, 1995) or reaction with a suicide inhibitor
(Soumillion et al., 1994; Janda et al., 1997). More recently
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there have been some examples of enzymes selected using
phage-display by product formation (Atwell & Wells, 1999;
Demartis et al., 1999; Jestin et al., 1999; Pederson, et al.,

1998), but in all these cases selection was not for multiple
turnover.

Specific peptide ligands have been selected for binding to
receptors by affinity selectionusing large libraries ofpeptides
linked to the C terminus of the lac repressor LacI (Cull et al,
1992). When expressed in E. coli the repressor protein physi-
cally links the ligand to the encoding plasmid by binding to a
lac operator sequence on the plasmid.

An entirely in vitro polysome display system has also been
reported (Mattheakis et al., 1994; Hanes and Pluckthun,
1997) in which nascent peptides are physically attached via
the ribosome to the RNA which encodes them. An alternative,

entirely in vitro system for linking genotype to phenotype by
making RNA-peptide fusions (Roberts and Szostak, 1997;
Nemoto et al., 1997) has also been described.

However, the scope of the above systems is limited to the
selection of proteins and furthermore does not allow direct
selection for activities other than binding, for example cata-
lytic or regulatory activity.

In vitro RNA selection and evolution (Ellington and
Szostak, 1990), sometimes referred to as SELEX (systematic
evolution of ligands by exponential enrichment) (Tuerk and
Gold, 1990) allows for selection for both binding and chemi-
cal activity, but only for nucleic acids. When selection is for
binding, a pool ofnucleic acids is incubated with immobilised
substrate. Non-binders are washed away, then the binders are
released, amplified and the whole process is repeated in itera-
tive steps to enrich for better binding sequences. This method
can also be adapted to allow isolation of catalytic RNA and
DNA (Green and Szostak, 1992; for reviews see Chapman
and Szostak, 1994; Joyce, 1994; Gold et al., 1995; Moore,
1 995).

However, selection for “catalytic” or binding activity using
SELEX is only possible because the same molecule performs
the dual role ofcarrying the genetic information and being the
catalyst or binding molecule (aptamer). When selection is for
“auto-catalysis” the same molecule must also perform the
third role ofbeing a substrate. Since the genetic element must
play the role ofboth the substrate and the catalyst, selection is
only possible for single turnover events. Because the “cata-
lyst” is in this process itselfmodified, it is by definition not a
true catalyst. Additionally, proteins may not be selected using
the SELEX procedure. The range of catalysts, substrates and
reactions which can be selected is therefore severely limited.

Those of the above methods that allow for iterative rounds

ofmutation and selection are mimicking in vitro mechanisms
usually ascribed to the process of evolution: iterative varia-
tion, progressive selection for a desired the activity and rep-
lication. However, none ofthe methods so far developed have
provided molecules of comparable diversity and functional
efficacy to those that are found naturally. Additionally, there
are no man-made “evolution” systems which can evolve both
nucleic acids and proteins to effect the full range ofbiochemi-
cal and biological activities (for example, binding, catalytic
and regulatory activities) and that can combine several pro-
cesses leading to a desired product or activity.

There is thus a great need for an in vitro system that over-
comes the limitations discussed above.

In Tawfik and Griffiths (1998), and in International patent
application PCT/GB98/01889, we describe a system for in
vitro evolution that overcomes many of the limitations
described above by using compartmentalisation in microcap-
sules to link genotype and phenotype at the molecular level.
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In Tawfik and Grifliths (1998), and in several embodiments
of International patent application WO9902671, the desired
activity of a gene product results in a modification of the
genetic element which encoded it (and is present in the same
microcapsule). The modified genetic element can then be
selected in a subsequent step.

Our subsequent international patent application
WOOO40712 describes a variation ofthis technology in which
the modification ofthe genetic element causes a change in the
optical properties of the element itself, and which has many
advantages over the methods described previously.

The manipulation of fluids to form fluid streams of desired
configuration, discontinuous fluid streams, droplets, par-
ticles, dispersions, etc., for purposes offluid delivery, product
manufacture, analysis, and the like, is a relatively well-stud-
ied art. For example, highly monodisperse gas bubbles, less
than 100 microns in diameter, have been produced using a
technique referred to as capillary flow focusing. In this tech-
nique, gas is forced out ofa capillary tube into a bath of liquid,
the tube is positioned above a small orifice, and the contrac-
tion flow ofthe external liquid through this orifice focuses the
gas into a thinjet which subsequently breaks into equal-sized
bubbles via a capillary instability. In a related technique, a
similar arrangement was used to produce liquid droplets inair.

An article entitled “Generation of Steady Liquid Micro-
threads and Micron-Sized Monodisperse Sprays and Gas
Streams,” Phys. Rev. Lett., 80:2, Jan. 12, 1998, 285-288 (Ga-
nan-Calvo) describes formation of a microscopic liquid
thread by a laminar accelerating gas stream, giving rise to a
fine spray.

An articled entitled “Dynamic Pattern Formation in a
Vesicle-Generating Microfluidic Device,” Phys. Rev. Lett.,
86:18, Apr. 30, 2001 (Thorsen, et al.) describes formation of
a discontinuous water phase in a continuous oil phase via
microfluidic cross-flow, specifically, by introducing water, at
a “T” junction between two microfluidic channels, into flow-
ing oil.

US. Pat. No. 6,120,666, issued Sep. 19, 2000, describes a
micofabricated device having a fluid focusing chamber for
spatially confining first and second sample fluid streams for
analysing microscopic particles in a fluid medium, for
example in biological fluid analysis.

US. Pat. No. 6,116,516, issued Sep. 12, 2000, describes
formation of a capillary microjet, and formation of a mono-
disperse aerosol via disassociation of the microjet.

US. Pat. No. 6,187,214, issued Feb. 13, 2001, describes
atomised particles in a size range of from about 1 to about 5
microns, produced by the interaction of two immiscible flu-
ids.

U.S. Pat. No. 6,248,378, issued Jun. 19, 2001, describes
production of particles for introduction into food using a
microj et and a monodisperse aerosol formed when the micro-
jet dissociates.

Microfluidic systems have been described in a variety of
contexts, typically in the context of miniaturised laboratory
(e.g., clinical) analysis. Other uses have been described as
well. For example, lntemational Patent Publication No. WO
01/89789, published Nov. 29, 2001 by Anderson, et al.,
describes multi-level microfluidic systems that can be used to
provide patterns ofmaterials, such as biological materials and
cells, on surfaces. Other publications describe microfluidic
systems including valves, switches, and other components.

BRIEF DESCRIPTION OF THE INVENTION

According to a first aspect ofthe present invention, there is
provided a method for isolating one or more genetic elements
encoding a gene product having a desired activity, comprising
the steps of:
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(a) compartmentalising the genetic elements into micro-
capsules;

(b) sorting the genetic elements which express gene prod-
uct (s) having the desired activity;

wherein at least one step is under microfluidic control.
In the method of the invention, a genetic element may be

expressed to form its gene product before or after compart-
mentalisation; where the gene product is expressed before
compartmentalisation, it is linked to the genetic element such
that they are compartmentalised together.

Preferably, at least one step is performed using electronic
control of fluidic species.

Advantageously at least one step involves fusion or split-
ting of microcapsules.

Methods for electronic control offluidic species, as well as
splitting (and fusing) of microcapsules under microfluidic
control, are described herein.

Preferably, the method ofthe invention comprises the steps
of:

(a) compartmentalising the genetic elements into micro-
capsules;

(c) expressing the genetic elements to produce their respec-
tive gene products within the microcapsules; and

(d) sorting the genetic elements which encode gene prod-
uct (s) having the desired activity.

Alternatively, the method of the invention comprises the
steps of:

(a) expressing the genetic elements to produce their respec-
tive gene products such that the gene products are linked
to the genes encoding them;

(b) compartmentalising the genetic elements into micro-
capsules; and

(c) sorting the genetic elements which encode gene
product(s) having the desired activity.

The microcapsules according to the present invention com-
partmentalise genetic elements and gene products such that
they remain physically linked together.

As used herein, a genetic element is a molecule or molecu-
lar construct comprising a nucleic acid. The genetic elements
of the present invention may comprise any nucleic acid (for
example, DNA, RNA or any analogue, natural or artificial,
thereof). The nucleic acid component of the genetic element
may moreover be linked, covalently or non-covalently, to one
or more molecules or structures, including proteins, chemical
entities and groups, and solid-phase supports such as beads
(including nonmagnetic, magnetic and paramagnetic beads),
and the like. In the method ofthe invention, these structures or
molecules can be designed to assist in the sorting and/or
isolation ofthe genetic element encoding a gene product with
the desired activity.

Expression, as used herein, is used in its broadest meaning,
to signify that a nucleic acid contained in the genetic element
is converted into its gene product. Thus, where the nucleic
acid is DNA, expression refers to the transcription ofthe DNA
into RNA; where this RNA codes for protein, expression may
also refer to the translation ofthe RNA into protein. Where the
nucleic acid is RNA, expression may refer to the replication
ofthis RNA into further RNA copies, the reverse transcription
of the RNA into DNA and optionally the transcription of this
DNA into further RNA molecule(s), as well as optionally the
translation of any of the RNA species produced into protein.
Preferably, therefore, expression is performed by one or more
processes selected from the group consisting of transcription,
reverse transcription, replication and translation.

Expression of the genetic element may thus be directed
into either DNA, RNA or protein, or a nucleic acid or protein
containing unnatural bases or amino acids (the gene product)
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within the microcapsule of the invention, so that the gene
product is confined within the same microcapsule as the
genetic element.

The genetic element and the gene product thereby encoded
are linked by confining each genetic element and the respec-
tive gene product encoded by the genetic element within the
same microcapsule. In this way the gene product in one
microcapsule cannot cause a change in any other microcap-
sules. In addition, further linking means may be employed to
link gene products to the genetic elements encoding them, as
set forth below.

The term “microcapsule” is used herein in accordance with
the meaning normally assigned thereto in the art and further
described hereinbelow. In essence, however, a microcapsule
is an artificial compartment whose delimiting borders restrict
the exchange of the components of the molecular mecha-
nisms described herein which allow the sorting of the genetic
elements according to the function of the gene products
which they encode.

Preferably, the microcapsules used in the method of the
present invention will be capable of being produced in very
large numbers, and thereby to compartmentalise a library of
genetic elements which encodes a repertoire of gene prod-
ucts.

As used herein, a change in optical properties refers to any
change in absorption or emission of electromagnetic radia-
tion, including changes in absorbance, luminescence, phos-
phorescence or fluorescence. All such properties are included
in the term “optical”. Microcapsules and/or genetic elements
can be sorted, for example, by luminescence, fluorescence or
phosphorescence activated sorting. In a preferred embodi-
ment, flow cytometry is employed to sort microcapsules and/
or genetic elements, for example, light scattering (Kerker,
1983) and fluorescence polarisation (Rolland et al., 1985) can
be used to trigger flow sorting. In a highly preferred embodi-
ment genetic elements are sorted using a fluorescence acti-
vated cell sorter (FACS) sorter (Norman, 1980; Mackenzie
and Pinder, 1986). Such a sorting device can be integrated
directly on the microfluidic device, and can use electronic
means to sort the microcapsules and/or genetic elements.
Optical detection, also integrated directly on the microfluidic
device, can be used to screen the microcapsules and/or
genetic elements to trigger the sorting. Other means ofcontrol
of the microcapsules and/or genetic elements, in addition to
charge, can also be incorporated onto the microfluidic device.

Changes in optical properties may be direct or indirect.
Thus, the change may result in the alteration of an optical
property in the microcapsule or genetic element itself, or may
lead indirectly to such a change. For example, modification of
a genetic element may alter its ability to bind an optically
active ligand, thus indirectly altering its optical properties.

Alternatively, imaging techniques can be used to screen
thin films of genetic elements to allow enrichment for a
genetic element with desirable properties, for example by
physical isolation of the region where a genetic element with
desirable properties is situated, or ablation of non-desired
genetic elements. The genetic elements can be detected by
luminescence, phosphorescence or fluorescence.

The sorting ofgenetic elements may be performed in one of
essentially seven techniques.
(I) In a first embodiment, the microcapsules are sorted
according to an activity of the gene product or derivative
thereofwhich makes the microcapsule detectable as a whole.
Accordingly, a gene product with the desired activity induces
a change in the microcapsule, or a modification ofone or more
molecules within the microcapsule, which enables the micro-
capsule containing the gene product and the genetic element
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encoding it to be sorted. In this embodiment the microcap-
sules are physically sorted from each other according to the
activity of the gene product(s) expressed from the genetic
element(s) contained therein, which makes it possible selec-
tively to enrich for microcapsules containing gene products of
the desired activity.
(II) In a second embodiment, the genetic elements are sorted
following pooling of the microcapsules into one or more
common compartments. In this embodiment, a gene product
having the desired activity modifies the genetic element
which encoded it (and which resides in the same microcap-
sule) in such a way as to make it selectable in a subsequent
step. The reactions are stopped and the microcapsules are
then broken so that all the contents of the individual micro-

capsules are pooled. Selection for the modified genetic ele-
ments enables enrichment of the genetic elements encoding
the gene product(s) having the desired activity. Accordingly,
the gene product having the desired activity modifies the
genetic element encoding it to enable the isolation of the
genetic element. It is to be understood, of course, that modi-
fication may be direct, in that it is caused by the direct action
of the gene product on the genetic element, or indirect, in
which a series of reactions, one or more ofwhich involve the
gene product having the desired activity, leads to modification
of the genetic element.
(III) In a third embodiment, the genetic elements are sorted
following pooling of the microcapsules into one or more
common compartments. In this embodiment, a gene with a
desired activity induces a change in the microcapsule con-
taining the gene product and the genetic element encoding it.
This change, when detected, triggers the modification of the
gene within the compartment. ‘The reactions are stopped and
the microcapsules are then broken so that all the contents of
the individual microcapsules are pooled. Selection for the
modified genetic elements enables enrichment of the genetic
elements encoding the gene product(s) having the desired
activity. Accordingly the gene product having the desired
activity induces a change in the compartment which is
detected and triggers the modification of the genetic element
within the compartment so as to allow its isolation. It is to be
understood that the detected change in the compartment may
be caused by the direct action of the gene product, or indirect
action, in which a series of reactions, one or more of which
involve the gene product having the desired activity leads to
the detected change.
(IV) In a fourth embodiment, the genetic elements may be
sorted by a multi-step procedure, which involves at least two
steps, for example, in order to allow the exposure of the
genetic elements to conditions which permit at least two
separate reactions to occur. As will be apparent to a persons
skilled in the art, the first microencapsulation step of the
invention must result in conditions which permit the expres-
sion of the genetic elementsibe it transcription, transcrip-
tion and/or translation, replication or the like. Under these
conditions, it may not be possible to select for a particular
gene product activity, for example because the gene product
may not be active under these conditions, or because the
expression system contains an interfering activity. The
method therefore comprises expressing the genetic elements
to produce their respective gene products within the micro-
capsules, linking the gene products to the genetic elements
encoding them and isolating the complexes thereby formed.
This allows for the genetic elements and their associated gene
products to be isolated from the capsules before sorting
according to gene product activity takes place. In a preferred
embodiment, the complexes are subjected to a further com-
partmentalisation step prior to isolating the genetic elements
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encoding a gene product having the desired activity. This
further compartmentalisation step, which advantageously
takes place in microcapsules, permits the performance of
further reactions, under different conditions, in an environ-

ment where the genetic elements and their respective gene
products are physically linked. Eventual sorting of genetic
elements may be performed according to embodiment (I), (II)
or (III) above.

Where the selection is for optical changes in the genetic
elements, the selection may be performed as follows:
(V) In a fifth embodiment, the genetic elements are sorted
following pooling of the microcapsules into one or more
common compartments. In this embodiment, a gene product
having the desired activity modifies the genetic element
which encoded it (and which resides in the same microcap-
sule) so as to make it selectable as a result of its modified
optical properties in a subsequent step. The reactions are
stopped and the microcapsules are then broken so that all the
contents of the individual microcapsules are pooled. The
modification of the genetic element in the microcapsule may
result directly in the modification of the optical properties of
the genetic element. Alternatively, the modification may
allow the genetic elements to be further modified outside the
microcapsules so as to induce a change in their optical prop-
erties. Selection for the genetic elements with modified opti-
cal properties enables enrichment of the genetic elements
encoding the gene product(s) having the desired activity.
Accordingly, the gene product having the desired activity
modifies the genetic element encoding it to enable the isola-
tion of the genetic elenrient as a result in a change in the
optical properties of the genetic element. It is to be under-
stood, of course, that modification may be direct, in that it is
caused by the direct action of the gene product on the genetic
element, or indirect, in which a series of reactions, one or
more of which involve the gene product having the desired
activity, leads to modification of the genetic element.
(VI) In a sixth embodiment, the genetic elements may be
sorted by a multi-step procedure, which involves at least two
steps, for example, in order to allow the exposure of the
genetic elements to conditions which permit at least two
separate reactions to occur. As will be apparent to persons
skilled in the art, the first microencapsulation step of the
invention advantageously results in conditions which permit
the expression of the genetic elementsibe it transcription,
transcription and/or translation, replication or the like. Under
these conditions, it may not be possible to select for a par-
ticular gene product activity, for example because the gene
product may not be active under these conditions, or because
the expression system contains an interfering activity. The
method therefore comprises expressing the genetic elements
to produce their respective gene products within the micro-
capsules, linking the gene products to the genetic elements
encoding them and isolating the complexes thereby formed.
This allows for the genetic elements and their associated gene
products to be isolated from the capsules before sorting
according to gene product activity takes place. In a preferred
embodiment, the complexes are subjected to a further com-
partmentalisation step prior to isolating the genetic elements
encoding a gene product having the desired activity. This
further compartmentalisation step, which advantageously
takes place in microcapsules, permits the performance of
further reactions, under different conditions, in an environ-
ment where the genetic elements and their respective gene
products are physically linked. Eventual sorting of genetic
elements may be performed according to embodiment (V)
above.
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The “secondary encapsulation” may also be performed
with genetic elements linked to gene products by other
means, such as by phage display, polysome display, RNA-
peptide fusion or lac repressor peptide fusion, optionally
where expression takes place prior to encapsulation; or even
by the encapsulation of whole cells containing the desired
genetic element.

The selected genetic element(s) may also be subjected to
subsequent, possibly more stringent rounds ofsorting in itera-
tively repeated steps, reapplying the method described above
either in its entirety or in selected steps only. By tailoring the
conditions appropriately, genetic elements encoding gene
products having a better optimised activity may be isolated
after each round of selection.

Additionally, the genetic elements isolated after a first
round of sorting may be subjected to mutagenesis before
repeating the sorting by iterative repetition of the steps of the
method ofthe invention as set out above. After each round of

mutagenesis, some genetic elements will have been modified
in such a way that the activity of the gene products is
enhanced.

Moreover, the selected genetic elements can be cloned into
an expression vector to allow further characterisation of the
genetic elements and their products.
(VII) In a seventh embodiment, the microcapsules may be
sorted using microfluidic approaches. The microcapsules
may be produced using microfluidic droplet formation tech-
niques, such as those described herein, or by other techniques,
for example conventional emulsification by forcing together
two fluid phases. Sorting using microfluidics is applicable to
embodiments I to VI above, and provides enhanced process-
ing ofmicrocapsules leading to improved sorting. Microcap-
sules may be split or fused according to methods described
herein, or the contents thereofmixed. Moreover, the contents
of the microcapsules may be analysed and the microcapsules
sorted using detectors in microfluidic systems.

In a second aspect, the invention provides a product when
selected according to the first aspect of the invention. As used
in this context, a “product” may refer to a gene product,
selectable according to the invention, or the genetic element
(or genetic information comprised therein).

In a third aspect, the invention provides a method for pre-
paring a gene product, the expression of which may result,
directly or indirectly, in the modification the optical proper-
ties of a genetic element encoding it, comprising the steps of:

(a) preparing a genetic element encoding the gene product;
(b) compartmentalising genetic elements into microcap-

sules;
(c) expressing the genetic elements to produce their respec-

tive gene products within the microcapsules;
(d) sorting the genetic elements which produce the gene

product(s) having the desired activity using the changed
optical properties of the genetic elements; and

(e) expressing the gene product having the desired activity;
wherein one or both of steps (b) and (d) is performed under

microfluidic control.

In accordance with the third aspect, step (a) preferably
comprises preparing a repertoire of genetic elements,
wherein each genetic element encodes a potentially differing
gene product. Repertoires may be generated by conventional
techniques, such as those employed for the generation of
libraries intended for selection by methods such as phage
display. Gene products having the desired activity may be
selected from the repertoire, according to the present inven-
tion, according to their ability to modify the optical properties
ofthe genetic elements in a manner which differs from that of
other gene products. For example, desired gene products may
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modify the optical properties to a greater extent than other
gene products, or to a lesser extent, including not at all.

In a fourth aspect, the invention provides a method for
screening a compound or compounds capable of modulation
the activity of a gene product, the expression of which may
result, directly or indirectly, in the modification of the optical
properties of a genetic element encoding it, comprising the
steps of:

(a) preparing a repertoire of genetic elements encoding
gene product;

(b) compartmentalising genetic elements into microcap-
sules;

(c) expressing the genetic elements to produce their respec-
tive gene products within the microcapsules;

(d) sorting the genetic elements which produce the gene
product(s) having the desired activity using the changed
optical properties of the genetic elements; and

(e) contacting a gene product having the desired activity
with the compound or compounds and monitoring the
modulation of an activity of the gene product by the
compound or compounds; wherein one or both of steps
(b) and (d) is performed under microfluidic control.

Advantageously, the method further comprises the step of:
(f) identifying the compound or compounds capable of

modulating the activity of the gene product and synthe-
sising said compound or compounds.

This selection system can be configured to select for RNA,
DNA or protein molecules with catalytic, regulatory or bind-
ing activity.

BRIEF DESCRIPTION OF THE FIGURES

FIGS. 1A and 1B illustrate the splitting of droplets in
accordance with one embodiment of the invention;

FIGS. 2A and 2B illustrate an apparatus in accordance with
an embodiment of the invention, before the application of an
electric field thereto;

FIGS. 3A and 3B illustrate the apparatus of FIGS. 2A and
2B after the application of an electric field thereto;

FIGS. 4A and 4B illustrate the apparatus of FIGS. 2A and
2B after the application of a reversed electric field thereto;

FIG. 5 is a schematic diagram ofdroplet splitting, in accor-
dance with one embodiment of the invention;

FIGS. 6A and 6B are schematic diagrams of additional
embodiments of the invention;

FIGS. 7A and 7B are schematic diagrams ofthe-formation
ofmicrofluidic droplets in accordance with the present inven-
tion;

FIGS. 8A-F illustrate the splitting of droplets in accor-
dance with the invention;

FIGS. 9A-D illustrate the induction of dipoles in droplets
in accordance with the invention;

FIGS. 10A-D illustrate the sorting of microcapsules by
altering the flow of carrier fluid in a microfluidic system;

FIGS. 11A-C illustrate the use of pressure changes in the
microfluidic system to control 10 the direction of flow of
droplets;

FIGS. 12A-J illustrate flow patterns for droplets in microf-
luidic systems in accordance with the invention;

FIGS. 13A-D illustrate the use ofoppositely charged drop-
lets in the invention;

FIGS. 14A-C are illustrations of the formation and main-

tenance of microfluidic droplets using three immiscible liq-
uids;

FIGS. 15A-B: Directed evolution ofenzymes using micro-
droplets in a microfluidic system. FIG. 15A: schematic of the
core system. FIG. 15B: process block diagram showing the
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modules in the core system. Libraries of mutated enzyme
genes are encapsulated in aqueous microdroplets (FIG. 16A)
such that, statistically, the majority of droplets contain no
more than one gene per droplet. Each of these microdroplets
is fused with a second microdroplet (FIG. 16C) containing an
in vitro translation system. After allowing time for the genes
to be translated into protein each microdroplet is fused with
another microdroplet containing an inhibitor of translation
(puromycin) and a fluorogenic enzyme substrate. The rate of
the enzymatic reaction is determined by measuring the fluo-
rescence ofeach microdroplet, ideally at multiple points (cor-
responding to different times). Microdroplets with catalytic
rates over a desired threshold value (e.g. the fastest 1%) will
be sorted (FIG. 16D) and collected and the genes contained
therein amplified using the polymerase chain reaction (PCR).
The selected genes will then either be characterised, re-se-
lected directly, or first re-mutated randomly, or recombined
before re-selection.

FIGS. 16A-D: Examples of microdroplet formation and
manipulation using microfluidics. FIG. 16A: microdroplets
can be created at up to 104 sec1 by hydrodynamic-focussing
(top two panels) and show <1 .5% polydispersity (bottom
panel). FIG. 16B: microdroplets can be split symmetrically or
asymmetrically. FIG. 16C: microdroplets carrying positive
(+q) and negative (—q) electrical charges fuse spontaneously.
FIG. 16D: charged microdroplets can also be steered using an
applied electrical field (E).

FIGS. 17A-F: Charged droplet generation. (FIG. 17A), Oil
and water streams converge at a 30 micron orifice. A voltage
V applied to indium-tin-oxide (ITO) electrodes on the glass
produces an electric field E to capacitively charges the aque-
ous-oil interface. Drop size is independent of charge at low
field strengths but decreases at higher fields, as shown in the
photomicrographs, [(FIG. 17B) V:0, (FIG. 17C) V:400,
(FIG. 17D) V:600 and (FIG. 17E) V:800] at higher fields.
(FIG. 17F) Droplet size as a function of voltage showing the
crossover between flow-dominated and field-dominated

snap-off for three different flow rates of the continuous phase
oil (Qc,:80 nL/s, 110 nL/s, and 140 nL/s). The infusion rate of
the water is constant Q01:20 nL/s.}

FIGS. 18A-D: Coalescing drops. (FIG. 18A) Drops having
opposite sign of electrostatic charge can be generated by
applying a voltage across the two aqueous streams. (FIG.
18B) In the absence of the field the frequency and timing of
drop formation at the two nozzles are independent and each
nozzle produces a different size drop at a different frequency;
infusion rates are the same at both nozzles. After the conflu-

ence of the two streams, drops from the upper and lower
nozzles stay in their respective halves ofthe stream and due to
surfactant there are no coalescence events even in the case of

large slugs that fill the channel width. (FIG. 18C) With an
applied voltage of 200V across the 500 micron separation of
the nozzles, the drops simultaneously break-off from the two
nozzles and are identical; simultaneous drop formation can be
achieved for unequal infusion rates of the aqueous streams
even up to a factor of two difference in volumes. (FIG. 18D)
The fraction of the drops that encounter each other and coa-
lesce increases linearly above a critical field when a surfac-
tant, sorbiton—monooleate 3% is present.

FIGS. 19A-B: Droplets carrying a pH sensitive dye coa-
lesce with droplets of a different pH fluid. Chaotic advection
rapidly mixes the two fluids through a combination of trans-
lation and rotation as the droplets pass around comers.

FIGS. 20A-I: Diffusion limited and rapid mixing strate-
gies. (FIG. 20A) Drops meet and coalesce along the direction
of E and then move off in a perpendicular direction, as
sketched the counter rotating vortices after coalescence do
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not mix the two fluid parts as each vortex contains a single
material. (FIG. 20B) As the drops approach each other the
increasing field causes there interfaces to deform and (FIG.
20C) a bridge to jump out connecting the drops, to create
(FIG. 20D) in the case of 20 nm silica particles and MgCli2
a sharp interface where the particles begin to gel. (FIG. 20E)
A typical unmixed droplet with particles in one hemisphere.
(FIG. 20F) To achieve fast mixing, droplets are brought
together in the direction perpendicular to the electric field and
move off in the direction parallel to the direction they merged
along. Counter rotating vortexes are then created where each
vortex is composed of half of the contentes from each of the
premerger-droplets. (FIG. 20G) Shows a pH sensitive dye in
the lower drop and a different pH fluid in the upper droplet.
(FIG. 20H) After merger the droplets are split by a sharp line.
(FIG. 20I) A uniform intensity indicating that mixing has
been occurred is achieved in the droplet after it translates one
diameter, typically this takes 1 to 2 ms.

FIGS. 21A-B: Time delay reaction module. (FIG. 21A)
Droplets ofperfluorodecaline alternate with aqueous droplets
in a hexadecane carrier fluid. The ‘single-file’ ordering of the
droplets provides for long delays with essentially no devia-
tion in the precise spacing of aqueous droplets or droplet
order. (FIG. 21B) Increasing the width and height of the
channel to create a ‘large cross-sectional area’ channel pro-
vides for extremely long time delays from minutes to hours.
The exact ordering and spacing between the droplets is not
maintained in this type of delay line.

FIGS. 22A-C: Recharging neutral drops. (FIG. 22A) Sche-
matic to recharge neutral drops by breaking them in the pres-
ence of an electric field. Uncharged drops ((1:0) are polarized
in an electric field (E320), and provided E5 is sufficiently
large, as shown in the photomicrograph of (FIG. 22B), they
break into two oppositely charged daughter .drops in the
extensional flow at a bifurcation. The enlargement of the
dashed rectangle, shown in (FIG. 22C), reveals that the
charged drops are stretched in the electric field ES but return to
spherical on contacting the electrodes indicated by dashed
vertical lines.

FIG. 23: Detection module. One or more lasers are coupled
to an optical fibre that is used to excite the fluorescence in
each droplet as it passes over the fibre. The fluorescence is
collected by the same fibre and dichroic beam splitters sepa-
rate off specific wavelengths of the fluorescent light and the
intensity of the fluorescence is measured with a photomulti-
plier tube (PMT) after the light passes through a band-pass
filter.

FIGS. 24A-D: Manipulating charged drops. In (FIG. 24A)
charged drops alternately enter the right and left channels
when there is no field applied (ES:0). The sketch in (FIG.
24B) shows the layout for using an electric field ES to select
the channel charged drops will enter at a bifurcation. When an
electric field is applied to the right (FIG. 24C), the drops enter
the right branch at the bifurcation; they enter the left branch
when the field is reversed (FIG. 24D). After the bifurcation,
the distance between drops is reduced to half what it was
before indicating the oil stream is evenly divided. The inset of
(FIG. 24D) shows the deformation in the shape of a highly
charged drop in an electric field.

DEFINITIONS

As used herein, “or” is understood to mean “inclusively
or,” i.e., the inclusion of at least one, but including more than
one, of a number or list of elements. In contrast, the term
“exclusively or” refers to the inclusion ofexactly one element
of a number or list of elements.
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The indefinite articles “a” and “an,” as used herein in the

specification and in the claims, should be understood to mean
“at least one.”

The term “about,” as used herein in reference to a numeri-

cal parameter (for example, a physical, chemical, electrical,
or biological property), will be understood by those of ordi-
nary skill in the art to be an approximation of a numerical
value, the exact value ofwhich may be subject to errors such
as those resulting from measurement errors of the numerical
parameter, uncertainties resulting from the variability and/or
reproducibility of the numerical parameter (for example, in
separate experiments), and the like.

The term “microcapsule” is used herein in accordance with
the meaning normally assigned thereto in the art and further
described hereinbelow. In essence, however, a microcapsule
is an artificial compartment whose delimiting borders restrict
the exchange of the components of the molecular mecha-
nisms described herein which allow the identification of the

molecule with the desired activity. The delimiting borders
preferably completely enclose the contents of the microcap-
sule. Preferably, the microcapsules used in the method ofthe
present invention will be capable of being produced in very
large numbers, and thereby to compartmentalise a library of
genetic elements. Optionally, the genetic elements can com-
prise genes attached to microbeads. The microcapsules used
herein allow mixing and sorting to be performed thereon, in
order to facilitate the high throughput potential of the meth-
ods of the invention. A microcapsule can be a droplet of one
fluid in a different fluid, where the confined components are
soluble in the droplet but not in the carrier fluid. In another
embodiment there is a third material defining a wall, such as
a membrane.

Arrays ofliquid droplets on solid surfaces, multiwell plates
and “plugs” in microfluidic systems, that is fluid droplets that
are not completely surrounded by a second fluid as defined
herein, are not microcapsules as defined herein.

The term “microbead” is used herein in accordance with

the meaning normally assigned thereto in the art and further
described hereinbelow. Microbeads, are also known by those
skilled in the art as microspheres, latex particles, beads, or
minibeads, are available in diameters from 20 nm to 1 mm and
can be made from a variety ofmaterials including silica and a
variety of polymers, copolymers and terpolymers. Highly
uniform derivatised and non-derivatised nonmagnetic and
paramagnetic microparticles (beads) are commercially avail-
able from many sources (e.g. Sigma, Bangs Laboratories,
Luminex and Molecular Probes) (Formusek and Vetvicka,
1 986).

Microbeads can be “compartmentalised” in accordance
with the present invention by distribution into microcapsules.
For example, in a preferred aspect the microbeads can be
placed in a water/oil mixture and emulsified to form a water-
in-oil emulsion comprising microcapsules according to the
invention. The concentration of the microbeads can be

adjusted such that a single microbead, on average, appears in
each microcapsule.

As used herein, the “target” is any compound, molecule, or
supramolecular complex. Typical targets include targets of
medical significance, including drug targets such as recep-
tors, for example G protein coupled receptors and hormone
receptors; transcription factors, protein kinases and phos-
phatases involved in signalling pathways; gene products spe-
cific to microorganisms, such as components of cell walls,
replicases and other enzymes; industrially relevant targets,
such as enzymes used in the food industry, reagents intended
for research or production purposes, and the like.
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A “desired activity”, as referred to herein, is the modula-
tion of any activity of a target, or an activity of a molecule
which is influenced by the target, which is modulatable
directly or indirectly by a genetic element or genetic elements
as assayed herein. The activity of the target may be any
measurable biological or chemical activity, including binding
activity, an enzymatic activity, an activating or inhibitory
activity on a third enzyme or other molecule, the ability to
cause disease or influence metabolism or other functions, and
the like. Activation and inhibition, as referred to herein,

denote the increase or decrease of a desired activity 1.5 fold,
2 fold, 3 fold, 4 fold, 5 fold, 10 fold, 100 fold or more. Where
the modulation is inactivation, the inactivation can be sub-

stantially complete inactivation. The desired activity may
moreover be purely a binding activity, which may or may not
involve the modulation of the activity of the target bound to.

A compound defined herein as “low molecular weight” or
a “small molecule” is a molecule commonly referred to in the
pharmaceutical arts as a “small molecule”. Such compounds
are smaller than polypeptides and other, large molecular com-
plexes and can be easily administered to and assimilated by
patients and other subjects. Small molecule drugs can advan-
tageously be formulated for oral administration or intramus-
cular injection. For example, a small molecule may have a
molecular weight ofup to 2000 Dalton; preferably up to 1000
Dalton; advantageously between 250 and 750 Dalton; and
more preferably less than 500 Dalton.

A “selectable change” is any change which can be mea-
sured and acted upon to identify or isolate the genetic element
which causes it. The selection may take place at the level of
the micro capsule, the microbead, or the genetic element
itself, optionally when complexed with another reagent. A
particularly advantageous embodiment is optical detection,
in which the selectable change is a change in optical proper-
ties, which can be detected arid acted upon for instance in a
flow sorting device to separate microcapsules or microbeads
displaying the desired change.

As used herein, a change in optical properties refers to any
change in absorption or emission of electromagnetic radia-
tion, including changes in absorbance, luminescence, phos-
phorescence or fluorescence. All such properties are included
in the term “optical”. Microcapsules or microbeads can be
identified and, optionally, sorted, for example, by lumines-
cence, fluorescence or phosphorescence activated sorting. In
a preferred embodiment, flow sorting is employed to identify
and, optionally, sort microcapsules or microbeads. A variety
of optical properties can be used for analysis and to trigger
sorting, including light scattering (Kerker, 1983) and fluores-
cence polarisation (Rolland et al., 1985).

The genetic elements in microcapsules or on beads can be
identified using a variety of techniques familiar to those
skilled in the art, including mass spectroscopy, chemical tag-
ging or optical tagging.

As used herein, “microfluidic control” refers to the use ofa
microfluidic system comprising microfluidic channels as
defined herein to direct or otherwise control the formation

and/or movement ofmicrocapsules (or “droplets”) in order to
carry out the methods of the present invention. For example,
“microfluidic control” of microcapsule formation refers to
the creation of microcapsules using a microfluidic device to
form “droplets” of fluid within a second fluid, thus creating a
microcapsule. Microcapsules sorted under microfluidic con-
trol are sorted, as described herein, using a microfluidic
device to perform one or more of the functions associated
with the sorting procedure. “Microfluidic control of fluidic
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species”, therefore, refers to the handling offluids in a microf-
luidic system as defined in order to carry out the methods of
the present invention.

As used herein, a “cell” is given its ordinary meaning as
used in biology. The cell may be any cell or cell type. For
example, the cell may be a bacterium or other single-cell
organism, a plant cell, or an animal cell. If the cell is a
single-cell organism, then the cell may be, for example, a
protozoan, a trypanosome, an amoeba, a yeast cell, algae, etc.
If the cell is an animal cell, the cell may be, for example, an
invertebrate cell (e.g., a cell from a fruit fly), a fish cell (e.g.,
a zebrafish cell), an amphibian cell (e.g., a frog cell), a reptile
cell, a bird cell, or a mammalian cell such as a primate cell, a
bovine cell, a horse cell, a porcine cell, a goat cell, a dog cell,
a cat cell, or a cell from a rodent such as a rat or a mouse. Ifthe

cell is from a multicellular organism, the cell may be from any
part of the organism. For instance, if the cell is from an
animal, the cell may be a cardiac cell, a fibroblast, a kerati-
nocyte, a heptaocyte, a chondrocyte, a neural cell, a osteocyte,
a muscle cell, a blood cell, an endothelial cell, an immune cell

(e.g., a T-cell, a B-cell, a macrophage, a neutrophil, a baso-
phil, a mast cell, an eosinophil), a stem cell, etc. In some
cases, the cell may be a genetically engineered cell. In certain
embodiments, the cell may be a Chinese hamster ovarian
(“CHO”) cell or a 3T3 cell.

“Microfluidic,” as used herein, refers to a device, apparatus
or system including at least one fluid channel having a cross-
sectional dimension of less than 1 mm, and a ratio of length to
largest cross-sectional dimension of at least 3:1. A “microf-
luidic channel,” as used herein, is a channel meeting these
criteria.

The “cross-sectional dimension” of the channel is mea-

sured perpendicular to the direction of fluid flow. Most fluid
channels in components of the invention have maximum
cross-sectional dimensions less than 2 mm, and in some
cases, less than 1 mm. In one set of embodiments, all fluid
channels containing embodiments of the invention are
microfluidic or have a largest cross sectional dimension ofno
more than 2 mm or 1 mm. In another embodiment, the fluid
channels may be formed in part by a single component (e.g.
an etched substrate or moulded unit). Of course, larger chan-
nels, tubes, chambers, reservoirs, etc. can be used to store
fluids in bulk and to deliver fluids to components of the
invention. In one set of embodiments, the maximum cross-
sectional dimension of the channel(s) containing embodi-
ments ofthe invention are less than 500 microns, less than 200
microns, less than 100 microns, less than 50 microns, or less
than 25 microns.

A “channel,” as used herein, means a feature on or in an
article (substrate) that at least partially directs the flow of a
fluid. The channel can have any cross-sectional shape (circu-
lar, oval, triangular, irregular, square or rectangular, or the
like) and canbe covered or uncovered. In embodiments where
it is completely covered, at least one portion of the channel
can have a cross-section that is completely enclosed, or the
entire channel may be completely enclosed along its entire
length with the exception of its inlet(s) and outlet(s). A chan-
nel may also have an aspect ratio (length to average cross
sectional dimension) of at least 2:1, more typically at least
3:1, 5:1, or 10:1 or more. An open channel generally will
include characteristics that facilitate control over fluid trans-

port, e.g., structural characteristics (an elongated indentation)
and/or physical or chemical characteristics (hydrophobicity
vs. hydrophilicity) or other characteristics that can exert a
force (e.g., a containing force) on a fluid. The fluid within the
channel may partially or completely fill the channel. In some
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cases where an open channel is used, the fluid may be held
within the channel, for example, using surface tension (i.e., a
concave or convex meniscus).

The channel may be of any size, for example, having a
largest dimension perpendicular to fluid flow of less than
about 5 mm or 2 mm, or less than about 1 mm, or less than
about 500 microns, less than about 200 microns, less than
about 100 microns, less than about 60 microns, less than
about 50 microns, less than about 40 microns, less than about
30 microns, less than about 25 microns, less than about 10
microns, less than about 3 microns, less than about 1 micron,
less than about 300 nm, less than about 100 nm, less than
about 30 nm, or less than about 10 nm. In some cases the
dimensions of the channel may be chosen such that fluid is
able to freely flow through the article or substrate. The dimen-
sions ofthe channel may also be chosen, for example, to allow
a certain volumetric or linear flowrate of fluid in the channel.

Of course, the number of channels and the shape of the
channels can be varied by any method known to those of
ordinary skill in the art. In some cases, more than one channel
or capillary may be used. For example, two or more channels
may be used, where they are positioned inside each other,
positioned adjacent to each other, positioned to intersect with
each other, etc.

As used herein, “integral” means that portions of compo-
nents are joined in such a way that they cannot be separated
from each other without cutting or breaking the components
from each other.

A “droplet,” as used herein is an isolated portion of a first
fluid that is completely surrounded by a second fluid. It is to
be noted that a droplet is not necessarily spherical, but may
assume other shapes as well, for example, depending on the
external environment. In one embodiment, the droplet has a
minimum cross-sectional dimension that is substantially
equal to the largest dimension ofthe channel perpendicular to
fluid flow in which the droplet is located.

The “average diameter” of a population of droplets is the
arithmetic average of the diameters of the droplets. Those of
ordinary skill in the art will be able to determine the average
diameter of a population of droplets, for example, using laser
light scattering or other known techniques. The diameter of a
droplet, in a non-spherical droplet, is the mathematically-
defined average diameter of the droplet, integrated across the
entire surface. As non-limiting examples, the average diam-
eter of a droplet may be less than about 1 mm, less than about
500 micrometers, less than about 200 micrometers, less than
about 100 micrometers, less than about 75 micrometers, less
than about 50 micrometers, less than about 25 micrometers,
less than about 10 micrometers, or less than about 5 microme-
ters. The average diameter of the droplet may also be at least
about 1 micrometer, at least about 2 micrometers, at least
about 3 micrometers, at least about 5 micrometers, at least
about 10 micrometers, at least about 15 micrometers, or at
least about 20 micrometers in certain cases.

As used herein, a “fluid” is given its ordinary meaning, i.e.,
a liquid or a gas. Preferably, a fluid is a liquid. The fluid may
have any suitable viscosity that permits flow. If two or more
fluids are present, each fluid may be independently selected
among essentially any fluids (liquids, gases, and the like) by
those of ordinary skill in the art, by considering the relation-
ship between the fluids. The fluids may each be miscible or
immiscible. For example, two fluids can be selected to be
immiscible within the time frame of formation of a stream of

fluids, or within the time frame of reaction or interaction.
Where the portions remain liquid for a significant period of
time then the fluids should be significantly immiscible.
Where, after contact and/or formation, the dispersed portions
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are quickly hardened by polymerisation or the like, the fluids
need not be as immiscible. Those of ordinary skill in the art
can select suitable miscible or immiscible fluids, using con-
tact angle measurements or the like, to carry out the tech-
niques of the invention.

As used herein, a first entity is “surrounded” by a second
entity if a closed loop can be drawn around the first entity
through only the second entity. A first entity is “completely
surrounded” if closed loops going through only the second
entity can be drawn around the first entity regardless of direc-
tion. In one aspect, the first entity may be a cell, for example,
a cell suspended in media is surrounded by the media. In
another aspect, the first entity is a particle. In yet another
aspect of the invention, the entities can both be fluids. For
example, a hydrophilic liquid may be suspended in a hydro-
phobic liquid, a hydrophobic liquid may be suspended in a
hydrophilic liquid, a gas bubble may be suspended in a liquid,
etc. Typically, a hydrophobic liquid and a hydrophilic liquid
are substantially immiscible with respect to each other, where
the hydrophilic liquid has a greater aflinity to water than does
the hydrophobic liquid. Examples of hydrophilic liquids
include, but are not limited to, water and other aqueous solu-
tions comprising water, such as cell or biological media,
ethanol, salt solutions, etc. Examples of hydrophobic liquids
include, but are not limited to, oils such as hydrocarbons,
silicon oils, fluorocarbon oils, organic solvents etc.

The term “determining,” as used herein, generally refers to
the analysis or measurement of a species, for example, quan-
titatively or qualitatively, or the detection of the presence or
absence of the species. “Determining” may also refer to the
analysis or measurement of an interaction between two or
more species, for example, quantitatively or qualitatively, or
by detecting the presence or absence of the interaction.
Example techniques include, but are not limited to, spectros-
copy such as infrared, absorption, fluorescence, UV/visible,
FTIR (“Fourier Transform Infrared Spectroscopy”), or
Raman; gravimetric techniques; ellipsometry; piezoelectric
measurements; immunoassays; electrochemical measure-
ments; optical measurements such as optical density mea-
surements; circular dichroism; light scattering measurements
such as quasielectric light scattering; polarimetry; refracto-
metry; or turbidity measurements.

Unless defined otherwise, all technical and scientific terms
used herein have the same meaning as commonly understood
by one ofordinary skill in the art (e.g., in cell culture, molecu-
lar genetics, nucleic acid chemistry, hybridisation techniques
and biochemistry). Standard techniques are used for molecu-
lar, genetic and biochemical methods (see generally, Sam-
brook et al., Molecular Cloning: A Laboratory Manual, 2d ed.
(1989) Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, NY. andAusubel et al., Short Protocols in Molecular

Biology (1999) 4th Ed, John Wiley & Sons, Inc. which are
incorporated herein by reference) and chemical methods. In
addition Harlow & Lane, A Laboratory Manual Cold Spring
Harbor, NY. is referred to for standard Immunological Tech-
niques.
(A) General Description

The microcapsules of the present invention require appro-
priate physical properties to allow the working of the inven-
tion.

First, to ensure that the genetic elements and gene products
may not diffuse between microcapsules, the contents of each
microcapsule are preferably isolated from the contents of the
surrounding microcapsules, so that there is no or little
exchange of the genetic elements and gene products between
the microcapsules over the timescale ofthe experiment. How-
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ever, the permeability of the microcapsules may be adjusted
such that reagents may be allowed to diffuse into and/or out of
the microcapsules if desired.

Second, the method of the present invention requires that
there are only a limited number of genetic elements per
microcapsule. This ensures that the gene product of an indi-
vidual genetic element will be isolated from other genetic
elements. Thus, coupling between genetic element and gene
product will be highly specific. The enrichment factor is
greatest with on average one or fewer genetic elements per
microcapsule, the linkage between nucleic acid and the activ-
ity of the encoded gene product being as tight as is possible,
since the gene product of an individual genetic element will
be isolated from the products of all other genetic elements.
However, even if the theoretically optimal situation of, on
average, a single genetic element or less per microcapsule is
not used, a ratio of 5, 10, 50, 100 or 1000 or more genetic
elements per microcapsule may prove beneficial in sorting a
large library. Subsequent rounds of sorting, including
renewed encapsulation with differing genetic element distri-
bution, will permit more stringent sorting of the genetic ele-
ments. Preferably, there is a single genetic element, or fewer,
per microcapsule.

Third, the formation and the composition of the microcap-
sules advantageously does not abolish the function of the
machinery the expression of the genetic elements and the
activity of the gene products.

Consequently, any microencapsulation system used pref-
erably fulfils these three requirements. The appropriate sys-
tem(s) may vary depending on the precise nature of the
requirements in each application of the invention, as will be
apparent to the skilled person.

Awide variety ofmicroencapsulation procedures are avail-
able (see Benita, 1996) and may be used to create the micro-
capsules used in accordance with the present invention.

Indeed, more than 200 microencapsulation methods have
been identified in the literature (Finch, 1993).

Enzyme-catalysed biochemical reactions have also been
demonstrated in microcapsules generated by a variety of
other methods. Many enzymes are active in reverse micellar
solutions (Bru & Walde, 1991 ; Bru & Walde, 1993; Creagh et
al., 1993; Haber et al., 1993; Kumar et al., 1989; Luisi & B.,
1987; Mao & Walde, 1991; Mao et al., 1992; Perez et al.,
1992; Walde et al., 1994; Walde et al., 1993; Walde et al.,
1988) such as the AOT—isooctane-water system (Menger &
Yamada, 1979).

Microcapsules can also be generated by interfacial poly-
merisation and interfacial complexation (Whateley, 1996).
Microcapsules of this sort can have rigid, nonpermeable
membranes, or semipermeable membranes. Semipermeable
microcapsules bordered by cellulose nitrate membranes,
polyamide membranes and lipid-polyamide membranes can
all support biochemical reactions, including multienzyme
systems (Chang, 1987; Chang, 1992; Lim, 1984). Alginate/
polylysine microcapsules (Lim & Sun, 1980), which can be
formed under very mild conditions, have also proven to be
very biocompatible, providing, for example, an effective
method of encapsulating living cells and tissues (Chang,
1992; Sun et al., 1992).

Non-membranous microencapsulation systems based on
phase partitioning of an aqueous environment in a colloidal
system, such as an emulsion, may also be used.

Preferably, the microcapsules of the present invention are
formed from emulsions; heterogeneous systems of two
immiscible liquid phases with one of the phases dispersed in
the other as droplets ofmicroscopic or colloidal size (Becher,
1957; Sherman, 1968; Lissant, 1974; Lissant, 1984).
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Emulsions may be produced from any suitable combina-
tion of immiscible liquids. Preferably the emulsion of the
present invention has “water” (an aqueous liquid containing
the biochemical components) as the phase present in the form
of finely divided droplets (the disperse, internal or discon-
tinuous phase) and a hydrophobic, immiscible liquid (an
‘oil’) as the matrix in which these droplets are suspended (the
nondisperse, continuous or external phase). Such emulsions
are termed ‘water-in-oil’ (W/O). This has the advantage that
the entire aqueous phase containing the biochemical compo-
nents is compartmentalised in discreet droplets (the internal
phase). The external phase, being a hydrophobic liquid, gen-
erally contains none of the biochemical components and
hence is inert.

The emulsion may be stabilised by addition of one or more
surface-active agents (surfactants). These surfactants are
termed emulsifying agents and act at the water/oil interface to
prevent (or at least delay) separation of the phases. Many oils
and many emulsifiers can be used for the generation ofwater-
in-oil emulsions; a recent compilation listed over 16,000 sur-
factants, many of which are used as emulsifying agents (Ash
and Ash, 1993). Suitable oils include light white mineral oil
and decane. Suitable surfactants include: non-ionic surfac-

tants (Schick, 1966) such as sorbitan monooleate (SpanTM 80;
lCl), sorbitan monosteatate (SpanTM 60; lCl), polyoxyethyl-
enesorbitan monooleate (TweenTM 80; lCl), and octylphe-
noxyethoxyethanol (Triton X-100); ionic surfactants such as
sodium cholate and sodium taurocholate and sodium deoxy-
cholate; chemically inert silicone-based surfactants such as
polysiloxane-polycetyl-polyethylene glycol copolymer
(Cetyl Dimethicone Copolyol) (e.g. AbiTM EM90; Gold-
schmidt); and cholesterol.

Emulsions with a fluorocarbon (or perfluorocarbon) con-
tinuous phase (Krafft et al., 2003; Riess, 2002) may be par-
ticularly advantageous. For example, stable water-in-perfluo-
rooctyl bromide and water-in-perfluorooctylethane
emulsions can be formed using F-alkyl dimorpholinophos-
phates as surfactants (Sadtler et al., 1996). Non-fluorinated
compounds are essentially insoluble in fluorocarbons and
perfluorocarbons (Curran, 1998; Hildebrand and Cochran,
1949; Hudlicky, 1992; Scott, 1948; Studer et al., 1997) and
small drug-like molecules (typically <500 Da and Log P<5)
(Lipinski et al., 2001) are compartmentalised very effectively
in the aqueous microcapsules of water-in-fluorocarbon and
water-in-perfluorocarbon emulsionsiwith little or no
exchange between microcapsules.

Creation of an emulsion generally requires the application
of mechanical energy to force the phases together. There are
a variety of ways of doing this which utilise a variety of
mechanical devices, including stirrers (such as magnetic stir-
bars, propeller and turbine stirrers, paddle devices and
whisks), homogenisers (including rotor-stator homogenisers,
high-pressure valve homogenisers and jet homogenisers),
colloid mills, ultrasound and ‘membrane emulsification’
devices (Becher, 1957; Dickinson, 1994), and microfluidic
devices (Umbanhowar et al., 2000).

Complicated biochemical processes, notably gene tran-
scription and translation are also active in aqueous microcap-
sules formed in water-in-oil emulsions. This has enabled

compartmentalisation in water-in-oil emulsions to be used for
the selection ofgenes, which are transcribed and translated in
emulsion microcapsules and selected by the binding or cata-
lytic activities of the proteins they encode (Doi and Yana-
gawa, 1999; Griffiths and Tawfik, 2003; Lee et al., 2002; Sepp
et al., 2002; Tawfik and Griffiths, 1998). This was possible
because the aqueous microcapsules formed in the emulsion
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were generally stable with little if any exchange of nucleic
acids, proteins, or the products ofenzyme catalysed reactions
between microcapsules.

The technology exists to create emulsions with volumes all
the way up to industrial scales of thousands of liters (Becher,
1957; Sherman, 1968; Lissant, 1974; Lissant, 1984).

The preferred microcapsule size will vary depending upon
the precise requirements of any individual selection process
that is to be performed according to the present invention. In
all cases, there will be an optimal balance between gene
library size, the required enrichment and the required concen-
tration of components in the individual microcapsules to
achieve efficient expression and reactivity of the gene prod-
ucts.

The processes of expression occurs within each individual
microcapsule provided by the present invention. Both in vitro
transcription and coupled transcription-translation become
less efficient at sub-nanomolar DNA concentrations. Because

of the requirement for only a limited number of DNA mol-
ecules to be present in each microcapsule, this therefore sets
a practical upper limit on the possible microcapsule size.
Preferably, the mean volume ofthe microcapsules is less that
5.2><10'16 m3 , (corresponding to a spherical microcapsule of
diameter less than 10 um, more preferably less than 6.5><10'l7
m3 (5 um diameter), more preferably about 4.2><10'18 m3 (2
um diameter) and ideally about 9><10'18 m3 (2.6 um diam-
eter).

The effective DNA or RNA concentration in the microcap-
sules may be artificially increased by various methods that
will be well-known to those versed in the art. These include,
for example, the addition of volume excluding chemicals
such as polyethylene glycols (PEG) and a variety of gene
amplification techniques, including transcription using RNA
polymerases including those from bacteria such as E. coli
(Roberts, 1969; Blattner and Dahlberg, 1972; Roberts et al.,
1975; Rosenberg et al., 1975), eukaryotes e.g. (Weil et al.,
1979; Manley et al, 1983) and bacteriophage such as T7, T3
and SP6 (Melton et al., 1984); the polymerase chain reaction
(PCR) (Saiki et al., 1988); Qb replicase amplification (Miele
et al., 1983; Cahill et al., 1991; Chetverin and Spirin, 1995;
Katanaev et al., 1995); the ligase chain reaction (LCR)
(Landegren et al, 1988; Barany, 1991); and self-sustained
sequence replication system (Fahy et al., 1991) and strand
displacement amplification (Walker et al, 1992). Gene ampli-
fication techniques requiring thermal cycling such as PCR
and LCR may be used if the emulsions and the in vitro
transcription or coupled transcription-translation systems are
thermostable (for example, the coupled transcription-transla-
tion systems can be made from a thermostable organism such
as Thermus aquaticus).

Increasing the effective local nucleic acid concentration
enables larger microcapsules to be used effectively. This
allows a preferred practical upper limit to the microcapsule
volume of about 5.2><10'16 m3 (corresponding to a sphere of
diameter 10 pm).

The microcapsule size is preferably sufficiently large to
accommodate all of the required components of the bio-
chemical reactions that are needed to occur within the micro-

capsule. For example, in vitro, both transcription reactions
and coupled transcription-translation reactions require a total
nucleoside triphosphate concentration of about 2 mM.

For example, in order to transcribe a gene to a single short
RNA molecule of 500 bases in length, this would require a
minimum of 500 molecules of nucleoside triphosphate per
microcapsule (8.33><10'22 moles). In order to constitute a 2
mM solution, this number of molecules is contained within a
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microcapsule of volume 4.17><10'19 liters (4.17><10'22 m
which if spherical would have a diameter of 93 nm.

Furthermore, particularly in the case ofreactions involving
translation, it is to be noted that the ribosomes necessary for
the translation to occur are themselves approximately 20 nm
in diameter. Hence, the preferred lower limit for microcap-
sules is a diameter of approximately 0.1 um (100 nm).

Therefore, the microcapsule volume is preferably of the
order ofbetween 5 .2><10'22 m3 and 5.2><10'16 m3 correspond-
ing to a sphere of diameter between 0.1 um and 10 um, more
preferably ofbetween about 5.2><10'19 m3 and 6.5><10'l7 m3
(1 um and 5 pm). Sphere diameters of about 2.6 um are most
advantageous.

It is no coincidence that the preferred dimensions of the
compartments (droplets of 2.6 um mean diameter) closely
resemble those ofbacteria, for example, Escherichia are 1.1—
1.5><2.0-6.0 um rods andAzolobacler are 1.5-2.0 1. um diam-
eter ovoid cells. In its simplest form, Darwinian evolution is
based on a ‘one genotype one phenotype’ mechanism. The
concentration of a single compartmentalised gene, or
genome, drops from 0.4 nM in a compartment of 2 um diam-
eter, to 25 pM in a compartment of 5 um diameter. The
prokaryotic transcription/translation machinery has evolved
to operate in compartments of ~1-2 um diameter, where
single genes are at approximately nanomolar concentrations.
A single gene, in a compartment of 2.6 um diameter is at a
concentration of 0.2 nM. This gene concentration is high
enough for efficient translation. Compartmentalisation in
such a volume also ensures that even ifonly a single molecule
of the gene product is formed it is present at about 0.2 nM,
which is important if the gene product is to have a modifying
activity of the genetic element itself. The volume of the
microcapsule is thus selected bearing in mind not only the
requirements for transcription and translation of the genetic
element, but also the modifying activity required of the gene
product in the method of the invention.

The size of emulsion microcapsules may be varied simply
by tailoring the emulsion conditions used to form the emul-
sion according to requirements of the selection system. The
larger the microcapsule size, the larger is the volume that will
be required to encapsulate a given genetic element library,
since the ultimately limiting factor will be the size of the
microcapsule and thus the number of microcapsules possible
per unit volume.

The size of the microcapsules is selected not only having
regard to the requirements.of the transcription/translation
system, but also those of the selection system employed for
the genetic element. Thus, the components of the selection
system, such as a chemical modification system, may require
reaction volumes and/or reagent concentrations which are not
optimal for transcription/translation. As set forth herein, such
requirements may be accommodated by a secondary re-en-
capsulation step; moreover, they may be accommodated by
selecting the microcapsule size in order to maximise tran-
scription/translation and selection as a whole. Empirical
determination of optimal microcapsule volume and reagent
concentration, for example as set forth herein, is preferred.

A “genetic element” in accordance with the present inven-
tion is as described above. Preferably, a genetic element is a
molecule or construct selected from the group consisting of a
DNA molecule, an RNA molecule, a partially or wholly arti-
ficial nucleic acid molecule consisting of exclusively syn-
thetic or a mixture ofnaturally-occurring and synthetic bases,
any one of the foregoing linked to a polypeptide, and any one
of the foregoing linked to any other molecular group or con-
struct. Advantageously, the other molecular group or con-
struct may be selected from the group consisting of nucleic

3
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acids, polymeric substances, particularly beads, for example
polystyrene beads, and magnetic or paramagnetic substances
such as magnetic or paramagnetic beads.

The nucleic acid portion of the genetic element may com-
prise suitable regulatory sequences, such as those required for
efficient expression ofthe gene product, for example promot-
ers, enhancers, translational initiation sequences, polyadeny-
lation sequences, splice sites and the like.

As will be apparent from the following, in many cases the
polypeptide or other molecular group or construct is a ligand
or a substrate which directly or indirectly binds to or reacts
with the gene product in order to alter the optical properties of
the genetic element. This allows the sorting of the genetic
element on the basis of the activity of the gene product. The
ligand or substrate can be connected to the nucleic acid by a
variety ofmeans that will be apparent to those skilled in the art
(see, for example, Hermanson, 1996).

One way in which the nucleic acid molecule may be linked
to a ligand or substrate is through biotinylation. This can be
done by PCR amplification with a 5'-biotinylation primer
such that the biotin and nucleic acid are covalently linked.

The ligand or substrate can be attached to the modified
nucleic acid by a variety of means that will be apparent to
those of skill in the art (see, for example, Hermanson, 1996).
A biotinylated nucleic acid may be coupled to a polystyrene
or paramagnetic microbead (0.02 to approx. 5.0 pm in diam-
eter) that is coated with avidin or streptavidin, that will there-
fore bind the nucleic acid with very high affinity. This bead
can be derivatised with substrate or ligand by any suitable
method such as by adding biotinylated substrate or by cova-
lent coupling.

Alternatively, a biotinylated nucleic acid may be coupled to
avidin or streptavidin complexed to a large protein molecule
such as thyroglobulin (669 Kd) or ferritin (440 Kd). This
complex can be derivatised with substrate or ligand, for
example by covalent coupling to the E-amino group oflysines
or through a non-covalent interaction such as biotin-avidin.

The substrate may be present in a form unlinked to the
genetic element but containing an inactive “tag” that requires
a further step to activate it such as photoactivation (e.g. of a
“caged” biotin analogue, (Sundberg et al., 1995; Pirrung and
Huang, 1996)). The catalyst to be selected then converts the
substrate to product. The “tag” is then activated and the
“tagged” substrate and/or product bound by a tag-binding
molecule (e.g. avidin or streptavidin) complexed with the
nucleic acid. The ratio of substrate to product attached to the
nucleic acid via the “tag” will therefore reflect the ratio of the
substrate and product in solution.

An alternative is to couple the nucleic acid to a product-
specific antibody (or other product-specific molecule). In this
scenario, the substrate (or one of the substrates) is present in
each microcapsule unlinked to the genetic element, but has a
molecular “tag” (for example biotin, DIG or DNP or a fluo-
rescent group). When the catalyst to be selected converts the
substrate to product, the product retains the “tag” and is then
captured in the microcapsule by the product-specific anti-
body. In this way the genetic element only becomes associ-
ated with the “tag” when it encodes or produces an enzyme
capable of converting substrate to product.

The terms “isolating”, “sorting” and “selecting”, as well as
variations thereof; are used herein. Isolation, according to the
present invention, refers to the process of separating an entity
from a heterogeneous population, for example a mixture,
such that it is free of at least one substance with which it was

associated before the isolation process. In a preferred
embodiment, isolation refers to purification of an entity
essentially to homogeneity. Sorting of an entity refers to the
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process ofpreferentially isolating desired entities over undes-
ired entities. In as far as this relates to isolation of the desired

entities, the terms “isolating” and “sorting” are equivalent.
The method of the present invention permits the sorting of
desired genetic elements from pools (libraries or repertoires)
of genetic elements which contain the desired genetic ele-
ment. Selecting is used to refer to the process (including the
sorting process) ofisolating an entity according to a particular
property thereof.

In a highly preferred application, the method of the present
invention is useful for sorting libraries of genetic elements.
The invention accordingly provides a method according to
preceding aspects of the invention, wherein the genetic ele-
ments are isolated from a library of genetic elements encod-
ing a repertoire ofgene products. Herein, the terms “library”,
“repertoire” and “pool” are used according to their ordinary
signification in the art, such that a library of genetic elements
encodes a repertoire ofgene products. In general, libraries are
constructed from pools of genetic elements arid have proper-
ties which facilitate sorting.

Initial selection of a genetic element from a genetic ele-
ment library using the present invention will in most cases
require the screening of a large number of variant genetic
elements. Libraries of genetic elements can be created in a
variety of different ways, including the following.

Pools of naturally occurring genetic elements can be
cloned from genomic DNA or cDNA (Sambrook et al., 1989);
for example, phage antibody libraries, made by PCR ampli-
fication repertoires of antibody genes from immunised or
unimmunised donors have proved very effective sources of
functional antibody fragments (Winter et al., 1994; Hoogen-
boom, 1997). Libraries of genes can also be made by encod-
ing all (see for example Smith, 1985; Parmley and Smith:
1988) or part of genes (see for example Lowman et al., 1991)
or pools of genes (see for example Nissim et al., 1994) by a
randomised or doped synthetic oligonucleotide. Libraries can
also be made by introducing mutations into a genetic element
or pool of genetic elements ‘randomly by a variety of tech-
niques in vivo, including; using mutator strains of bacteria
such as E. coli mutD5 (Liao et al., 1986; Yamagishi et al.,
1990; Low et at, 1996); using the antibody hyperrnutation
system of B-lymphocytes (Yelamos et al., 1995). Random
mutations can also be introduced both in vivo and in vitro by
chemical mutagens, and ionising or UV irradiation (see
Friedberg et al., 1995), or incorporation of mutagenic base
analogues (Frees; 1959; Zaccolo et at, 1996). Random’ muta-
tions can also be introduced into genes in vitro during poly-
merisation for example by using error-prone polymerases
(Leung et al., 1989).

Further diversification can be introduced by using homolo-
gous recombination either in vivo (see Kowalczykowski et al,
1994) or in vitro (Stemmer, 1994a; Stemmer, 1994b).

According to a further aspect of the present invention,
therefore, there is provided a method of in vitro evolution
comprising the steps of:

(a) selecting one or more genetic elements from a genetic
element library according to the present invention;

(b) mutating the selected genetic element(s) in order to
generate a further library ofgenetic elements encoding a
repertoire to gene products; and

(c) iteratively repeating steps (a) and (b) in order to obtain
a gene product with enhanced activity.

Mutations may be introduced into the genetic elements(s)
as set forth above.

The genetic elements according to the invention advanta-
geously encode enzymes, preferably of pharmacological or
industrial interest, activators or inhibitors, especially of bio-
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logical systems, such as cellular signal transduction mecha-
nisms, antibodies and fragments thereof, and other binding
agents (e.g. transcription factors) suitable for diagnostic and
therapeutic applications. In a preferred aspect, therefore, the
invention permits the identification and isolation of clinically
or industrially useful products. In a further aspect of the
invention, there is provided a product when isolated by the
method of the invention.

The selection of suitable encapsulation conditions is desir-
able. Depending on the complexity and size of the library to
be screened, it may be beneficial to set up the encapsulation
procedure such that 1 or less than 1 genetic element is encap-
sulated per microcapsule. This will provide the greatest
power of resolution. Where the library is larger and/or more
complex, however, this may be impracticable; it may be pref-
erable to encapsulate several genetic elements together and
rely on repeated application of the method ofthe invention to
achieve sorting of the desired activity. A combination of
encapsulation procedures may be used to obtain the desired
enrichment.

Theoretical studies indicate that the larger the number of
genetic element variants created the more likely it is that a
molecule will be created with the properties desired (see
Perelson and Oster, 1979 for a description ofhow this applies
to repertoires of antibodies). Recently it has also been con-
firmed practically that larger phage-antibody repertoires do
indeed give rise to more antibodies with better binding affini-
ties than smaller repertoires (Griffiths et al., 1994). To ensure
that rare variants are generated and thus are capable of being
selected, a large library size is desirable. Thus, the use of
optimally small microcapsules is beneficial.

The largest repertoire created to date using methods that
require an in vivo step (phage-display and Lad systems) has
been a 1.6><10ll clone phage-peptide library which required
the fermentation of 15 liters of bacteria (Fisch et al., 1996).
SELEX experiments are often carried out on very large num-
bers of variants (up to 1015).

Using the present invention, at a preferred microcapsule
diameter of 2.6 um, a repertoire size of at least 1011 can be
selected using 1 ml aqueous phase in a 20 ml emulsion.

In addition to the genetic elements described above, the
microcapsules according to the invention will comprise fur-
ther components required for the sorting process to take
place. Other components ofthe system will for example com-
prise those necessary for transcription and/or translation of
the genetic element. These are selected for the requirements
of a specific system from the following; a suitable buffer, an
in vitro transcription/replication system and/or an in vitro
translation system containing all the necessary ingredients,
enzymes and cofactors, RNA polymerase, nucleotides,
nucleic acids (natural or synthetic), transfer RNAs, ribo-
somes and amino acids, and the substrates of the reaction of
interest in order to allow selection of the modified gene prod-
uct.

A suitable buffer will be one in which all of the desired

components ofthe biological system are active and will there-
fore depend upon the requirements of each specific reaction
system. Buffers suitable for biological and/or chemical reac-
tions are known in the art and recipes provided in various
laboratory texts, such as Sambrook et al., 1989.

The in vitro translation system will usually comprise a cell
extract, typically from bacteria (Zubay, 1973; Zubay, 1980;
Lesley et al., 1991; Lesley, 1995), rabbit reticulocytes (Pel-
ham and Jackson, 1976), or wheat germ (Anderson et al.,
1983). Many suitable systems are commercially available
(for example from Promega) including some which will allow
coupled transcription/translation (all the bacterial systems
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and the reticulocyte and wheat germ TNTTM extract systems
from Promega). The mixture ofamino acids used may include
synthetic amino acids if desired, to increase the possible
number or variety ofproteins produced in the library. This can
be accomplished by charging tRNAs with artificial amino
acids and using these tRNAs for the in vitro translation of the
proteins to be selected (Ellman et al., 1991; Benner, 1994;
Mendel et al., 1995).

After each round of selection the enrichment of the pool of
genetic elements for those encoding the molecules of interest
can be assayed by non-compartmentalised in vitro transcrip-
tion/replication or coupled transcription-translation reac-
tions. The selected pool is cloned into a suitable plasmid
vector and RNA or recombinant protein is produced from the
individual clones for further purification and assay.

In a preferred aspect, the internal environment of a micro-
capsule may be altered by addition ofreagents to the oil phase
ofthe emulsion. The reagents diffuse through the oil phase to
the aqueous microcapsule environment. Preferably, the
reagents are at least partly water-soluble; such that a propor-
tion thereof is distributed from the oil phase to the aqueous
microcapsule environment. Advantageously, the reagents are
substantially insoluble in the oil phase. Reagents are prefer-
ably mixed into the oil phase by mechanical mixing, for
example vortexing.

The reagents which may be added via the oil phase include
substrates, buffering components, factors and the like. In
particular, the internal pH ofmicrocapsules may be altered in
situ by adding acidic or basic components to the oil phase.

The invention moreover relates to a method for producing
a gene product, once a genetic element encoding the gene
product has been sorted by the method of the invention.
Clearly, the genetic element itself may be directly expressed
by conventional means to produce the gene product. How-
ever, alternative techniques may be employed, as will be
apparent to those skilled in the art. For example, the genetic
information incorporated in the gene product may be incor-
porated into a suitable expression vector, and expressed there-
from.

The invention also describes the use of conventional

screening techniques to identify compounds which are
capable of interacting with the gene products identified by the
first aspect of the invention. In preferred embodiments, gene
product encoding nucleic acid is incorporated into a vector,
and introduced into suitable host cells to produce transformed
cell lines that express the gene product. The resulting cell
lines can then be produced for reproducible qualitative and/or
quantitative analysis of the effect(s) ofpotential drugs affect-
ing gene product function. Thus gene product expressing
cells may be employed for the identification of compounds,
particularly small molecular weight compounds, which
modulate the function of gene product. Thus host cells
expressing gene product are useful for drug screening and it is
a further object of the present invention to provide a method
for identifying compounds which modulate the activity ofthe
gene product, said method comprising exposing cells con-
taining heterologous DNA encoding gene product, wherein
said cells produce functional gene product, to at least one
compound or mixture of compounds or signal whose ability
to modulate the activity of said gene product is sought to be
determined, and thereafter monitoring said cells for changes
caused by said modulation. Such an assay enables the iden-
tification of modulators, such as agonists, antagonists and
allosteric modulators, of the gene product. As used herein, a
compound or signal that modulates the activity of gene prod-
uct refers to a compound that alters the activity of gene
product in such a way that the activity of the gene product is
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different in the presence of the compound or signal (as com-
pared to the absence of said compound or signal).

Cell-based screening assays can be designed by construct-
ing cell lines in which the expression ofa reporter protein, i.e.
an easily assayable protein, such as -galactosidase,
chloramphenicol acetyltransferase (CAT), green fluorescent
protein (GFP) or luciferase, is dependent on gene product.
Such an assay enables the detection of compounds that
directly modulate gene product function, such as compounds
that antagonise gene product, or compounds that inhibit or
potentiate other cellular functions required for the activity of
gene product.

The present invention also provides a method to exog-
enously affect gene product dependent processes occurring in
cells. Recombinant gene product producing host cells, e.g.
mammalian cells, can be contacted with a test compound, and
the modulating effect(s) thereof can then be evaluated by
comparing the gene product-mediated response in the pres-
ence and absence of test compound, or relating the gene
product-mediated response of test cells, or control cells (i.e.,
cells that do not express gene product), to the presence of the
compound.

In a further aspect, the invention relates to a method for
optimising a production process which involves at least one
step which is facilitated by a polypeptide. For example, the
step may be a catalytic step, which is facilitated by an
enzyme. Thus, the invention provides a method for preparing
a compound or compounds comprising the steps of:

(a) providing a synthesis protocol wherein at least one step
is facilitated by a polypeptide;

(b) preparing genetic elements encoding variants of the
polypeptide which facilitates this step, the expression of
which may result, directly or indirectly, in the modifica-
tion of the optical properties of the genetic elements;

(c) compartmentalising genetic elements into microcap-
sules;

(d) expressing the genetic elements to produce their
respective gene products within the microcapsules;

(e) sorting the genetic elements which produce polypeptide
gene product(s) having the desired activity using the
changed optical properties of the genetic elements; and

(f) preparing the compound or compounds using the
polypeptide gene product identified in (g) to facilitate
the relevant step of the synthesis.

By means of the invention, enzymes involved in the prepa-
ration of a compound may be optimised by selection for
optimal activity. The procedure involves the preparation of
variants of the polypeptide to be screened, which equate to a
library ofpolypeptides as refereed to herein. The variants may
be prepared in the same manner as the libraries discussed
elsewhere herein.

The size of emulsion microcapsules may be varied simply
by tailoring the emulsion conditions used to form the emul-
sion according to requirements of the screening system. The
larger the microcapsule size, the larger is the volume that will
.be required to encapsulate a given library, since the ulti-
mately limiting factor will be the size ofthe microcapsule and
thus the number of microcapsules possible per unit volume.

Water-in-oil emulsions can be re-emulsified to create

water-in-oil-in water double emulsions with an external (con-
tinuous) aqueous phase. These double emulsions can be
analysed and, optionally, sorted using a flow cytometer (Ber-
nath et al., 2004).

Highly monodisperse microcapsules can be produced
using microfluidic techniques. For example, water-in-oil
emulsions with less than 1.5% polydispersity can be gener-
ated by droplet break offin a co-flowing steam ofoil (Umban-
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howar et al., 2000). Microfluidic systems can also be used for
laminar-flow of aqueous microdroplets dispersed in a stream
of oil in microfluidic channels (Thorsen et al., 2001). This
allows the construction of microfluidic devices for flow

analysis and, optionally, flow sorting of microdroplets (Fu et
al., 2002).

Advantageously, highly monodisperse microcapsules can
be formed using systems and methods for the electronic con-
trol of fluidic species. One aspect of the invention relates to
systems and methods for producing droplets of fluid sur-
rounded by a liquid. The fluid and the liquid may be essen-
tially immiscible in many cases, i.e., immiscible on a time
scale of interest (e.g., the time it takes a fluidic droplet to be
transported through a particular system or device). In certain
cases, the droplets may each be substantially the same shape
or size, as further described below. The fluid may also contain
other species, for example, certain molecular species (e.g., as
further discussed below), cells, particles, etc.

In one set of embodiments, electric charge may be created
on a fluid surrounded by a liquid, which may cause the fluid to
separate into individual droplets within the liquid. In some
embodiments, the fluid and the liquid may be present in a
channel, e.g., a microfluidic channel, or other constricted
space that facilitates application ofan electric field to the fluid
(which may be “AC” or alternating current, “DC” or direct
current etc.), for example, by limiting movement of the fluid
with respect to the liquid. Thus, the fluid can be present as a
series of individual charged and/or electrically inducible
droplets within the liquid. In one embodiment, the electric
force exerted on the fluidic droplet may be large enough to
cause the droplet to move within the liquid. In some cases, the
electric force exerted on the fluidic droplet may be used to
direct a desired motion of the droplet within the liquid, for
example, to or within a channel or a microfluidic channel
(e.g., as further described herein), etc. As one example, in
apparatus 5 in FIG. 3A, droplets 15 created by fluid source 10
can be electrically charged using an electric filed created by
electric field generator 20.

Electric charge may be created in the fluid within the liquid
using any suitable technique, for example, by placing the fluid
within an electric field (which may be AC, DC, etc.), and/or
causing a reaction to occur that causes the fluid to have an
electric charge, for example, a chemical reaction, an ionic
reaction, a photocatalyzed reaction, etc. In one embodiment,
the fluid is an electrical conductor. As used herein, a “con-
ductor” is a material having a conductivity ofat least about the
conductivity of 18 megohm (MOhm or M92) water. The liquid
surrounding the fluid may have a conductivity less than that of
the fluid. For instance, the liquid may be an insulator, relative
to the fluid, or at least a “leaky insulator,” i.e., the liquid is able
to at least partially electrically insulate the fluid for at least a
short period of time. Those of ordinary skill in the art will be
able to identify the conductivity of fluids. In one non-limiting
embodiment, the fluid may be substantially hydrophilic, and
the liquid surrounding the fluid may be substantially hydro-
phobic.

In some embodiments, the charge created on the fluid (for
example, on a series of fluidic droplets) may be at least about
10'22 C/micrometerj. In certain cases, the charge may be at
least about 10'21 C/micrometer3, and in other cases, the
charge may be at least about 10'20 C/micrometerj, at least
about 10'19 C/micrometer3 , at least about 10'18 C/microme-
terj, at least about 10'17 C/micrometerj, at least about 10'16
C/micrometer3, at least about 10'15 C/micrometer3, at least
about 10'14 C/micrometer3 , at least about 10'13 C/microme-
terj, at least about 10'12 C/micrometerj, at least about 10'11
C/micrometer3, at least about 10'10 C/micrometer3 , or at least
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about 10'9 C/micrometer3 or more. In certain embodiments,
the charge created on the fluid may be at least about 10'21
C/micrometerz, and in some cases, the charge may be at least
about 10'20 C/micrometerz, at least about 10'19 C/microme-
ter2, at least about 10'18 C/micrometerz, at least about 10'17
C/micrometerz, at least about 10'16 C/micrometerz, at least
about 10'15 C/micrometerz, at least about 10'14 C/microme-
ter2, or at least about 10'13 C/micrometer2 or more. In other
embodiments, the charge may be at least about 10'14 C/drop-
let, and, in some cases, at least about 10'13 C/droplet, in other
cases at least about 10'12 C/droplet, in other cases at least
about 10'11 C/droplet, in other cases at least about 10'10
C/droplet, or in still other cases at least about 10'9 C/droplet.

The electric field, in some embodiments, is generated from
an electric field generator, i.e., a device or system able to
create an electric field that can be applied to the fluid. The
electric field generator may produce anAC field (i.e., one that
varies periodically with respect to time, for example, sinusoi-
dally, sawtooth, square, etc.), a DC field (i.e., one that is
constant with respect to time), a pulsed field, etc. The electric
field generator may be constructed and arranged to create an
electric field within a fluid contained within a channel or a

microfluidic channel. The electric field generator may be
integral to or separate from the fluidic system containing the
channel or microfluidic channel, according to some embodi-
ments. As used herein, “integral” means that portions of the
components integral to each other are joined in such a way
that the components cannot be manually separated from each
other without cutting or breaking at least one of the compo-
nents.

Techniques for producing a suitable electric field (which
may be AC, DC, etc.) are known to those of ordinary skill in
the art. For example, in one embodiment, an electric field is
produced by applying voltage across a pair of electrodes,
which may be positioned on or embedded within the fluidic
system (for example, within a substrate defining the channel
or microfluidic channel), and/or positioned proximate the
fluid such that at least a portion of the electric field interacts
with the fluid. The electrodes can be fashioned from any
suitable electrode material or materials known to those of

ordinary skill in the art, including, but not limited to, silver,
gold, copper, carbon, platinum, copper, tungsten, tin, cad-
mium, nickel, indium tin oxide (“ITO”), etc., as well as com-
binations thereof. In some cases, transparent or substantially
transparent electrodes can be used. In certain embodiments,
the electric field generator can be constructed and arranged
(e.g., positioned) to create an electric field applicable to the
fluid of at least about 0.01 V/micrometer, and, in some cases,
at least about 0.03 V/micrometer, at least about 0.05 V/mi-
crometer, at least about 0.08 V/micrometer, at least about 0.1
V/micrometer, at least about 0.3 V/micrometer, at least about
0.5 V/micrometer, at least about 0.7 V/micrometer, at least
about 1 V/micrometer, at least about 1.2 V/micrometer, at
least about 1.4 V/micrometer, at least about 1.6 V/microme-
ter, or at least about 2 V/micrometer. In some embodiments,
even higher electric field intensities may be used, for
example, at least about 2 V/micrometer, at least about 3 V/mi-
crometer, at least about 5 V/micrometer, at least about 7
V/micrometer, or at least about 10 V/micrometer or more.

In some embodiments, an electric field may be applied to
fluidic droplets to cause the droplets to experience an electric
force. The electric force exerted on the fluidic droplets may
be, in some cases, at least about 10'16 N/micrometer3. In
certain cases, the electric force exerted on the fluidic droplets
may be greater, e.g., at least about 10'15 N/micrometer3, at
least about 10'14 N/micrometerj, at least about 10'13 N/mi-
crometer3 , at least about 10'12 N/micrometer3 , at least about
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10'1 1 N/micrometer3, at least about 10'10 N/micrometer3, at
least about 10'9 N/micrometerj, at least about 10'8 N/mi-
crometer3, or at least about 10'7 N/micrometer3 or more. In
other embodiments, the electric force exerted on the fluidic
droplets, relative to the surface area of the fluid, may be at
least about 10'15 N/micrometerz, and in some cases, at least
about 10'14 N/micrometerz, at least about 10'13 N/microme-
ter2, at least about 10'12 N/micrometerz, at least about 10'1 1
N/micrometerz, at least about 10'10 N/micrometerz, at least
about 10'9 N/micrometerz, at least about 10'8 N/microme-
ter2, at least about 10'7 N/micrometerz, or at least about 10'6
N/micrometer2 or more. In yet other embodiments, the elec-
tric force exerted on the fluidic droplets may be at least about
10'9 N, at least about 10'8 N, at least about 10'7 N, at least
about 10'6 N, at least about 10'5 N, or at least about 10'4 N or
more in some cases.

In some embodiments of the invention, systems and meth-
ods are provided for at least partially neutralizing an electric
charge present on a fluidic droplet, for example, a fluidic
droplet having an electric charge, as described above. For
example, to at least partially neutralize the electric charge, the
fluidic droplet may be passed through an electric field and/or
brought near an electrode, e.g., using techniques such as those
described herein. Upon exiting of the fluidic droplet from the
electric field (i.e., such that the electric field no longer has a
strength able to substantially affect the fluidic droplet), and/or
other elimination of the electric field, the fluidic droplet may
become electrically neutralized, and/or have a reduced elec-
tric charge.

In another set of embodiments, droplets of fluid can be
created from a fluid surrounded by a liquid within a channel
by altering the channel dimensions in a manner that is able to
induce the fluid to form individual droplets. The channel may,
for example, be a channel that expands relative to the direc-
tion of flow, e.g., such that the fluid does not adhere to the
channel walls and forms individual droplets instead, or a
channel that narrows relative to the direction of flow, e.g.,
such that the fluid is forced to coalesce into individual drop-
lets. One example is shown in FIG. 7A, where channel 510
includes a flowing fluid 500 (flowing downwards), sur-
rounded by liquid 505. Channel 510 narrows at location 501,
causing fluid 500 to form a series of individual fluidic droplets
515. In other embodiments, internal obstructions may also be
used to cause droplet formation to occur. For instance, baffles,
ridges, posts, or the like may be used to disrupt liquid flow in
a manner that causes the fluid to coalesce into fluidic droplets.

In some cases, the channel dimensions may be altered with
respect to time (for example, mechanically or electrome-
chanically, pneumatically, etc.) in such a manner as to cause
the formation of individual fluidic droplets to occur. For
example, the channel may be mechanically contracted
(“squeezed”) to cause droplet formation, or a fluid stream
may be mechanically disrupted to cause droplet formation,
for example, through the use of moving baffles, rotating
blades, or the like. As a non-limiting example, in FIG. 7B,
fluid 500 flows through channel 510 in a downward direction.
Fluid 500 is surrounded by liquid 505. Piezoelectric devices
520 positioned near or integral to channel 510 may then
mechanically constrict or “squeeze” channel 510, causing
fluid 500 to break up into individual fluidic droplets 515.

In yet another set of embodiments, individual fluidic drop-
lets can be created and maintained in a system comprising
three essentially mutually immiscible fluids (i.e., immiscible
on a time scale of interest), where one fluid is a liquid carrier,
and the second fluid and the third fluid alternate as individual

fluidic droplets within the liquid carrier. In such a system,
surfactants are not necessarily required to ensure separation
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of the fluidic droplets of the second and third fluids. As an
example, with reference to FIG. 14A, within channel 700, a
first fluid 701 and a second fluid 702 are each carried within

liquid carrier 705. First fluid 701 and second fluid 702 alter-
nate as a series of alternating, individual droplets, each car-
ried by liquid carrier 705 within channel 700. As the first fluid,
the second fluid, and the liquid carrier are all essentially
mutually immiscible, any two of the fluids (or all three fluids)
can come into contact without causing droplet coalescence to
occur. A photomicrograph of an example of such a system is
shown in FIG. 14B, illustrating first fluid 701 and second fluid
702, present as individual, alternating droplets, each con-
tained within liquid carrier 705.

One example of a system involving three essentially mutu-
ally immiscible fluids is a silicone oil, a mineral oil, and an
aqueous solution (i.e., water, or water containing one or more
other species that are dissolved and/or suspended therein, for
example, a salt solution, a saline solution, a suspension of
water containing particles or cells, or the like). Another
example of a system is a silicone oil, a fluorocarbon oil, and
an aqueous solution. Yet another example of a system is a
hydrocarbon oil (e.g., hexadecane), a fluorocarbon oil, and an
aqueous solution. In these examples, any of these fluids may
be used as the liquid carrier. Non-limiting examples of suit-
able fluorocarbon oils include octadecafluorodecahydro
naphthalene:

51818151

or 1-(1,2,2,3,3,4,4,5,5,6,6-undecafluorocyclohexyl)ethanol:

F F
OH

F

F F
F F

F F

F F

A non-limiting example of such a system is illustrated in
FIG. 14B. In this figure, fluidic network 710 includes a chan-
nel containing liquid carrier 705, and first fluid 701 and sec-
ond fluid 702. Liquid carrier 705 is introduced into fluidic
network 710 through inlet 725, while first fluid 701 is intro-
duced through inlet 721, and second fluid 702 is introduced
through inlet 722. Channel 716 within fluidic network 710
contains liquid carrier 715 introduced from inlet 725. Ini-
tially, first fluid 701 is introduced into liquid 10 carrier 705,
forming fluidic droplets therein. Next, second fluid 702 is
introduced into liquid 705, forming fluidic droplets therein
that are interspersed with the fluidic droplets containing first
fluid 701. Thus, upon reaching channel 717, liquid carrier 705
contains a first set offluidic droplets containing first fluid 701,
interspersed with a second set of fluidic droplets containing
second fluid 702. In the embodiment illustrated, channel 706
optionally comprises a series of bends, which may allow
mixing to occur within each of the fluidic droplets, as further
discussed below. However, it should be noted that in this
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embodiment, since first fluid 701 and second fluid 702 are
essentially immiscible, significant fusion and/or mixing of
the droplets containing first fluid 701 with the droplets con-
taining second fluid 702 is not generally expected.

Other examples of the production of droplets of fluid sur-
rounded by a liquid are described in International Patent
Application Serial No. PCT/US2004/010903, filed Apr. 9,
2004 by Link, et al. and International Patent Application
Serial No. PCT/U803/20542, filed Jun. 30, 2003 by Stone, et
al., published as WO 2004/002627 on Jan. 8, 2004, each
incorporated herein by reference.

In some embodiments, the fluidic droplets may each be
substantially the same shape and/or size. The shape and/or
size can be determined, for example, by measuring the aver-
age diameter or other characteristic dimension ofthe droplets.
The term “determining,” as used herein, generally refers to
the analysis or measurement of a species, for example, quan-
titatively or qualitatively, and/or the detection ofthe presence
or absence ofthe species. “Determining” may also refer to the
analysis or measurement of an interaction between two or
more species, for example, quantitatively or qualitatively, or
by detecting the presence or absence of the interaction.
Examples of suitable techniques include, but are not limited
to, spectroscopy such as infrared, absorption, fluorescence,
UV/visible, FTIR (“Fourier Transform Infrared Spectros-
copy”), or Raman; gravimetric techniques; ellipsometry;
piezoelectric measurements; immunoassays; electrochemi-
cal measurements; optical measurements such as optical den-
sity measurements; circular dichroism; light scattering mea-
surements such as quasielectric light scattering; polarimetry;
refractometry; or turbidity measurements.

The “average diameter” of a plurality or series of droplets
is the arithmetic average of the average diameters of each of
the droplets. Those of ordinary skill in the art will be able to
determine the average diameter (or other characteristic
dimension) of a plurality or series of droplets, for example,
using laser light scattering, microscopic examination, or
other known techniques. The diameter of a droplet, in a non-
spherical droplet, is the mathematically-defined average
diameter of the droplet, integrated across the entire surface.
The average diameter of a droplet (and/or of a plurality or
series ofdroplets) may be, for example, less than about 1 mm,
less than about 500 micrometers, less than about 200
micrometers, less than about 100 micrometers, less than
about 75 micrometers, less than about 50 micrometers, less
than about 25 micrometers, less than about 10 micrometers,
or less than about 5 micrometers in some cases. The average
diameter may also be at least about 1 micrometer, at least
about 2 micrometers, at least about 3 micrometers, at least
about 5 micrometers, at least about 10 micrometers, at least
about 15 micrometers, or at least about 20 micrometers in
certain cases.

In certain instances, the invention provides for the produc-
tion of droplets consisting essentially of a substantially uni-
form number of entities of a species therein (i.e., molecules,
compounds, cells, genetic elements, particles, etc.). For
example, about 90%, about 93%, about 95%, about 97%,
about 98%, or about 99%, or more of a plurality or series of
droplets may each contain the same number of entities of a
particular species.

For instance, a substantial number of fluidic droplets pro-
duced, e.g., as described above, may each contain 1 entity, 2
entities, 3 entities, 4 entities, 5 entities, 7 entities, 10 entities,
15 entities, 20 entities, 25 entities, 30 entities, 40 entities, 50
entities, 60 entities, 70 entities, 80 entities, 90 entities, 100
entities, etc., where the entities are molecules or macromol-
ecules, cells, particles, etc. In some cases, the droplets may
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each independently contain a range of entities, for example,
less than 20 entities, less than 15 entities, less than 10 entities,
less than 7 entities, less than 5 entities, or less than 3 entities
in some cases. In one set of embodiments, in a liquid contain-
ing droplets of fluid, some of which contain a species of
interest and some of which do not contain the species of
interest, the droplets of fluid may be screened or sorted for
those droplets of fluid containing the species as further
described below (e.g., using fluorescence or other techniques
such as those described above), and in some cases, the drop-
lets may be screened or sorted for those droplets of fluid
containing a particular number or range of entities of the
species of interest, e.g., as previously described. Thus, in
some cases, a plurality or series of fluidic droplets, some of
which contain the species and some of which do not, may be
enriched (or depleted) in the ratio of droplets that do contain
the species, for example, by a factor ofat least about 2, at least
about 3, at least about 5, at least about 10, at least about 15, at
least about 20, at least about 50, at least about 100, at least
about 125, at least about 150, at least about 200, at least about
250, at least about 500, at least about 750, at least about 1000,
at least about 2000, or at least about 5000 or more in some
cases. In other cases, the enrichment (or depletion) may be in
a ratio of at least about 104, at least about 105, at least about
106, at least about 107, at least about 108, at least about 109, at
least about 1010, at least about 1011, at least about 1012, at
least about 1013, at least about 1014, at least about 1015, or
more. For example, a fluidic droplet containing a particular
species may be selected from a library of fluidic droplets
containing various species, where the library may have about
105, about 106, about 107, about 108, about 109, about 1010,
about 1011, about 1012, about 1013, about 1014, about 1015, or
more items, for example, a DNA library, an RNA library, a
protein library, a combinatorial chemistry library, a library of
genetic elements, etc. In certain embodiments, the droplets
carrying the species may then be fused, reacted, or otherwise
used or processed, etc., as further described below, for
example, to initiate or determine a reaction.

The use of microfluidic handling to create microcapsoules
according to the invention has a number of advantages:

(a) They allow the formation of highly monodisperse
microcapsules (<1.5% polydispersity), each of which
functions as an almost identical, very small microreac-
tor;

(b) The microcapsules can have volumes ranging from
about 1 femtoliter to about 1 nanoliter;

(c) Compartmentalisation in microcapsules prevents diffu-
sion and dispersion due to parabolic flow;

(d) By using a perfluorocarbon carrier fluid it is possible to
prevent exchange of molecules between microcapsules;

(e) Reagents in microcapsules cannot react or interact with
the fabric of the microchannels as they are separated by
a layer of inert perfluorocarbon carrier fluid.

(f) Microcapsules can be created at up to 10,000 per second
and screened using optical methods at the same rate.
This is a throughput of 109 per day.

Microcapsules (or droplets; the terms may be used
intechangeably for the purposes envisaged herein) can,
advantageously, be fused or split. For example, aqueous
microdroplets can be merged and split using microfluidics
systems (Link et al., 2004; Song et al., 2003). Microcapsule
fusion allows the mixing ofreagents. Fusion, for example, of
a microcapsule containing the genetic element with a micro-
capsule containing a transcription factor could initiate tran-
scription of the genetic information. Microcapsule splitting
allows single microcapsules to be split into two or more
smaller microcapsules. For example a single microcapsule
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containing a ragent can be split into multiple microcapsules
which can then each be fused with a different microcapsule
containing a different reagent or genetic element. A single
microcapsule containing a reagent can also be split into mul-
tiple microcapsules which can then each be fused with a
different microcapsule containing a different genetic ele-
ment, or other reagents, for example at different concentra-
tions.

In one aspect, the invention relates to microfluidic systems
and methods for splitting a fluidic droplet into two or more
droplets. The fluidic droplet may be surrounded by a liquid,
e.g., as previously described, and the fluid and the liquid are
essentially immiscible in some cases. The two or more drop-
lets created by splitting the original fluidic droplet may each
be substantially the same shape and/or size, or the two or more
droplets may have different shapes and/or sizes, depending on
the conditions used to split the original fluidic droplet. In
many cases, the conditions used to split the original fluidic
droplet can be controlled in some fashion, for example, manu-
ally or automatically (e.g., with a processor, as discussed
below). In some cases, each droplet in a plurality or series of
fluidic droplets may be independently controlled. For
example, some droplets may be split into equal parts or
unequal parts, while other droplets are not split.

According to one set of embodiments, a fluidic droplet can
be split using an applied electric field. The electric field may
be an AC field, a DC field, etc. The fluidic droplet, in this
embodiment, may have a greater electrical conductivity than
the surrounding liquid, and, in some cases, the fluidic droplet
may be neutrally charged. In some embodiments, the droplets
produced from the original fluidic droplet are of approxi-
mately equal shape and/or size. In certain embodiments, in an
applied electric field, electric charge may be urged to migrate
from the interior of the fluidic droplet to the surface to be
distributed thereon, which may thereby cancel the electric
field experienced in the interior of the droplet. In some
embodiments, the electric charge on the surface of the fluidic
droplet may also experience a force due to the applied electric
field, which causes charges having opposite polarities to
migrate in opposite directions. The charge migration may, in
some cases, cause the drop to be pulled apart into two separate
fluidic droplets. The electric field applied to the fluidic drop-
lets may be created, for example, using the techniques
described above, such as with a reaction an electric field
generator, etc.

As a non-limiting example, in FIG. 1A, where no electric
field is applied, fluidic droplets 215 contained in channel 230
are carried by a surrounding liquid, which.flows towards
intersection 240, leading to channels 250 and 255. In this
example, the surrounding liquid flows through channels 250
and 255 at equal flowrates. Thus, at intersection 240, fluidic
droplets 215 do not have a preferred orientation or direction,
and move into exit channels 250 and 255 with equal probabil-
ity due to the surrounding liquid flow. In contrast, in FIG. 1B,
while the surrounding liquid flows in the same fashion as FIG.
1A, under the influence of an applied electric field of 1.4
V/micrometers, fluidic droplets 215 are split into two droplets
at intersection 240, forming new droplets 216 and 217. Drop-
let 216 moves to the left in channel 250, while droplet 217
moves to the right in channel 255.

A schematic of this process can be seen in FIG. 5, where a
neutral fluidic droplet 530, surrounded by a liquid 535 in
channel 540, is subjected to applied electric field 525, created
by electrodes 526 and 527. Electrode 526 is positioned near
channel 542, while electrode 527 is positioned near channel
544. Under the influence of electric field 525, charge separa-
tion is induced within fluidic droplet 530, i.e., such that a
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positive charge is induced at one end of the droplet, while a
negative charge is induced at the other end of the droplet. The
droplet may then split into a negatively charged droplet 545
and a positively charged droplet 546, which then may travel in
channels 542 and 544, respectively. In some cases, one or
both of the electric charges on the resulting charged droplets
may also be neutralized, as previously described.

Other examples of splitting a fluidic droplet into two drop-
lets are described in International Patent Application Serial
No. PCT/US2004/010903, filed Apr. 9, 2004 by Link, et al.;
US. Provisional Patent Application Ser. No. 60/498,091,
filed Aug. 27, 2003, by Link, et. al.; and International Patent
Application Serial No. PCT/USO3/20542, filed Jun. 30, 2003
by Stone, et al., published as WO 2004/002627 on Jan. 8,
2004, each incorporated herein by reference.

The invention, in yet another aspect, relates to systems and
methods for fusing or coalescing two or more fluidic droplets
into one droplet. For example, in one set of embodiments,
systems and methods are provided that are able to cause two
or more droplets (e.g., arising from discontinuous streams of
fluid) to fuse or coalesce into one droplet in cases where the
two or more droplets ordinarily are unable to fuse or coalesce,
for example, due to composition, surface tension, droplet
size, the presence or absence of surfactants, etc. In certain
microfluidic systems, the surface tension ofthe droplets, rela-
tive to the size of the droplets, may also prevent fusion or
coalescence of the droplets from occurring in some cases.

In one embodiment, two fluidic droplets may be given
opposite electric charges (i.e., positive and negative charges,
not necessarily of the same magnitude), which may increase
the electrical interaction of the two droplets such that fusion
or coalescence of the droplets can occur due to their opposite
electric charges, e.g., using the techniques described herein.
For instance, an electric field may be applied to the droplets,
the droplets may be passed through a capacitor, a chemical
reaction may cause the droplets to become charged, etc. As an
example, as is shown schematically in FIG. 13A, uncharged
droplets 651 and 652, carried by a liquid 654 contained within
a microfluidic channel 653, are brought into contact with each
other, but the droplets are not able to fuse or coalesce, for
instance, due to their size and/or surface tension. The drop-
lets, in some cases, may not be able to fuse even ifa surfactant
is applied to lower the surface tension of the droplets. How-
ever, ifthe fluidic droplets are electrically charged with oppo-
site charges (which canbe, but are not necessarily of, the same
magnitude), the droplets may be able to fuse or coalesce. For
instance, in FIG. 13B, positively charged droplets 655 and
negatively charged droplets 656 are directed generally
towards each other such that the electrical interaction of the

oppositely charged droplets causes the droplets to fuse into
fused droplets 657.

In another embodiment, the fluidic droplets may not nec-
essarily be given opposite electric charges (and, in some
cases, may not be given any electric charge), and are fused
through the use of dipoles induced in the fluidic droplets that
causes the fluidic droplets to coalesce. In the example illus-
trated in FIG. 13C, droplets 660 and 661 (which may each
independently be electrically charged or neutral), surrounded
by liquid 665 in channel 670, move through the channel such
that they are the affected by an applied electric field 675.
Electric field 675 may be anAC field, a DC field, etc., and may
be created, for instance, using electrodes 676 and 677, as
shown here. The induced dipoles in each of the fluidic drop-
lets, as shown in FIG. 13C, may cause the fluidic droplets to
become electrically attracted towards each other due to their
local opposite charges, thus causing droplets 660 and 661 to
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fuse to produce droplet 663. In FIG. 13D, droplets 651 and
652 flow together to fuse to form droplet 653, which flows in
a third channel.

It should be noted that, in various embodiments, the two or
more droplets allowed to coalesce are not necessarily
required to meet “head-on”. Any angle of contact, so long as
at least some fusion of the droplets initially occurs, is sufli-
cient. As an example, in FIG. 12H, droplets 73 and 74 each are
traveling in substantially the same direction (e.g., at different
velocities), and are able to meet and fuse. As another example,
in FIG. 12I, droplets 73 and 74 meet at an angle and fuse. In
FIG. 12], three fluidic droplets 73, 74 and 68 meet and fuse to
produce droplet 79.

Other examples of fusing or coalescing fluidic droplets are
described in International Patent Application Serial No. PCT/
US2004/010903, filed Apr. 9, 2004 by Link, et al., incorpo-
rated herein by reference.

Fluidic handling of microcapsules therefore results in fur-
ther advantages:

(a) Microcapsules can be split into two or more smaller
microdroplets allowing the reagents contained therein to
be reacted with a series ofdifferent molecules in parallel
or assayed in multiplicate.

(b) Microcapsules can be fused. This allows molecules to
be: (a) diluted, (b) mixed with other molecules, and (c)
reactions initiated, terminated or modulated at precisely
defined times.

(c) Reagents can be mixed very rapidly (in <2 ms) in
microcapsules using chaotic advection, allowing fast
kinetic measurements and very high throughput.

(d) Reagents can be mixed in a combinatorial manner. For
example, allowing the effect of all possible pairwise
combinations of compounds in a library to be tested.

Creating and manipulating microcapsules in microfluidic
systems means that:

(a) Stable streams of microcapsules can be formed in
microchannels and identified by their relative positions.

(b) If the reactions are accompanied by an optical signal
(e.g. a change in fluorescence) a spatially-resolved opti-
cal image of the microfluidic network allows time
resolved measurements of the reactions in each micro-

capsules.
(c) Microcapsules can be separated using a microfluidic

flow sorter to allow recovery and further analysis or
manipulation of the molecules they contain.

Screening/Sorting of Microcapsules
In still another aspect, the invention provides systems and

methods for screening or sorting fluidic droplets in a liquid,
and in some cases, at relatively high rates. For example, a
characteristic ofa droplet may be sensed and/or determined in
some fashion (e.g., as further described below), then the drop-
let may be directed towards a particular region of the device,
for example, for sorting or screening purposes.

In some embodiments, a characteristic of a fluidic droplet
may be sensed and/or determined in some fashion, for
example, as described herein (e.g., fluorescence ofthe fluidic
droplet may be determined), and, in response, an electric field
may be applied or removed from the fluidic droplet to direct
the fluidic droplet to a particular rgion (e.g. a channel). In
some cases, high sorting speeds may be achievable using
certain systems and methods ofthe invention. For instance, at
least about 10 droplets per second may be determined and/or
sorted in some cases, and in other cases, at least about 20
droplets per second, at least about 30 droplets per second, at
least about 100 droplets per second, at least about 200 drop-
lets per second, at least about 300 droplets per second, at least
about 500 droplets per second, at least about 750 droplets per
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second, at least about 1000 droplets per second, at least about
1500 droplets per second, at least about 2000 droplets per
second, at least about 3000 droplets per second, at least about
5000 droplets per second, at least about 7500 droplets per
second, at least about 10,000 droplets per second, at least
about 15,000 droplets per second, at least about 20,000 drop-
lets per second, at least about 30,000 droplets per second, at
least about 50,000 droplets per second, at least about 75,000
droplets per second, at least about 100,000 droplets per sec-
ond, at least about 150,000 droplets per second, at least about
200,000 droplets per second, at least about 300,000 droplets
per second, at least about 500,000 droplets per second, at least
about 750,000 droplets per second, at least about 1,000,000
droplets per second, at least about 1,500,000 droplets per
second, at least about 2,000,000 or more droplets per second,
or at least about 3,000,000 or more droplets per second may
be determined and/or sorted in such a fashion.

In one set of embodiments, a fluidic droplet may be
directed by creating an electric charge (e.g., as previously
described) on the droplet, and steering the droplet using an
applied electric field, which may be an AC field, a DC field,
etc. As an example, in reference to FIGS. 2-4, an electric field
may be selectively applied and removed (or a different elec-
tric field may be applied, e.g., a reversed electric field as
shown in FIG. 4A) as needed to direct the fluidic droplet to a
particular region. The electric field may be selectively applied
and removed as needed, in some embodiments, without sub-

stantially altering the flow ofthe liquid containing the fluidic
droplet. For example, a liquid may flow on a substantially
steady-state basis (i.e., the average flowrate of the liquid
containing the fluidic droplet deviates by less than 20% or less
than 15% ofthe steady-state flow or the expected value of the
flow of liquid with respect to time, and in some cases, the
average flowrate may deviate less than 10% or less than 5%)
or other predetermined basis through a fluidic system of the
invention (e.g., through a channel or a microchannel), and
fluidic droplets contained within the liquid may be directed to
various regions, e.g., using an electric field, without substan-
tially altering the flow ofthe liquid through the fluidic system.
As a particular example, in FIGS. 2A, 3A and 4A, a liquid
containing fluidic droplets 15 flows from fluid source 10,
through channel 3 0 to intersection 40, and exits through chan-
nels 50 and 55. In FIG. 2A, fluidic droplets 15 are directed
through both channels 50 and 55, while in FIG. 3A, fluidic
droplets 15 are directed to only channel 55 and, in FIG. 4A,
fluidic droplets 15 are directed to only channel 50.

In another set of embodiments, a fluidic droplet may be
sorted or steered by inducing a dipole in the fluidic droplet
(which may be initially charged or uncharged), and sorting or
steering the droplet using an applied electric field. The elec-
tric field may be an AC field, a DC field, etc. For example,
with reference to FIG. 9A, a channel 540, containing fluidic
droplet 530 and liquid 535, divides into channel 542 and 544.
Fluidic droplet 530 may have an electric charge, or it may be
uncharged. Electrode 526 is positioned near channel 542,
while electrode 527 is positioned near channel 544. Electrode
528 is positioned near the junction of channels 540, 542, and
544. In FIGS. 9C and 9D, a dipole is induced in the fluidic
droplet using electrodes 526, 527, and/or 528. In FIG. 9C, a
dipole is induced in droplet 530 by applying an electric field
525 to the droplet using electrodes 527 and 528. Due to the
strength ofthe electric field, the droplet is strongly attracted to
the right, into channel 544. Similarly, in FIG. 9D, a dipole is
induced in droplet 530 by applying an electric field 525 to the
droplet using electrodes 526 and 528, causing the droplet to
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be attracted into channel 542. Thus, by applying the proper
electric field, droplet 530 can be directed to either channel
542 or 544 as desired.

In other embodiments, however, the fluidic droplets may be
screened or sorted within a fluidic system of the invention by
altering the flow of the liquid containing the droplets. For
instance, in one set of embodiments, a fluidic droplet may be
steered or sorted by directing the liquid surrounding the flu-
idic droplet into a first channel, a second channel, etc. As a
non-limiting example, with reference to FIG. 10A, fluidic
droplet 570 is surrounded by a liquid 575 in channel 580.
Channel 580 divides into three channels 581, 582, and 583.
The flow of liquid 575 can be directed into any of channels
581, 582, and 583 as desired, for example, using flow-con-
trolling devices known to those ofordinary skill in the art, for
example, valves, pumps, pistons, etc. Thus, in FIG. 10B,
fluidic droplet 570 is directed into channel 581 by directing
liquid 575 to flow into channel 581 (indicated by arrows 574);
in FIG. 10C, fluidic droplet 570 is directed into channel 582
by directing liquid 575 to flow into channel 582 (indicated by
arrows 574); and in FIG. 10D, fluidic droplet 570 is directed
into channel 583 by directing liquid 575 to flow into channel
583 (indicated by arrows 574).

However, it is preferred that control ofthe flow of liquids in
microfluidic systems is not used to direct the flow of fluidic
droplets therein, but that an alternative method is used.
Advantageously, therefore, the microcapsules are not sorted
by altering the direction of the flow of a carrier fluid in a
microfluidic system.

In another set of embodiments, pressure within a fluidic
system, for example, within different channels or within dif-
ferent portions of a channel, can be controlled to direct the
flow offluidic droplets. For example, a droplet canbe directed
toward a channel junction including multiple options for fur-
ther direction of flow (e.g., directed toward a branch, or fork,
in a channel defining optional downstream flow channels).
Pressure within one or more of the optional downstream flow
channels can be controlled to direct the droplet selectively
into one of the channels, and changes in pressure can be
effected on the order of the time required for successive
droplets to reach the junction, such that the downstream flow
path of each successive droplet can be independently con-
trolled. In one arrangement, the expansion and/or contraction
of liquid reservoirs may be used to steer or sort a fluidic
droplet into a channel, e.g., by causing directed movement of
the liquid containing the fluidic droplet. The liquid reservoirs
may be positioned such that, when activated, the movement of
liquid caused by the activated reservoirs causes the liquid to
flow in a preferred direction, carrying the fluidic droplet in
that preferred direction. For instance, the expansion of a
liquid reservoir may cause a flow of liquid towards the reser-
voir, while the contraction of a liquid reservoir may cause a
flow of liquid away from the reservoir. In some cases, the
expansion and/or contraction of the liquid reservoir may be
combined with other flow-controlling devices and methods,
e.g., as described herein. Non-limiting examples of devices
able to cause the expansion and/or contraction of a liquid
reservoir include pistons and piezoelectric components. In
some cases, piezoelectric components may be particularly
useful due to their relatively rapid response times, e.g., in
response to an electrical signal.

As a non-limiting example, in FIG. 11A, fluidic droplet
600 is surrounded by a liquid 605 in channel 610. Channel
610 divides into channels 611, 612. Positioned in fluidic
communication with channels 611 and 612 are liquid reser-
voirs 617 and 618, which may be expanded and/or contracted,
for instance, by piezoelectric components 615 and 616, by a
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piston (not shown), etc. In FIG. 11B, liquid reservoir 617 has
been expanded, while liquid reservoir 618 has been con-
tracted. The effect of the expansion/contractions of the reser-
voirs is to cause a net flow of liquid towards channel 611, as
indicated by arrows 603. Thus, fluidic droplet 600, upon
reaching the junction between the channels, is directed to
channel 611 by the movement of liquid 605. The reverse
situation is shown in FIG. 11C, where liquid reservoir 617 has
contracted while liquid reservoir 618 has been expanded. A
net flow of liquid occurs towards channel 612 (indicated by
arrows 603), causing fluidic droplet 600 to move into channel
612. It should be noted, however, that reservoirs 617 and 618
do not both need to be activated to direct fluidic droplet 600
into channels 611 or 612. For example, in one embodiment,
fluidic droplet 600 may be directed to channel 611 by the
expansion of liquid reservoir 617 (without any alteration of
reservoir 618), while in another embodiment, fluidic droplet
600 may be directed to channel 611 by the contraction of
liquid reservoir 618 (without any alteration ofreservoir 617).
In some cases, more than two liquid reservoirs may be used.

In some embodiments, the fluidic droplets may be sorted
into more than two channels. Non-limiting examples of
embodiments of the invention having multiple regions within
a fluidic system for the delivery of droplets are shown in
FIGS. 6A and 6B. Other arrangements are shown in FIGS.
10A-10D. In FIG. 6A, charged droplets 315 in channel 330
may be directed as desired to any one of exit channels 350,
352, 354, or 356, by applying electric fields to control the
movement of the droplets at intersections 340, 341, and 342,
using electrodes 321/322, 323/324, and 325/326, respec-
tively. In FIG. 6A, droplets 315 are directed to channel 354
using applied electric fields 300 and 301, using 5 principles
similar to those discussed above. Similarly, in FIG. 6B,
charged droplets 415 in channel 430 can be directed to any
one of exit channels 450, 452, 454, 456, or 458, by applying
electric fields to control the movement of the droplets at
intersections 440, 441, 442, and 443, using electrodes 421/
422, 423/424, 425/426, and 427/428, respectively. In this
figure, droplets 415 are directed to channel 454; ofcourse, the
charged droplets may be directed to any other exit channel as
desired.

In another example, in apparatus 5, as schematically illus-
trated in FIG. 2A, fluidic droplets 15 created by fluid source
10 are positively charged due to an applied electric field
created using electric field generator 20, which comprises two
electrodes 22, 24. Fluidic droplets 15 are directed through
channel 30 by a liquid containing the droplets, and are
directed towards intersection 40. At intersection 40, the flu-
idic droplets do not have a preferred orientation or direction,
and move into exit channels 50 and 55 with equal probability
(in this embodiment, liquid drains through both exit channels
50 and 55 at substantially equal rates). Similarly, fluidic drop-
lets 115 created by fluid source 110 are negatively charged
due to an applied electric field created using electric field
generator 120, which comprises electrodes 122 and 124.
After traveling through channel 13 0 towards intersection 140,
the fluidic droplets do not have a preferred orientation or
direction, and move into exit channels 150 and 155 with equal
probability, as the liquid exits through exit channels 150 and
155 at substantially equal rates. A representative photomicro-
graph of intersection 140 is shown in FIG. 2B.

In the schematic diagram of FIG. 3A, an electric field 100
of 1.4 V/micrometer has been applied to apparatus 5 of FIG.
2A, in a direction towards the right of apparatus 5. Positively-
charged fluidic droplets 15 in channel 30, upon reaching
intersection 40, are directed to the right in channel 55 due to
the applied electric field 100, while the liquid containing the
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droplets continues to exit through exit channels 50 and 55 at
substantially equal rates. Similarly, negatively-charged flu-
idic droplets 115 in channel 130, upon reaching intersection
140, are directed to the left in channel 150 due to the applied
electric field 100, while the liquid fluid continues to exit the
device through exit channels 150 and 155 at substantially
equal rates. Thus, electric field 100 can be used to direct
fluidic droplets into particular channels as desired. A repre-
sentative photomicrograph of intersection 140 is shown in
FIG. 3B.

FIG. 4A is a schematic diagram of apparatus 5 of FIG. 2A,
also with an applied electric field 100 of 1.4 V/micrometer,
but in the opposite direction (i.e., —1 .4 V/micrometer). In this
figure, positively-charged fluidic droplets 15 in channel 30,
upon reaching intersection 40, are directed to the left into
channel 50 due to the applied electric field 100, while nega-
tively-charged fluidic droplets 115 in channel 130, upon
reaching intersection 140, are directed to the right into chan-
nel 155 due to applied electric field 100. The liquid containing
the droplets exits through exit channels 50 and 55, and 150
and 155, at substantially equal rates. A representative photo-
micrograph of intersection 140 is shown in FIG. 4B.

In some embodiments of the invention, a fluidic droplet
may be sorted and/or split into two or more separate droplets,
for example, depending on the particular application. Any of
the above-described techniques may be used to spilt and/or
sort droplets. As a non-limiting example, by applying (or
removing) a first electric field to a device (or a portion
thereof), a fluidic droplet may be directed to a first region or
channel; by applying (or removing) a second electric field to
the device (or a portion thereof), the droplet may be directed
to a second region or channel; by applying a third electric field
to the device (or a portion thereof), the droplet may be
directed to a third region or channel; etc., where the electric
fields may differ in some way, for example, in intensity,
direction, frequency, duration, etc. In a series of droplets,
each droplet may be independently sorted and/or split; for
example, some droplets may be directed to one location or
another, while other droplets may be split into multiple drop-
lets directed to two or more locations.

As one particular example, in FIG. 8A, fluidic droplet 550,
surrounding liquid 555 in channel 560 may be directed to
channel 556, channel 557, orbe split in some fashionbetween
channels 562 and 564. In FIG. 8B, by directing surrounding
liquid 555 towards channel 562, fluidic droplet 550 may be
directed towards the left into channel 562; in FIG. 8C, by
directing surrounding liquid 555 towards channel 564, fluidic
droplet 550 may be directed towards the right into channel
564, In FIG. 8D, an electric field may be applied, in combi-
nation with control of the flow of liquid 555 surrounding
fluidic droplet 550, that causes the droplet to impact junction
561, which may cause the droplet to split into two separate
fluidic droplets 565, 566. Fluidic droplet 565 is directed to
channel 562, while fluidic droplet 566 is directed to channel
566. A high degree ofcontrol ofthe applied electric field may
be achieved to control droplet formation; thus, for example,
after fluidic droplet 565 has been split into droplets 565 and
566, droplets 565 and 566 may be of substantially equal size,
or either of droplets 565 and 566 may be larger, e.g., as is
shown in FIGS. 8E and SF, respectively.

As another, example, in FIG. 9A, channel 540, carrying
fluidic droplet 530 and liquid 535, divides into channel 542
and 544. Fluidic droplet 530 may be electrically charged, or it
may uncharged. Electrode 526 is positioned near channel
542, while electrode 527 is positioned near channel 544.
Electrode 528 is positioned near the junction ofchannels 540,
542, and 544. When fluidic droplet 530 reaches the junction,
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it may be subjected to an electric field, and/or directed to a
channel or other region, for example, by directing the sur-
rounding liquid into the channel.As shown in FIG. 9B, fluidic
droplet 530 may be split into two separate droplets 565 and
566 by applying an electric field 525 to the droplet using
electrodes 526 and 527. In FIG. 9C, a dipole can be induced
in droplet 530 by applying an electric field 525 to the droplet
using electrodes 527 and 528. Due to the strength of the
applied electric field, the droplet may be strongly attracted to
the right, into channel 544. Similarly, in FIG. 9D, a dipole
may be induced in droplet 530 by applying an electric field
525 to the droplet using electrodes 526 and 528, causing the
droplet to be attracted into channel 542. By controlling which
electrodes are used to induce an electric field across droplet
530, and/or the strength of the applied electric field, one or
more fluidic droplets within channel 540 may be sorted and/
or split into two droplets, and each droplet may independently
be sorted and/or split.

Microcapsules can be optically tagged by, for example,
incorporating fluorochromes. In a preferred configuration,
the microcapsules are optically tagged by incorporating
quantum dots: quantum dots of 6 colours at 10 concentrations
would allow the encoding of 106 microcapsules (Han et al.,
2001). Microcapsules flowing in an ordered sequence in a
microfluidic channel can be encoded (wholly or partially) by
their sequence in the stream of microcapsules (positional
encoding).

By means of the invention, enzymes involved in the prepa-
ration of a compound may be optimised by selection for
optimal activity. The procedure involves the preparation of
variants of the polypeptide to be screened, which equate to a
library ofpolypeptides as refereed to herein. The variants may
be prepared in the same manner as the libraries discussed
elsewhere herein.

(B) Selection Procedures
The system can be configured to select for RNA, DNA or

protein gene product molecules with catalytic, regulatory or
binding activity.
(i) Selection for Binding

In the case of selection for a gene product with aflinity for
a specific ligand the genetic element may be linked to the gene
product in the microcapsule via the ligand. Only gene prod-
ucts with aflinity for the ligand will therefore bind to the
genetic element and only those genetic elements with gene
product bound via the ligand will acquire the changed optical
properties which enable them to be retained in the selection
step. In this embodiment, the genetic element will thus com-
prise a nucleic acid encoding the gene product linked to a
ligand for the gene product.

The change in optical properties of the genetic element
after binding ofthe gene product to the ligand may be induced
in a variety of ways, including:

(1) the gene product itself may have distinctive optical
properties, for example, it is fluorescent (e.g. green fluo-
rescent protein, (Lorenz et al., 1991)).

(2) the optical properties ofthe gene product may be modi-
fied on binding to the ligand, for example, the fluores-
cence of the gene product is quenched or enhanced on
binding (Guixe et al., 1998; Qi and Grabowski, 1998)

(3) the optical properties of the ligand may be modified on
binding of the gene product, for example, the fluores-
cence of the ligand is quenched or enhanced on binding
(Voss, 1993; Masui and Kuramitsu, 1998).

(4) the optical properties of both ligand and gene product
are modified on binding, for example, there can be a
fluorescence resonance energy transfer (FRET) from
ligand to gene product (or vice versa) resulting in
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emmission at the “acceptor” emission wavelength
when excitation is at the “donor” absoption wavelength
(Heim & Tsien, 1996; Mahaj an et al., 1998; Miyawaki
et al., 1997).

In this embodiment, it is not necessary for binding of the
gene product to the genetic element via the ligand to directly
induce a change in optical properties. All the gene products to
be selected can contain a putative binding domain, which is to
be selected for, and a common featureia tag. The genetic
element in each microcapsule is physically linked to the
ligand. Ifthe gene product produced from the genetic element
has aflinity for the ligand, it will bind to it and become
physically linked to the same genetic element that encoded it,
resulting in the genetic element being ‘tagged’. At the end of
the reaction, all of the microcapsules are combined, and all
genetic elements and gene products pooled together in one
environment. Genetic elements encoding gene products
exhibiting the desired binding can be selected by adding
reagents which specifically bind to, or react specifically with,
the “tag” and thereby induce a change in the optical properties
of the genetic element allowing there sorting. For example, a
fluorescently-labelled anti-“tag” antibody can be used, or an
anti-“tag” antibody followed by a second fluorescently
labelled antibody which binds the first.

In an alternative embodiment, genetic elements may be
sorted on the basis that the gene product, which binds to the
ligand, merely hides the ligand from, for example, further
binding partners which would otherwise modify the optical
properties of the genetic element. In this case genetic ele-
ments with ummodified optical properties would be selected.

In an alternative embodiment, the invention provides a
method according to the first aspect of the invention, wherein
in step (b) the gene products bind to genetic elements encod-
ing them. The gene products together with the attached
genetic elements are then sorted as a result of binding of a
ligand to gene products having the desired binding activity.
For example, all gene products can contain an invariant region
which binds covalently or non-covalently to the genetic ele-
ment, and a second region which is diversified so as to gen-
erate the desired binding activity.

In an alternative embodiment, the ligand for the gene prod-
uct is itself encoded by the genetic element and binds to the
genetic element. Stated otherwise, the genetic element
encodes two (or indeed more) gene products, at least one of
which binds to the genetic element, and which can potentially
bind each other. Only when the gene products interact in a
microcapsule is the genetic element modified in a way that
ultimately results in a change in a change in its optical prop-
erties that enables it to be sorted. This embodiment, for
example, isused to search gene libraries for pairs of genes
encoding pairs of proteins which bind each other.

Fluorescence may be enhanced by the use of Tyramide
Signal Amplification (TSATM) amplification to make the
genetic elements fluorescent. This involves peroxidase
(linked to another protein) binding to the genetic elements
and catalysing the conversion of fluorescein-tyramine in to a
free radical form which then reacts (locally) with the genetic
elements. Methods for performing TSA are known in the art,
and kits are available commercially from NEN.

TSA may be configured such that it results in a direct
increase in the fluorescence of the genetic element, or such
that a ligand is attached to the genetic element which is bound
by a second fluorescent molecule, or a sequence ofmolecules,
one or raore of which is fluorescent.

(ii) Selection for Catalysis
When selection is for catalysis, the genetic element in each

microcapsule may comprise the substrate of the reaction. If
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the genetic element encodes a gene product capable of acting
as a catalyst, the gene product will catalyse the conversion of
the substrate into the product. Therefore, at the end of the
reaction the genetic element is physically linked to the prod-
uct of the catalysed reaction.

It may also be desirable, in some cases, for the substrate not
to be a component of the genetic element. In this case the
substrate would contain an inactive “tag” that requires a fur-
ther step to activate it such as photoactivation (e.g. of a
“caged” biotin analogue, (Sundberg et al., 1995; Pirrung and
Huang, 1996)). The catalyst to be selected then converts the
substrate to product. The “tag” is then activated and the
“tagged” substrate and/or product bound by a tag-binding
molecule (e.g. avidin or streptavidin) complexed with the
nucleic acid. The ratio of substrate to product attached to the
nucleic acid via the “tag” will therefore reflect the ratio of the
substrate and product in solution.

The optical properties of genetic elements with product
attached and which encode gene products with the desired
catalytic activity can be modified by either:

(1) the product-genetic element complex having character-
istic optical properties not found in the substrate-genetic
element complex, due to, for example;
(a) the substrate and product having different optical

properties (many fluorogenic enzyme substrates are
available commercially (see for example Haugland,
1996) including substrates for glycosidases, phos-
phatases, peptidases and proteases (Craig et al., 1995;
Huang et al., 1992; Brynes et al., 1982; Jones et al.,
1997; Matayoshi et al., 1990; Wang et al., 1990)), or

(b) the substrate and product having similar optical
properties, but only the product, and not the substrate
binds to, or reacts with, the genetic element;

(2) adding reagents which specifically bind to, or react
with, the product and which thereby induce a change in
the optical properties of the genetic elements allowing
their sorting (these reagents can be added before or after
breaking the microcapsules and pooling the genetic ele-
ments). The reagents;
(a) bind specifically to, or react specifically with, the

product, and not the substrate, if both substrate and
product are attached to the genetic element, or

(b) optionally bind both substrate and product ifonly the
product, and not the substrate binds to, or reacts with,
the genetic element.

The pooled genetic elements encoding catalytic molecules
can then be enriched by selecting for the genetic elements
with modified optical properties.

An alternative is to couple the nucleic acid to a product-
specific antibody (or other product-specific molecule). In this
scenario, the substrate (or one of the substrates) is present in
each microcapsule unlinked to the genetic element, but has a
molecular “tag” (for example biotin, DIG or DNP or a fluo-
rescent group). When the catalyst to be selected converts the
substrate to product, the product retains the “tag” and is then
captured in the microcapsule by the product-specific anti-
body. In this way the genetic element only becomes associ-
ated with the “tag” when it encodes or produces an enzyme
capable ofconverting substrate to product. When all reactions
are stopped and the microcapsules are combined, the genetic
elements encoding active enzymes will be “tagged” and may
already have changed optical properties, for example, if the
“tag” was a fluorescent group. Alternatively, a change in
optical properties of“tagged” genes can be induced by adding
a fluorescently labelled ligand which binds the “tag” (for
example fluorescently-labelled avidin/streptavidin, an anti-
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“tag” antibody which is fluorescent, or a nonfluorescent anti-
“tag” antibody which can be detected by a second fluores-
cently-labelled antibody).

Alternatively, selection may be performed indirectly by
coupling a first reaction to subsequent reactions that takes
place in the same microcapsule. There are two general ways
in which this may be performed. In a first embodiment, the
product of the first reaction is reacted with, or bound by, a
molecule which does not react with the substrate of the first

reaction. A second, coupled reaction will only proceed in the
presence ofthe product ofthe first reaction. A genetic element
encoding a gene product with a desired activity can then be
purified by using the properties of the product of the second
reaction to induce a change in the optical properties of the
genetic element as above.

Alternatively, the product of the reaction being selected
may be the substrate or cofactor for a second enzyme-cataly-
sed reaction. The enzyme to catalyse the second reaction can
either be translated in situ in the microcapsules or incorpo-
rated in the reaction mixture prior to microencapsulation.
Only when the first reaction proceeds will the coupled
enzyme generate a product which can be used to induce a
change in the optical properties of the genetic element as
above.

This concept of coupling can be elaborated to incorporate
multiple enzymes, each using as a substrate the product ofthe
previous reaction. This allows for selection of enzymes that
will not react with an immobilised substrate. It can also be

designed to give increased sensitivity by signal amplification
if a product of one reaction is a catalyst or a cofactor for a
second reaction or series of reactions leading to a selectable
product (for example, see Johannsson and Bates, 1988;
Johannsson, 1991). Furthermore an enzyme cascade system
can be based on the production of an activator for an enzyme
or the destruction of an enzyme inhibitor (see Mize et al.,
1989). Coupling also has the advantage that a common selec-
tion system can be used for a whole group of enzymes which
generate the same product and allows for the selection of
complicated chemical transformations that cannot be per-
formed in a single step.

Such a method of coupling thus enables the evolution of
novel “metabolic pathways” in vitro in a stepwise fashion,
selecting and improving first one step and then the next. The
selection strategy is based on the final product ofthe pathway,
so that all earlier steps can be evolved independently or
sequentially without setting up a new selection system for
each step of the reaction.

Expressed in an alternative manner, there is provided a
method of isolating one or more genetic elements encoding a
gene product having a desired catalytic activity, comprising
the steps of:

(1) expressing genetic elements to give their respective
gene products;

(2) allowing the gene products to catalyse conversion of a
substrate to a product, which may or may not be directly
selectable, in accordance with the desired activity;

(3) optionally coupling the first reaction to one or more
subsequent reactions, each reaction being modulated by
the product of the previous reactions, and leading to the
creation of a final, selectable product;

(4) linking the selectable product ofcatalysis to the genetic
elements by either:
a) coupling a substrate to the genetic elements in such a

way that the product remains associated with the
genetic elements, or
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b) reacting or binding the selectable product to the
genetic elements by way ofa suitable molecular “tag”
attached to the substrate which remains on the prod-
uct,

or

c) coupling the selectable product (but not the substrate)
to the genetic elements by means ofa product-specific
reaction or interaction with the product; and

(5) selecting the product of catalysis, together with the
genetic element to which it is bound, either by means of
its characteristic optical properties, or by adding
reagents which specifically bind to, or react specifically
with, the product and which thereby induce a change in
the optical properties of the genetic elements wherein
steps (1) to

(6) each genetic element and respective gene product is
contained within a microcapsule.

(iii) Selecting for Enzyme Substrate Specificity/Selectivity
Genetic elements encoding enzymes with substrate speci-

ficity or selectivity can be specifically enriched by carrying
out a positive selection for reaction with one substrate and a
negative selection for reaction with another substrate. Such
combined positive and negative selection pressure should be
of great importance in isolating regio-selective and stereo-
selective enzymes (for example, enzymes that can distinguish
between two enantiomers of the same substrate). For
example, two substrates (e.g. two different enantiomers) are
each labelled with different tags (e.g. two different fluoro-
phores) such that the tags become attached to the genetic
element by the enzyme-catalysed reaction. If the two tags
confer different optical properties on the genetic element the
substrate specificity of the enzyme can be determined from
the optical properties ofthe genetic element and those genetic
elements encoding gene products with the wrong (or no)
specificity rejected. Tags conferring no change in optical
activity can also be used if tag-specific ligands with different
optical properties are added (e.g. tag-specific antibodies
labelled with different fluorophores).
(iv) Selection for Regulation

A similar system can be used to select for regulatory prop-
erties of enzymes.

In the case of selection for a regulator molecule which acts
as an activator or inhibitor of a biochemical process, the
components of the biochemical process can either be trans-
lated in situ in each microcapsule or can be incorporated in the
reaction mixture prior to microencapsulation. If the genetic
element being selected is to encode an activator, selection can
be performed for the product of the regulated reaction, as
described above in connection with catalysis. Ifan inhibitor is
desired, selection can be for a chemical property specific to
the substrate of the regulated reaction.

There is therefore provided a method of sorting one or
more genetic elements coding for a gene product exhibiting a
desired regulatory activity, comprising the steps of:

(1) expressing genetic elements to give their respective
gene products;

(2) allowing the gene products to activate or inhibit a bio-
chemical reaction, or sequence of coupled reactions, in
accordance with the desired activity, in such a way as to
allow the generation or survival of a selectable mol-
ecule;

(3) linking the selectable molecule to the genetic elements
either by
a) having the selectable molecule, or the substrate from

which it derives, attached to the genetic elements, or
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b) reacting or binding the selectable product to the
genetic elements, by way of a suitable molecular
“tag” attached to the substrate which remains on the
product,or

c) coupling the product of catalysis (but not the sub-
strate) to the genetic elements, by means ofa product-
specific reaction or interaction with the product;

(4) selecting the selectable product, together with the
genetic element to which it is bound, either by means of
its characteristic optical properties, or by adding
reagents which specifically bind to, or react specifically
with, the product and which thereby induce a change in
the optical properties of the genetic elements wherein
steps (1) to (3) each genetic element and respective gene
product is contained within a microcapsule.

(v) Selection for Optical Properties of the Gene Product
It is possible to select for inherent optical properties ofgene

products if, in the microcapsules, the gene product binds back
to the genetic element, for example through a common ele-
ment ofthe gene product which binds to a ligand which is part
of the genetic element. After pooling the genetic elements
they can then be sorted using the optical properties of the
bound gene products. This embodiment can be used, for
example, to select variants of green fluorescent protein (GFP)
(Cormack et al., 1996; Delagrave et al., 1995; Ehrig et al.,
1995), with improved fluorescence and/or novel absoption
and emission spectra.
(vi) Screening Using Cells

In the current drug discovery paradigm, validated recom-
binant targets form the basis of in vitro high-throughput
screening (HTS) assays. Isolated genetic constructs or
polypeptides cannot, however, be regarded as representative
ofcomplex biological systems; hence, cell-based systems can
provide greater confidence in compound activity in an intact
biological system. A wide range ofcell-based assays for drug
leads are known to those skilled in the art. Cells can be

compartmentalised in microcapsules, such as the aqueous
microdroplets of a water-in-oil emulsion (Ghadessy, 2001).
The effect ofa compound(s) on a target can be determined by
compartmentalising a cell (or cells) in a microcapsule
together with a genetic element(s) and using an appropriate
cell-based assay to identify those compartments containing
genetic elements with the desired effect on the cell(s). The use
of water-in-fluorocarbon emulsions may be particularly
advantageous: the high gas dissolving capacity of fluorocar-
bons can support the exchange of respiratory gases and has
been reported to be beneficial to cell culture systems (Lowe,
2002).
(vii) Flow Analysis and Sorting

In a preferred embodiment of the invention the microcap-
sules will be analysed and, optionally, sorted by flow cytom-
etry. Many formats of microcapsule can be analysed and,
optionally, sorted directly using flow cytometry.

In a highly preferred embodiment, microfluidic devices for
flow analysis and, optionally, flow sorting (Fu, 2002) of
microcapsules will be used. Such a sorting device can be
integrated directly on the microfluidic device, and can use
electronic means to sort the microcapsules and/or genetic
elements. Optical detection, also integrated directly on the
microfluidic device, can be used to screen the microcapsules
to trigger the sorting. Other means of control of the micro-
capsules, in addition to charge, can also be incorporated onto
the microfluidic device.

A variety of optical properties can be used for analysis and
to trigger sorting, including light scattering (Kerker, 1983)
and fluorescence polarisation (Rolland et al., 1985). In a
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highly preferred embodiment the difference in optical prop-
erties ofthe microcapsules or microbeads will be a difference
in fluorescence and, if required, the microcapsules or micro-
beads will be sorted using a microfluidic or conventional
fluorescence activated cell sorter (Norman, 1980; Mackenzie 5
and Pinder, 1986), or similar device. Flow cytometry has a
series of advantages:

(1) fluorescence activated cell sorting equipment from
established manufacturers (e.g. Becton-Dickinson,
Coulter, Cytomation) allows the analysis and sorting at
up to 100,000 microcapsules or microbeads per second.

(2) the fluorescence signal from each microcapsule or
microbead corresponds tightly to the number of fluores-
cent molecules present. As little as few hundred fluores-
cent molecules per microcapsules or microbeads can be
quantitatively detected;

(3) the wide dynamic range of the fluorescence detectors
(typically 4 log units) allows easy setting of the strin-
gency of the sorting procedure, thus allowing the recov- 20
ery of the optimal number microcapsules or microbeads
from the starting pool (the gates can be set to separate
microcapsules or microbeads with small differences in
fluorescence or to only separate out microcapsules or
microbeads with large differences in fluorescence, 25
dependant on the selection being performed);

(4) fluorescence-activated cell sorting equipment can per-
form simultaneous excitation and detection at multiple
wavelengths (Shapiro, 1995) allowing positive and
negative selections to be performed simultaneously by 30
monitoring the labelling of the microcapsules or micro-
beads with two to thirteen (or more) fluorescent markers,
for example, if substrates for two alternative targets are
labelled with different fluorescent tags the microcap-
sules or microbeads can labelled with different fluoro- 35

phores dependent on the target regulated.
If the microcapsules or microbeads are optically tagged,

flow cytometry can also be used to identify the genetic ele-
ment or genetic elements in the microcapsule or coated on the
microbeads (see below). Optical tagging can also be used to 40
identify the concentration of reagents in the microcapsule (if
more than one concentration is used in a single experiment) or
the number ofcompound molecules coated on a microbead (if
more than one coating density is used in a single experiment).
Furthermore, optical tagging can be used to identify the target 45
in a microcapsule (if more than one target is used in a single
experiment). This analysis can be performed simultaneously
with measuring activity, after sorting of microcapsules con-
taining microbeads, or after sorting of the microbeads.
(viii) Microcapsule Identification and Sorting 50

The invention provides for the identification and, option-
ally, the sorting of intact microcapsules where this is enabled
by the sorting techniques being employed. Microcapsules
may be identified and, optionally, sorted as such when the
change induced by the desired genetic element either occurs 55
or manifests itself at the surface of the microcapsule or is
detectable from outside the microcapsule. The change may be
caused by the direct action of the gene product, or indirect, in
which a series of reactions, one or more ofwhich involve the
gene product having the desired activity leads to the change. 60
For example, where the microcapsule is a membranous
microcapsule, the microcapsule may be so configured that a
component or components of the biochemical system com-
prising the target are displayed at its surface and thus acces-
sible to reagents which can detect changes in the biochemical 65
system regulated by the gene product within the microcap-
sule.
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In a preferred aspect of the invention, however, microcap-
sule identification and, optionally, sorting relies on a change
in the optical properties of the microcapsule, for example
absorption or emission characteristics thereof, for example
alteration in the optical properties of the microcapsule result-
ing from a reaction leading to changes in absorbance, lumi-
nescence, phosphorescence or fluorescence associated with
the microcapsule. All such preperties are included in the term
“optical”. In such a case, microcapsules can be identified and,
optionally, sorted by luminescence, fluorescence or phospho-
rescence activated sorting. In a highly preferred embodiment,
flow cytometry is employed to analyse and, optionally, sort
microcapsules containing gene products having a desired
activity which result in the production of a fluorescent mol-
ecule in the microcapsule.

The methods of the current invention allow reagents to be
mixed rapidly (in <2 ms), hence a spatially-resolved optical
image of microcapsules in microfluidic network allows time
resolved measurements ofthe reactions in each microcapsule.
Microcapsules can, optionally, be separated using a microf-
luidic flow sorter to allow recovery and further analysis or
manipulation ofthe molecules they contain. Advantageously,
the flow sorter would be an electronic flow sorting device.
Such a sorting device can be integrated directly on the microf-
luidic device, and can use electronic means to sort the micro-
capsules. Optical detection, also integrated directly on the
microfluidic device, can be used to screen the microcapsules
to trigger the sorting. Other means of control of the micro-
capsules, in addition to charge, can also be incorporated onto
the microfluidic device.

In an alternative embodiment, a change in microcapsule
fluorescence, when identified, is used to trigger the modifi-
cation of the microbead within the compartment. In a pre-
ferred aspect of the invention, microcapsule identification
relies on a change in the optical properties of the microcap-
sule resulting from a reaction leading to luminescence, phos-
phorescence or fluorescence within the microcapsule. Modi-
fication of the microbead within the microcapsules would be
triggered by identification ofluminescence, phosphorescence
or fluorescence. For example, identification of luminescence,
phosphorescence or fluorescence can trigger bombardment of
the compartment with photons (or other particles or waves)
which leads to modification of the microbead or molecules

attached to it. A similar procedure has been described previ-
ously for the rapid sorting of cells (Keij et al., 1994). Modi-
fication of the microbead may result, for example, from cou-
pling a molecular “tag”, caged by a photolabile protecting
group to the microbeads: bombardment with photons of an
appropriate wavelength leads to the removal of the cage.
Afterwards, all microcapsules are combined and the micro-
beads pooled together in one environment. Genetic elements
exhibiting the desired activity can be selected by aflinity
purification using a molecule that specifically binds to, or
reacts specifically with, the “tag”.
(ix) Flow Sorting of Genetic Elements

In a preferred embodiment of the invention the genetic
elements will be sorted by flow cytometry. A variety ofoptical
properties can be used to trigger sorting, including light scat-
tering (Kerker, 1983) and fluorescence polarisation (Rolland
et al., 1985). In a highly preferred embodiment the difference
in optical properties of the genetic elements will be a differ-
ence in fluorescence and the genetic elements will be sorted
using a fluorescence activated cell sorter (Norman, 1980;
Mackenzie and Pinder, 1986), or similar device. Such a sort-
ing device can be integrated directly on the microfluidic
device, and can use electronic means to sort the genetic ele-
ments. Optical detection, also integrated directly on the
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microfluidic device, can be used to screen the genetic ele-
ments to trigger the sorting. Other means of control of the
genetic elements, in addition to charge, can also be incorpo-
rated onto the microfluidic device. In an especially preferred
embodiment the genetic element comprises of a nonfluores-
cent nonmagnetic (e.g. polystyrene) or paramagnetic micro-
bead (see Forrnusek and Vetvicka, 1986), optimally 0.6 to 1.0
um diameter, to which are attached both the gene and the
groups involved in generating a fluorescent signal:

(1) commercially available fluorescence activated cell sort-
ing equipment from established manufacturers (e.g.
Becton-Dickinson, Coulter) allows the sorting of up to
108 genetic elements (events) per hour;

(2) the fluorescence signal from each bead corresponds
tightly to the number of fluorescent molecules attached
to the bead. At present as little as few hundred fluores-
cent molecules per particle can be quantitatively
detected;

(3) the wide dynamic range of the fluorescence detectors
(typically 4 log units) allows easy setting of the strin-
geney of the sorting procedure, thus allowing the recov-
ery of the optimal number of genetic elements from the
starting pool (the gates can be set to separate beads with
small differences in fluorescence or to only separate out
beads with large differences in fluorescence, dependant
on the selection being performed;

(4) commercially available fluorescence-activated cell
sorting equipment can perform simultaneous excitation
at up to two different wavelengths and detect fluore-
seence at up to four different wavelengths (Shapiro,
1983) allowing positive and negative selections to be
performed simultaneously by monitoring the labelling
ofthe genetic element with two (or more) different fluo-
rescent markers, for example, if two alternative sub-
strates for an enzyme (e.g. two different enantiomers)
are labelled with different fluorescent tags the genetic
element can labelled with different fluorophores depen-
dent on the substrate used and only genes encoding
enzymes with enantioselectivity selected.

(5) highly uniform derivatised and non-derivatised non-
magnetic and paramagnetic microparticles (beads) are
commercially available from many sources (e.g. Sigma,
and Molecular Probes) (Formusek and Vetvicka, 1986).

(x) Multi-Step Procedure
It will be also be appreciated that according to the present

invention, it is not necessary for all the processes oftranscrip-
tion/replication and/or translation, and selection to proceed in
one single step, with all reactions taking place in one micro-
capsule. The selection procedure may comprise two or more
steps. First, transcription/replication and/or translation of
each genetic element of a genetic element library may take
place in a first microcapsule. Each gene product is then linked
to the genetic element which encoded it (which resides in the
same microcapsule), for example via a gene product-specific
ligand such as an antibody. The microcapsules are then bro-
ken, and the genetic elements attached to their respective gene
products optionally purified. Alternatively, genetic elements
can be attached to their respective gene products using meth-
ods which do not rely on encapsulation. For example phage
display (Smith, G. P., 1985), polysome display (Mattheakkis
et al., 1994), RNA-peptide fusion (Roberts and Szostak,
1997) or lac repressor peptide fusion (Cull, et al., 1992).

In the second step of the procedure, each purified genetic
element attached to its gene product is put into a second
microcapsule containing components of the reaction to be
selected. This reaction is then initiated. After completion of
the reactions, the microcapsules are again broken and the
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modified genetic elements are selected. In the case of com-
plicated multistep reactions in which many individual com-
ponents and reaction steps are involved, one or more inter-
vening steps may be performed between the initial step of
creation and linking of gene product to genetic element, and
the final step of generating the selectable change in the
genetic element.

If necessary, release of the gene product from the genetic
element within a secondary microcapsule can be achieved in
a variety of ways, including by specific competition by a
low-molecular weight product for the binding site or cleavage
of a linker region joining the binding domain of the gene
product from the catalytic domain either enzymatically (us-
ing specific proteases) or autocatalytically (using an integrin
domain).
(xi) Selection by Activation of Reporter Gene Expression in
Situ

The system can be configured such that the desired bind-
ing, catalytic or regulatory activity encoded by a genetic
element leads, directly or indirectly to the activation of
expression of a “reporter gene” that is present in all micro-
capsules. Only gene products with the desired activity acti-
vate expression of the reporter gene. The activity resulting
from reporter gene expression allows the selection of the
genetic element (or of the compartment containing it) by any
of the methods described herein.

For example, activation of the reporter gene may be the
result of a binding activity of the gene product in a manner
analogous to the “two hybrid system” (Fields and Song;
1989). Activation can also result from the product of a reac-
tion catalysed by a desirable gene product. For example, the
reaction product can be a transcriptional inducer of the
reporter gene. For example arabinose may be used to induce
transcription from the araBAD promoter. The activity of the
desirable gene product can also result in the modification of a
transcription factor, resulting in expression of the reporter
gene. For example, if the desired gene product is a kinase or
phosphatase the phosphorylation or dephosphorylation of a
transcription factor may lead to activation of reporter gene
expression.
(xii) Amplification

According to a further aspect of the present invention the
method comprises the further step of amplifying the genetic
elements. Selective amplification may be used as a means to
enrich for genetic elements encoding the desired gene prod-
uct.

In all the above configurations, genetic material comprised
in the genetic elements may be amplified and the process
repeated in iterative steps. Amplification may be by the poly-
merase chain reaction (Saiki et al., 1988) or by using one ofa
variety of other gene amplification techniques including; Qb
replicase amplification (Cahill, Foster and Mahan, 1991;
Chetverin and Spirin, 1995; Katanaev, Kumasov and Spirin,
1995); the ligase chain reaction (LCR) (Landegren et al.,
1988; Barany, 1991); the self-sustained sequence replication
system (Fahy, Kwoh and Gingeras, 1991) and strand dis-
placement amplification (Walker et al., 1992). Advanta-
geously, the amplification procedure can be performed in a
microfluidic device.

(C) Rapid Mixing of Reagents in Microcapsules
Advantageously, after fusion of microcapsules, the

reagents contained in the fused microcapsule can be mixed
rapidly using chaotic advection by passing the droplets
through channels that disrupt the laminar flow lines of the
fluid within the droplets, their contents can be rapidly mixed,
fully initiating any chemical reactions.
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(D) Sensing Microcapsule Characteristics
In certain aspects of the invention, sensors are provided

that can sense and/or determine one or more characteristics of

the fluidic droplets, and/or a characteristic of a portion of the
fluidic system containing the fluidic droplet (e.g., the liquid
surrounding the fluidic droplet) in such a manner as to allow
the determination ofone or more characteristics of the fluidic

droplets. Characteristics determinable with respect to the
droplet and usable in the invention can be identified by those
of ordinary skill in the art. Non-limiting examples of such
characteristics include fluorescence, spectroscopy (e.g., opti-
cal, infrared, ultraviolet, etc.), radioactivity, mass, volume,
density, temperature, viscosity, pH, concentration of a sub-
stance, such as a biological substance (e.g., a protein, a
nucleic acid, etc.), or the like.

In some cases, the sensor may be connected to a processor,
which in turn, causes an operation to be performed on the
fluidic droplet, for example, by sorting the droplet, adding or
removing electric charge from the droplet, fusing the droplet
with another droplet, splitting the droplet, causing mixing to
occur within the droplet, etc., for example, as previously
described. For instance, in response to a sensor measurement
of a fluidic droplet, a processor may cause the fluidic droplet
to be split, merged with a second fluidic droplet, sorted etc.

One or more sensors and/or processors may be positioned
to be in sensing communication with the fluidic droplet.
“Sensing communication,” as used herein, means that the
sensor may be positioned anywhere such that the fluidic drop-
let within the fluidic system (e.g., within a channel), and/or a
portion of the fluidic system containing the fluidic droplet
may be sensed and/or determined in some fashion. For
example, the sensor may be in sensing communication with
the fluidic droplet and/or the portion of the fluidic system
containing the fluidic droplet fluidly, optically or visually,
thermally, pneumatically, electronically, or the like. The sen-
sor can be positioned proximate the fluidic system, for
example, embedded within or integrally connected to a wall
of a channel, or positioned separately from the fluidic system
but with physical, electrical, and/or optical communication
with the fluidic system so as to be able to sense and/or deter-
mine the fluidic droplet and/or a portion of the fluidic system
containing the fluidic droplet (e.g., a channel or a microchan-
nel, a liquid containing the fluidic droplet, etc.). For example,
a sensor may be free of any physical connection with a chan-
nel containing a droplet, but may be positioned so as to detect
electromagnetic radiation arising from the droplet or the flu-
idic system, such as infrared, ultraviolet, or visible light. The
electromagnetic radiation may be produced by the droplet,
and/or may arise from other portions of the fluidic system (or
externally of the fluidic system) and interact with the fluidic
droplet and/or the portion ofthe fluidic system containing the
fluidic droplet in such as a manner as to indicate one or more
characteristics of the fluidic droplet, for example, through
absorption, reflection, diffraction, refraction, fluorescence,
phosphorescence, changes in polarity, phase changes,
changes with respect to time, etc. As an example, a laser may
be directed towards the fluidic droplet and/or the liquid sur-
rounding the fluidic droplet, and the fluorescence of the flu-
idic droplet and/or the surrounding liquid may be determined.
“Sensing communication,” as used herein may also be direct
or indirect. As an example, light from the fluidic droplet may
be directed to a sensor, or directed first through a fiber optic
system, a waveguide, etc., before being directed to a sensor.

Non-limiting examples of sensors useful in the invention
include optical or electromagnetically-based systems. For
example, the sensor may be a fluorescence sensor (e.g., stimu-
lated by a laser), a microscopy system (which may include a
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camera or other recording device), or the like. As another
example, the sensor may be an electronic sensor, e.g., a sensor
able to determine an electric field or other electrical charac-

teristic. For example, the sensor may detect capacitance,
inductance, etc., of a fluidic droplet and/or the portion of the
fluidic system containing the fluidic droplet.

As used herein, a “processor” or a “microprocessor” is any
component or device able to receive a signal from one or more
sensors, store the signal, and/or direct one or more responses
(e.g., as described above), for example, by using a mathemati-
cal formula or an electronic or computational circuit. The
signal may be any suitable signal indicative of the environ-
mental factor determined by the sensor, for example a pneu-
matic signal, an electronic signal, an optical signal, a
mechanical signal, etc.

As a particular non-limiting example, a device ofthe inven-
tion may contain fluidic droplets containing one or more cells.
The desired activity of one or more gene products may result
in the expression (or inhibition of expression) of a ‘marker’
gene, for example a gene for green fluorescent protein (GFP).
The cells may be exposed to a fluorescent signal marker that
binds ifa certain condition is present, for example, the marker
may bind to a first cell type but not a second cell type, the
marker may bind to an expressed protein, the marker may
indicate viability of the cell (i.e., if the cell is alive or dead),
the marker may be indicative of the state of development or
differentiation of the cell, etc., and the cells may be directed
through a fluidic system of the invention based on the pres-
ence/absence, and/or magnitude of the fluorescent signal
marker. For instance, determination of the fluorescent signal
marker may cause the cells to be directed to one region of the
device (e.g., a collection chamber), while the absence of the
fluorescent signal marker may cause the cells to be directed to
another region of the device (e.g., a waste chamber). Thus, in
this example, a population of cells may be screened and/or
sorted on the basis of one or more determinable or targetable
characteristics of the cells, for example, to select live cells,
cells expressing a certain protein, a certain cell type, etc.
(E) Materials

A variety of materials and methods, according to certain
aspects of the invention, can be used to form any of the
above-described components of the microfluidic systems and
devices of the invention. In some cases, the various materials
selected lend themselves to various methods. For example,
various components ofthe invention can be formed from solid
materials, in which the channels can be formed via microma-
chining, film deposition processes such as spin coating and
chemical vapor deposition, laser fabrication, photolitho-
graphic techniques, etching methods including wet chemical
or plasma processes, and the like. See, for example, Scientific
American, 248:44-55, 1983 (Angell, et al). In one embodi-
ment, at least a portion of the fluidic system is formed of
silicon by etching features in a silicon chip. Technologies for
precise and eflicient fabrication ofvarious fluidic systems and
devices of the invention from silicon are known. In another

embodiment, various components of the systems and devices
of the invention can be formed of a polymer, for example, an
elastomeric polymer such as polydimethylsiloxane
(“PDMS”), polytetrafluoroethylene (“PTFE” or Teflon®), or
the like.

Different components can be fabricated of different mate-
rials. For example, a base portion including a bottom wall and
side walls can be fabricated from an opaque material such as
silicon or PDMS, and a top portion can be fabricated from a
transparent or at least partially transparent material, such as
glass or a transparent polymer, for observation and/or control
of the fluidic process. Components can be coated so as to
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expose a desired chemical functionality to fluids that contact
interior channel walls, where the base supporting material
does not have a precise, desired functionality. For example,
components can be fabricated as illustrated, with interior
channel walls coated with another material. Material used to

fabricate various components of the systems and devices of
the invention, e.g., materials used to coat interior walls of
fluid channels, may desirably be selected from among those
materials that will not adversely affect or be affected by fluid
flowing through the fluidic system, e.g., material(s) that is
chemically inert in the presence offluids to be used within the
device.

In one embodiment, various components of the invention
are fabricated from polymeric and/or flexible and/or elasto-
meric materials, and can be conveniently formed of a hard-
enable fluid, facilitating fabrication via molding (e.g. replica
molding, injection molding, cast molding, etc.). The harden-
able fluid can be essentially any fluid that can be induced to
solidify, or that spontaneously solidifies, into a solid capable
of containing and/or transporting fluids contemplated for use
in and with the fluidic network. In one embodiment, the

hardenable fluid comprises a polymeric liquid or a liquid
polymeric precursor (i.e. a “prepolymer”). Suitable poly-
meric liquids can include, for example, thermoplastic poly-
mers, therrnoset polymers, or mixture of such polymers
heated above their melting point. As another example, a suit-
able polymeric liquid may include a solution of one or more
polymers in a suitable solvent, which solution forms a solid
polymeric material upon removal ofthe solvent, for example,
by evaporation. Such polymeric naaterials, which can be
solidified from, for example, a melt state or by solvent evapo-
ration, are well known to those of ordinary skill in the art. A
variety of polymeric materials, many of which are elasto-
meric, are suitable, and are also suitable for forming molds or
mold masters, for embodiments where one or both of the

mold masters is composed of an elastomeric material. A
non-limiting list ofexamples of such polymers includes poly-
mers of the general classes of silicone polymers, epoxy poly-
mers, and acrylate polymers. Epoxy polymers are character-
ized by the presence of a three-membered cyclic ether group
commonly referred to as an epoxy group, 1,2-epoxide, or
oxirane. For example, diglycidyl ethers ofbisphenol A can be
used, in addition to compounds based on aromatic amine,
triazine, and cycloaliphatic backbones. Another example
includes the well-known Novolac polymers. Non-limiting
examples of silicone elastomers suitable for use according to
the invention include those formed from precursors including
the chlorosilanes such as methylchlorosilanes, ethylchlorosi-
lanes, phenylchlorosilanes, etc.

Silicone polymers are preferred in one set ofembodiments,
for example, the silicone elastomer polydimethylsiloxane.
Non-limiting examples of PDMS polymers include those
sold under the trademark Sylgard by Dow Chemical Co.,
Midland, Mich., and particularly Sylgard 182, Sylgard 184,
and Sylgard 186. Silicone polymers including PDMS have
several beneficial properties simplifying fabrication of the
microfluidic structures of the invention. For instance, such
materials are inexpensive, readily available, and can be solidi-
fied from a prepolymeric liquid via curing with heat. For
example, PDMSs are typically curable by exposure of the
prepolymeric liquid to temperatures of about, for example,
about 65° C. to about 75° C. for exposure times of, for
example, about an hour. Also, silicone polymers, such as
PDMS, can be elastomeric and thus may be useful for form-
ing very small features with relatively high aspect ratios,
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necessary in certain embodiments of the invention. Flexible
(e.g., elastomeric) molds or masters can be advantageous in
this regard.

One advantage of forming structures such as microfluidic
structures of the invention from silicone polymers, such as
PDMS, is the ability of such polymers to be oxidized, for
example by exposure to an oxygen-containing plasma such as
an air plasma, so that the oxidized structures contain, at their
surface, chemical groups capable of cross-linking to other
oxidized silicone polymer surfaces or to the oxidized surfaces
of a variety of other polymeric and non-polymeric materials.
Thus, components can be fabricated and then oxidized and
essentially irreversibly sealed to other silicone polymer sur-
faces, or to the surfaces of other substrates reactive with the

oxidized silicone polymer surfaces, without the need for
separate adhesives or other sealing means. In most cases,
sealing can be completed simply by contacting an oxidized
silicone surface to another surface without the need to apply
auxiliary pressure to form the seal. That is, the pre-oxidized
silicone surface acts as a contact adhesive against suitable
mating surfaces. Specifically, in addition to being irreversibly
sealable to itself, oxidized silicone such as oxidized PDMS

can also be sealed irreversibly to a range ofoxidized materials
other than itself including, for example, glass, silicon, silicon
oxide, quartz, silicon nitride, polyethylene, polystyrene,
glassy carbon, and epoxy polymers, which have been oxi-
dized in a similar fashion to the PDMS surface (for example,
via exposure to an oxygen-containing plasma). Oxidation and
sealing methods useful in the context ofthe present invention,
as well as overall molding techniques, are described in the art,
for example, in an article entitled “Rapid Prototyping of
Microfluidic Systems and Polydimethylsiloxane,” Anal.
Chem, 70:474-480, 1998 (Duffy et al.), incorporated herein
by reference.

Another advantage to forming microfluidic structures of
the invention (or interior, fluid contacting surfaces) from oxi-
dized silicone polymers is that these surfaces can be much
more hydrophilic than the surfaces of typical elastomeric
polymers (where a hydrophilic interior surface is desired).
Such hydrophilic channel surfaces can thus be more easily
filled and wetted with aqueous solutions than can structures
comprised of typical, unoxidized elastomeric polymers or
other hydrophobic materials.

In one embodiment, a bottom wall is formed of a material

different from one or more side walls or a top wall, or other
components. For example, the interior surface of a bottom
wall can comprise the surface ofa silicon wafer or microchip,
or other substrate. Other components can, as described above,
be sealed to such alternative substrates. Where it is desired to

seal a component comprising a silicone polymer (e.g. PDMS)
to a substrate (bottom wall) ofdifferent material, the substrate
may be selected from the group of materials to which oxi-
dized silicone polymer is able to irreversibly seal (e.g., glass,
silicon, silicon oxide, quartz, silicon nitride, polyethylene,
polystyrene, epoxy polymers, and glassy carbon surfaces
which have been oxidized). Alternatively, other sealing tech-
niques can be used, as would be apparent to those of ordinary
skill in the art, including, but not limited to, the use of separate
adhesives, thermal bonding, solvent bonding, ultrasonic
welding, etc.

Various aspects and embodiments of the present invention
are illustrated in the following examples. It will be appreci-
ated that modification of detail may be made without depart-
ing from the scope of the invention.
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All documents mentioned in the text are incorporated by
reference.

EXAMPLES

Example 1

Microfluidic Device for Selection of Genes Using In
Vitro Compartmentalisation

A schematic representation of the microfluidic device is
shown in FIG. 15. Microchannels are fabricated with rectan-

gular cross-sections using rapid prototyping in poly(dimeth-
ylsiloxane) (PDMS) (McDonald and Whitesides, 2002) and
rendered hydrophobic as (Song and Ismagilov, 2003).
Syringe pumps were used to drive flows (Harvard Apparatus
PHD 2000 Infusion pumps). For aqueous solutions, 250 ui
Hamilton Gastight syringes (1700 series, TLL) with remove-
able needles of 27-gauge are used with 30-gauge Teflon tub-
ing (WeiCo Wire and Cable). For the carrier fluid, 1 ml Hamil-
ton Gastight syringes (1700 series, TLL) are used with
30-gauge Teflon needles with one hub from Hamilton (Song
and Ismagilov, 2003). The carrier fluid is 9% (v/v)
C6F11C2H4OH in perfluorodecaline (PFD) (Song et al.,
2003). The microfluidic device consists of a series of inter-
connected modules. Each module has a specific function.
These include modules that will produce droplets, fuse drop-
lets, mix droplets, react droplets, detect droplets, and 20 sort
droplets (see FIG. 16). In one example, droplets are made,
consisting of different molecules or different concentrations
of molecules. Droplets are made at rates of up to 104 sec—1,
and are made with a polydispersity of less than 1.5% and with
sizes ranging from 1 um to 100 um. Each droplet is fused with
a second droplet containing a second set of reactants, and is
rapidly mixed to initiate the chemical reaction. This chemical
reaction is allowed to proceed in each droplet by passing it
through a delay channel. Each droplet is then fused with
another droplet containing a second set of reactants, and is
subsequently rapidly mixed to initiate the second set of
chemical reactions. After the second reaction has proceeded
in a delay module, the results of the reaction is determined
using an optical sensor or other form of detection module.
Finally, the desired droplets are sorted into two populations
based on signal form the optical detection module, one popu-
lation is kept for further processing and the other discarded.
These and other modules can be used in this combination, or
in other combinations.

Droplet Generation Module:
We use a flow-focusing geometry to form the drops. A

water stream is infused from one channel through a narrow
constriction; counter propagating oil streams hydrodynami-
cally focus the water stream reducing its size as it passes
through the constriction as shown in FIG. 17A. This droplet
generator can be operated in a flow regime that produces a
steady stream of uniform droplets of water in oil. The size of
the water droplets is controlled by the relative flow rates ofthe
oil and the water; the viscous forces overcome surface tension
to create uniform droplets. If the flow rate of the water is too
high a longer jet of fluid passes through the orifice and breaks
up into droplets further down stream; these droplets are less
uniform in size. If the flow rate of the water is too low, the
droplet breakup in the orifice becomes irregular again, pro-
ducing a wider range of droplet sizes. While this emulsifica-
tion technology is robust, it is limited to producing droplets of
one size at any given flow rate; this droplet size is largely
determined by the channel dimensions. Moreover, the timing
of the droplet production cannot be controlled.
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We overcome these limitations by incorporating electric
fields to create an electrically addressable emulsification sys-
tem. To achieve this, we apply high voltage to the aqueous
stream and charge the oil water interface, as shown schemati-
cally in FIG. 17A. The water stream behaves as a conductor
while the oil is an insulator; electrochemical reactions charge
the fluid interface like a capacitor. At snap-off, charge on the
interface remains on the droplet. In addition, the droplet vol-
ume, Vd, and frequency, f, can be tailored over nearly three
orders ofmagnitude without changing the infusion rate ofthe
oil or water. Droplet size and frequency are not independent;
instead their product is determined by the infusion rate of the
dispersed phase Qd:fVd. The droplet size decreases with
increasing field strength, as shown in FIG. 17, B to E. The
dependence of the droplet size on applied voltage for three
different flow rates is summarized in FIG. 17F. At low applied
voltages the electric field has a negligible effect, and droplet
formation is driven exclusively by the competition between
surface tension and viscous flow. By contrast, at high electric
field strengths, there is a significant additional force on the
growing drop, F:qE, where q is the charge on the droplet.
Since the droplet interface behaves as a capacitor, q is pro-
portional to the applied voltage, V. This leads to a V2 depen-
dence of the force, which accounts for the decrease in droplet
size with increasing applied field shown in FIG. 17F. If the
electric field becomes too large, the charged interface of the
water stream is repelled by the highly charged drops; this
destabilizes the production and increases the variation in
droplet size.

The electronic control afforded by the field-induced drop-
let formation provides an additional valuable benefit: it
allows the phase ofthe droplet break-offto be adjusted within
the production cycle. This is accomplished by increasing the
field above the critical break-off field only at the instant the
droplet is required. This provides a convenient means to pre-
cisely synchronize the production and arrival of individual
droplets at specific locations.

Droplet Coalesces Module:
An essential component in any droplet-based reaction con-

finement system is a droplet coalescing module which com-
bines two or more reagents to initiate a chemical reaction.
This is particularly diflicult to achieve in a microfluidic
device because surface tension, surfactant stabilization, and
drainage forces all hinder droplet coalescence; moreover, the
droplets must cross the stream lines that define their respec-
tive flows and must be perfectly synchronized to arrive at a
precise location for coalescence.

Use of electrostatic charge overcomes these difliculties;
placing charges ofopposite sign on each droplet and applying
an electric field forces them to coalesce. As an example we
show a device consisting oftwo separate nozzles that generate
droplets with different compositions and opposite charges,
sketched in FIG. 18A. The droplets are brought together at the
confluence of the two streams. The electrodes used to charge
the droplets upon formation also provide the electric field to
force the droplets across the stream lines, leading to coalesce.
Slight variations in the structure of the two nozzles result in
slight differences in the frequency and phase of their droplet
generation in the absence ofa field. Thus the droplets differ in
size even though the infusion rates are identical. Moreover,
the droplets do not arrive at the point of confluence at exactly
the same time. As a result the droplets do not coalesce as
shown in FIG. 18B. By contrast, upon application of an elec-
tric field, droplet formation becomes exactly synchronized,
ensuring that pairs of identically sized droplets each reach the
point of confluence simultaneously. Moreover, the droplets
are oppositely charged, forcing them to traverse the stream
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lines and contact each other, thereby causing them to coa-
lesce, as shown in FIG. 18C. The remarkable synchronization
ofthe droplet formation results from coupling ofthe break-off
ofeach ofthe pair ofdroplets as mediated by the electric field;
the magnitude of the electric field varies as the separation
between the leading edges ofthe two droplets changes and the
frequency of droplet break-off is mode-locked to the electric
field. A minimum charge is required to cause droplets to
coalesce, presumably because of the stabilizing effects of the
surfactant coating; this is clear from FIG. 18D which shows
the voltage dependence of the percentage of drops that con-
tact each other that actually coalesce.

Droplet Mixer Module:
Rapid mixing is achieved through either successive itera-

tions of translation and rotation, FIG. 19, or by coalescing
drops along the direction parallel to the flow direction, FIG.
20.

Droplet Reactor/Time Delay Module:
A delay line is used to provide a fixed time for a reaction.

Two non-limiting examples of how this can be achieved are
‘single file’ and ‘large cross-section’ channels. The ‘single
file’ delay line uses length to achieve a fixed reaction time. As
this often results in exceptionally long channels, it is desirable
to place spacer droplets of a third fluid, immicible with both
the carrier oil and the aqueous droplets inbetween aqueous
droplet pairs. There is then an alternation between aqueous
and non-aqueous droplets in a carrier oil. This is shown in
FIG. 21A. A second possibility for achieving a long time
delay is to use wide and deap channel having a ‘large cross-
sectiononal area’ to slow the average velocity of the droplets.
An example of this is shown in FIG. 21B.

Recharging Module:
The use ofoppositely charged droplets and an electric field

to combine and mix reagents is extremely robust, and 100%
of the droplets coalesce with their partner from the opposite
stream. However, after they coalesce the resultant drops carry
no electrostatic charge. While it is convenient to charge drop-
lets during formation, other methods must be employed in
any robust droplet-based micro fluidic system to recharge the
mixed droplets if necessary for further processing. This is
readily accomplished through the use of extensional flow to
split neutral droplets in the presence ofan electric field which
polarizes them, resulting in two oppositely charged daughter
droplets; this is sketched in FIG. 22A. The photomicrograph
in FIG. 22B shows neutral droplets entering a bifurcation and
splitting into charged daughter droplets. The dashed region in
FIG. 22B is enlarged in FIG. 22C to illustrate the asymmetric
stretching of the charged droplets in the electric field. The
vertical dashed lines indicate the edges of the electrodes
where the droplets return to their symmetric spherical shape.
The electric field also allows precision control of the droplet
splitting providing the basis for a robust droplet division
module which allows the splitting of the contents into two or
more aliquots ofidentical reagent, facilitating multiple assays
on the contents of the same microreactor.

Detection Module:

The detection module consists of an optical fiber, one or
more laser, one or more dichroic beam splitter, bandpass
filters, and one or more photo multiplying tube (PMT) as
sketched in FIG. 23.

Sorting Module:
The Contents of individual droplets must be probed, and

selected droplets sorted into discreet streams. The use of
electrostatic charging ofdroplets provides a means for sorting
that can be precisely controlled, can be switched at high
frequencies, and requires no moving parts. Electrostatic
charge on the droplets enables drop-by-drop sorting based on
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the linear coupling of charge to an external electric field. As
an example, a T-junction bifurcation that splits the flow of
carrier fluid equally will also randomly split the droplet popu-
lation equally into the two streams, as shown in FIG. 24A.
However, a small electric field applied at the bifurcation
precisely dictates which channel the drops enter; a schematic
of the electrode configuration is shown in FIG. 24B. Varying
the direction of the field varies the direction of the sorted

droplets as shown in FIGS. 24C and 24D. The large forces
that can be imparted on the droplets and the high switching
frequency make this a fast and robust sorting engine with no
moving parts; thus the processing rate is limited only by the
rate of droplet generation.

Example 2

Enrichment of lacZ Genes from a Pool of Mutant

lacZ Genes Based on B-Galactosidase Activity Inside
Aqueous Droplets in a Microlluidic Device

An example is given how single genes encoding enzymes
with a desired activity can be selected from a pool ofgenes by
making and manipulating aqueous droplets using the microf-
luidic device described in Example 1. It is demonstrated that
lacZ genes encoding for active B-galactosidase enzyme can
be selected from a pool of mutant lacZ genes by:

(1) forming droplets containing (a) a coupled in vitro tran-
scription/translation system and (b) genes; (2) fusing droplets
(a) and (b) to initiate translation with the concentration of
genes such that the majority of combined droplets (c) contain
no more than one gene per droplet; (3) passing the combined
droplets (c) down a microfluidic channel to allow translation;
(4) fusing each droplet (c) with a droplet (d) which contains
an inhibitor of translation (puromycin) and the fluorogenic
substrate, fluorescein digalactoside (FDG); (5) passing the
combined droplets (e) down a microfluidic channel to allow
catalysis and; (6) monitoring the fluorescence of the droplets.
When the gene present in the aqueous droplet encodes for an
active B-galactosidase enzyme, FDG inside the compartment
will be converted into the fluorescent product fluorescein
(excitation 488 nm, emission 514 nm). After a single round of
selection, lacZ genes can be enriched from a mixture ofgenes
by over 100-fold.
DNA Preparation

The lacZ gene encoding for B-galactosidase is amplified
from genomic DNA isolated from strain BL21 ofEscherichia
coli using primers GALBA and GALFO (GALBA: 5'-CA-
GACTGCACCATGGCCATGATTACGGAT—

TCACTGGCCGTCGTTTTAC-S' (SEQ ID NO: 1); GALFO:
5'-ACGATGTCAGGATCCTTATTATTTTTGA-

CACCAGACCAACTG GTAA TGGTAG-3' (SEQ ID NO:
2)) The PCR product is digested with restriction endonue-
leases NcoI and BamHI (New England Biolabs Inc., Beverly,
Mass., USA). Digested DNA is gel purified and ligated into
vector pIVEX2.2b (Roche Biochemicals GmbH, Mannheim,
Germany) that is digested with the same enzymes. The liga-
tion product is transformed into XL-10 gold cells (Strat-
agene). Minicultures are grown from 5 single colonies in 3 ml
LB medium supplemented with 100 ug/ml ampicillin at 37°
C. over night. From these overnight cultures, plasmid DNA
(pDNA) is isolated and sequenced for the presence of the
right insert. Linear DNA constructs are generated by PCR
using pDNA from a sequenced clone (containing the correct
lacZ sequence) as template and primers LMB2-10E (5'-
GATGGCGCCCAACAGTCC-S' (SEQ ID NO: 3)) and
PIVB-4 (5'—TTTGGCCGCCGCCCAGT—3‘ (SEQ ID NO: 4)).
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Full-length mutant lacZ (lachut), which has an internal
frameshift and hence does not encode an active B-galactosi-
dase, is obtained by cutting pIVEX2.2b-LacZ with restriction
enzyme SacI (NEB). Digested DNA is blunted by ineubation
for 15 min at 12° C. with T4 DNA polymerase (2 U) and
dNTPs (500 MM final concentration). The reaction is
quenched by adding EDTA to a final concentration of 10 mM
and. heating to 75° C. for 20 minutes. Blunted DNA is puri-
fied and self-ligated with T4 DNA ligase (1 Weiss unit) in the
presence of 5% PEG 4,000 by incubating for 2 hrs at 22° C.
pDNA is directly transformed into XL-10 Gold cells. Mini-
cultures are grown from 5 single colonies in 3 ml LB medium
supplemented with 100 ug/ml ampicillin at 37° C. over night
and plasmid DNA is isolated. pDNA is digested with SacI and
one of the clones lacking the internal SacI site is used to
generate linear DNA constructs as described above.
In Vitro Transcription and Translation Inside Aqueous Drop-
lets in a Microfluidic System

LacZ and lachut linear DNA constructs are mixed at a

molar ratio of 1:5, 1:100 and 1 : 1000, respectively innuclease-
free water.

A commercial in vitro translation system (EcoProT7,
Novagen/EMD biosciences Ltd, Madison, Wi, USA) is used
according to the manufacturer’s protocol. Using the device
described in Example 1, EcoProT7 extract is compartmenta-
lised into droplets (a) of mean um diameter (520 fl volume).
Droplets (b), of mean 7.4 um diameter (220 fl volume) are
formed containing 0.67 mM L-methionine and 0.25 mM
7-hydroxycoumarin-3-carboxylic acid (Sigma Aldrich) (ex-
citation 386 nm, emission 448 nm), and 0.75 pM DNA (mixes
of LacZ and lachut linear DNA at the ratios described

above) in nuclease-free water. The droplets are formed in a
carrier fluid consisting of perfluorinated oil; the perfluori-
nated oil can either consist of the mixture described in

example 1 or alternatively one of the 3MTM Fluor‘inertTM
liquids. Each droplet (a) is fused with a droplet (b). The
concentration of DNA is such that the majority of combined
droplets (c) contain no more than one gene per droplet (the
mean number of genes per droplet:0.1). According to the
Poisson Distribution, P(a):e"" [ma/a1], where m:0.1fihe
mean number of genes per droplet, and P(a)fihe probability
of finding a genes per droplet, 90.5% of droplets contain no
genes, 9.05% contain 1 gene, and 0.45% contain 2 genes and
0.016% contain more than two genes). The combined drop-
lets (c) are passed down the microfluidic channel held at 30°
C. for 30 minutes to allow in vitro transcription and transla-
tion.

Screening and Selection for B-Galactosidase Activity
After the translation step, a series ofdroplets (d) of 1 1.2 um

diameter (740 fl volume, equal in volume to droplets (c)) and
which contain 4 mM puromycin (to stop translation) and 1
mM FDG (Molecular Probes) in water. Each droplet (c) is
fused with a droplet (d) to stop translation and start the cata-
lytic reaction. The combined droplets (e) are passed down the
microfluidic channel held at 30° C. for 10 minutes to allow

catalysis. The fluorescence of the droplets is monitored. All
droplets contain 7-hydroxycoumarin-3-carboxylic acid
allowing their identification. Monitoring of the fluoroscence
signal from individual droplets is achieved by coupling both
excitation and fluorescent signals to the droplets through an
optical fiber. The continuous wave emission from two diode
lasers (363 nm and 488 nm) is used for excitation dichroic
beam splitters and band pass filters (450120 nm and 530120
nm) are used to isolate the fluorescent emission to detect the
7-hydroxycoumarin-3-carboxylic acid fluorescence and the
fluorescein fluorescence as measured with photomultiplying
tubes. Droplets with the highest fluorescein fluorescence
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(with a sorting gate set such that less than 0.05% of the
population of droplets from a negative control without DNA)
are sorted. For each sort, 10,000 droplets are collected.
DNA Recovery from Sorted Droplets

DNA from the sorted droplets is precipitated by adding 100
pl 0.3 M sodium acetate pH 5.2 and 70 ul isopropanol in the
presence of 20 ug glycogen as carrier (Roche 20 Biochemi-
cals GmbH, Mannheim, Germany). DNA is pelleted by cen-
trifugation at 20,000><g for 15 rain at 4° C. Precipitated DNA
is ished twice with 100 pl 70% ethanol and the DNA pellet is
dried using a Speedvac (Eppendorf). DNA is resuspended
into 10 ul nuclease-free water.
PCR Amplification of— Recovered DNA

PCR reactions are set up at 50 ul total volume, using
Expand Long Template PCR mix with buffer 1 according to
the manufacturer’s protocol (Roche). Primers LMB2-11E
(5'-GCCCGATCTTCCCCATCGG-3' (SEQ ID NO: 5)) and
PIVB-8 (5'-CACACCCGTCCTGTGGA-3' (SEQ ID NO: 6))
are used at a concentration of 300 MM each. Reactions are
incubated for 2 min at 94° C. and subsequently subjected to
10 cycles at 94° C., 15 s; 55° C., 30 s; 68° C., 2 min, another
22 cycles with an increment in elongation time of 10 s/cycle
and a final incubation step for 7 min at 68° C. PCR products
are purified using a Wizard PCR prep kit (Promega).
SacI, Digestion of PCR Products

To be able to distinguish between lacZ DNA and lachut
DNA, purified PCR products are digested with 20 U of SacI
enzyme. SacI cuts the lacZ gene but not lachut. SacI
enzyme is heat-inactivated (15 min at 65° C.) and 5 ul of
digested DNA is loaded onto a 1% agarose gel in TAE. DNA
is electrophoresed at 5V/cm. DNA is visualized by staining
with ethidium bromide and quantified using lmageQuant TL
gel analysis software (Amersham Biosciences).

Genes encoding an active B-galactosidase (lacZ genes) are
significantly enriched from a pool of mutant genes (lachut
genes) encoding an inactive B-galactosidase with all ratios of
lacZ:lachut tested. With an initial gene concentration of
0.1% lacZ genes, the lacZ genes could be enriched over
100-fold in a single round of selection.

Example 3

Mutants with Improved B-Galactosidase Activity can
be Selected from a Random Mutagenesis Library of

Evolved B-Galactosidase (Ebg) Using
Compartmentalisation of Genes in Aqueous Droplets

in a Microfluidic Device

The gene encoding for evolved B-galactosidase (Ebg) is
often used as a model to study the evolution ofnovel enzyme
functions within an organism. The wild type ebgA gene of
Escherichia coli encodes an enzymeiwith feeble B-galac-
tosidase activity, but ebgA has the potential to evolve sufli-
cient activity to replace the lacZ gene for growth on the sugars
lactose and lactulose. Genetic analysis of these mutants has
revealed that only two amino acid replacements account for
the drastic increase in B-galactosidase activity.

Here we show that similar mutants can be obtained in vitro

by creating a random mutagenesis library ofthe ebg gene and
subjecting them to selection for B-galactosidase activity by
making and manipulating aqueous droplets using the microf-
luidic device described in Example 1.
Error Prone Mutagenesis of EbgAC Using Base Analogues

A gene segment encoding for the A domain and the C
domain of evolved B-galactosidase enzyme is amplified from
genomic DNA of E. coli strain BL21 using primers
EbgACFw (5'-CAGACTGCACCGCGGGAT—
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GAATCGCTGGGAAAACATTCAGC-3' (SEQ ID NO: 7))
and EbgACBw (5'-GCGAGGAGCTCTTATTGTTATG-
GAAATAACCATCTTCG-3' (SEQ ID NO: 8)). The PCR
product is cloned into vector pIVEX2.2b using restriction
endonucleases SacIi and SacI (NEB). DNA is transfected into
XLIO-gold cells and single colonies are screened for the
presence of the EbgAC gene construct with the right nucle-
otide sequence. pDNA from a single clone with the right
EbgAC gene sequence is used as template to generate a ran-
dom mutagenesis library using nucleoside analogues essen-
tially as described by Zaccolo et al. (J Mol Biol 255(4):
589-603, 1996). A mixture of the 5'-triphosphates of 6-(2-
deoxy-b-D-ribofuranosyl)-3,4-dihydro-8H-pyrimido-[4,5-
C] [1 ,2]oxazin-7-one (dPTP) and of 8-oxo-2' deoxyguanosine
(8-oxodG) is prepared in PCR grade water at 2 mM and 10
mM concentrations, respectively. This base analogue mix is
diluted 167>< and 333>< in expand long template PCR buffer 1
(Roche); containing MgCl2 (2 mM), dNTPs (500 MM),
expand long template PCR polymerase enzyme mix (Roche),
primer LMB2-9E (5'-GCATTTATCAGGGTTATTGTC-3
(SEQ ID NO: 9); 500 nM') and triple biotinylated primer
PIVB-l (5'-3Bi-GCGTTGATGCAATTTCT—3' (SEQ ID NO:
10); 500 nM) in a total reaction volume of 50 ul. Five nano-
grams of pIVEX2.2b-EbgAC DNA is added and samples are
subjected to 1 cycle of 2 minutes at 94° C., followed by 3
cycles at 94° C., 1 min; at 50° C., 1 min; at 68° C., 4 min),
followed by a final extension of 7 min at 68° C. Ten micro-
grams of molecular biology-grade glycogen is added to the
DNA prior to purification using a Qiaquick PCR purification
kit. After purification DNA is recovered in 50 ul PCR-grade
water. Ten micrograms of Streptavidin—coated magnetic
beads (Dynabeads M-280 streptavidin, Dynal Biotech, Oslo,
Norway) are rinsed in 2x binding buffer provided with the
beads, resuspended into 50 ul 2>< binding buffer and added to
the purified DNA. Beads and DNA are incubated for 2.5 hrs at
room temperature in a rotating device. Beads are collected
with a magnet and rinsed twice with ish buffer that is provided
with the beads and twice with PCR-grade water. Finally,
beads are resuspended into 25 ul water. 5 ml of bead-bound
DNA is used as template in a second PCR reaction (25 cycles
of 15 s at 94° C., 30 s at 55° C. and 2 min at 68° C.). PCR
product is purified using a Qiaquick PCR purification kit and
recovered in 50 ul of PCR-grade water.
Iterative Rounds of In Vitro Selection Using a Microfluidic
System

The generated random mutagenesis library of ebgAC is
subjected to 2 successive rounds of selection. Each selection
round consisted of 7 separate steps: (1) forming droplets
containing (a) a coupled in vitro transcription/translation sys-
tem and (b) genes; (2) fusing droplets (a) and (b) to initiate
translation with the concentration of genes such that the
majority of combined droplets (c) contain no more than one
gene per droplet; (3) passing the combined droplets (c) down
a microfluidic channel to allow translation; (4) fusing each
droplet (c) with a droplet (d) which contains an inhibitor of
translation (puromycin) and the fluorogenic substrate, fluo-
rescein digalactoside (FDG); (5) passing the combined drop-
lets (e) down a microfluidic channel to allow catalysis; (6)
monitoring the fluorescence of the droplets. When the gene
present in the aqueous droplet encodes for an active B-galac-
tosidase enzyme, FDG inside the compartment will be con-
verted into the fluorescent product fluorescein (excitation 488
nm, emission 514 nm) and; (7) recovery and amplification of
genes from the selected double emulsion droplets. The entire
procedure is described in detail above (Example 2). Sets of
nested primers are used for subsequent selection rounds
(Table 1).
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TABLE 1 

list of primers used to amplify recovered DNA
from successive rounds of selection

Selection
round Forward primer Backward primer

0 LMB2—9E PIVB—l
5 ‘ —GCATTTATCAGGG 5 ‘ —GCGTTGATGCAA
TTATTGTC—3‘ TTTCT—3‘
(SEQ ID NO: 11) (SEQ ID NO: 12)

l LMBZ—lOE PIVB—4
5‘ —GATGGCGCCCAAC 5‘ —TTTGGCCGCCGC
AGTCC—3‘ CCAGT—3‘
(SEQ ID NO: 13) (SEQ ID NO: 14)

2 LMBZ—ll PIVB—ll
5‘ —ATGCGTCCGGCGT 5‘ —AGCAGCCAACTC
AGAGG—3‘ AGCTTCC—3‘
(SEQ ID NO: 15) (SEQ ID NO: 16)

After each selection round, the number ofpositive droplets
within the Ebg library increased by at least 10-fold.
Characterisation of the B-Galactosidase Activity of Single
Members of the Ebg Library

After the 2"”! selection round, DNA is recovered from the
double emulsions by standard isopropanol precipitation and
PCR amplified using primers LMB2-11 and PIVB-l 1.
Amplified DNA is digested with restriction endonucleases
SacI and SacII and cloned into pIVEX2.2b that is digested
with the same enzymes. The ligation product is transformed
into ElectroBlue electrocompetent cells (Strategene) by elec-
troporation (at 17 kV/cm, 6009, 25 HF) and plated onto LB
agarplates with ampicillin. Ebg gene constructs are amplified
from single colonies by colony PCR using primers LMB2-
10E and PIVB-4. One microliter of PCR product is added fo
14 ul of WT mix (Novagen’s EcoProT7 extract, supple-
mented with 200 MM L-methionine) and incubated for 90 min
at 30° C. Forty microliters substrate solution (250 MM FDG,
10 mM MgC12, 50 mM NaCl, 1 mM DTT and 100 ug/ml BSA
in 10 mM Tris-HCl, pH 7.9) is added and the conversion of
FDG into fluorescein is monitored every 45 s for 90 min at 37°
C.

The screened clones show a broad variety of B-galactosi-
dase activities. ~50% ofcolonies have B-galactosidase activi-
ties that are comparable to or lower than wild type Ebg.
~12.5% of clones show B-galactosidase activity that is com-
parable to the Class I and Class II mutants (single point
mutations) described by Hall et al. (FEMS Microbiol Len
174(1): 1-8, 1999; Genetica 118(2-3): 143-56, 2003). In con-
clusion, the system described here can be used for the selec-
tion of ebg variants with improved B-galactosidase activity
from a large gene library.
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SEQUENCE LISTING

<l60> NUMBER OF SEQ ID NOS: l6

<210> SEQ ID NO 1
<2ll> LENGTH: 48
<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: l

cagactgcac catggccatg attacggatt cactggccgt cgttttac

<210> SEQ ID NO 2
<2ll> LENGTH: 52
<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 2

68
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All publications mentioned in the above specification, and
references cited in said publications, are herein incorporated,
by reference. Various modifications and variations of the
described methods and system ofthe invention will be appar-
ent to those skilled in the art without departing from the scope
and spirit of the invention. Although the invention has been
described in connection with specific preferred embodi-
ments, it should be understood that the invention as claimed
should not be-unduly limited to such specific embodiments.
Indeed, various modifications of the described modes for
carrying out the invention which are obvious to those skilled
in molecular biology or related fields are intended to be within
the scope of the following claim.

48

acgatgtcag gatccttatt atttttgaca ccagaccaac tggtaatggt ag 52

<210> SEQ ID NO 3
<2ll> LENGTH: 18
<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 3

gatggcgccc aacagtcc

<210> SEQ ID NO 4
<2ll> LENGTH: 17
<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 4

tttggccgcc gcccagt

<210> SEQ ID NO 5
<2ll> LENGTH: 19
<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

l8

l7
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—cont inued

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 5

gcccgatctt ccccatcgg 19

<210> SEQ ID NO 6
<211> LENGTH: 17
<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 6

cacacccgtc ctgtgga 17

<210> SEQ ID NO 7
<211> LENGTH: 41
<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 7

cagactgcac cgcgggatga atcgctggga kaacattcag c 41

<210> SEQ ID NO 8
<211> LENGTH: 39
<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 8

gcgaggagct cttatttgtt atggaaataa ccatcttcg 39

<210> SEQ ID NO 9
<211> LENGTH: 21
<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 9

gcatttatca gggttattgt c 21

<210> SEQ ID NO 10
<211> LENGTH: 17
<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 10

gcgttgatgc aatttct 17

<210> SEQ ID NO 11
<211> LENGTH: 21
<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer
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—cont inued

<400> SEQUENCE: 11

gcatttatca gggttattgt c 21

<210> SEQ ID NO 12
<211> LENGTH: 17
<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 12

gcgttgatgc aatttct 17

<210> SEQ ID NO 13
<211> LENGTH: 18
<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 13

gatggcgccc aacagtcc 18

<210> SEQ ID NO 14
<211> LENGTH: 17
<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 14

tttggccgcc gcccagt 17

<210> SEQ ID NO 15
<211> LENGTH: 18
<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 15

atgcgtccgg cgtagagg 18

<210> SEQ ID NO 16
<211> LENGTH: 19
<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: Synthetic primer

<400> SEQUENCE: 16

agcagccaac tcagcttcc 19

The invention claimed is: pooling the microcapsules into one or more common com-
partments such that a portion of the plurality of micro-
capsules contact each other but do not fuse with each

60 other due to the presence of the surfactant;

1. A method for detecting a product of an enzymatic reac-
tion, comprising the steps of:

providing a droplet generator to produce, under microflu-
idic control, a plurality of aqueous microcapsules sur-
rounded by an immiscible continuous phase that com-
prises a fluorinated oil that comprises a fluorinated
polymer surfactant, each of the plurality of microcap- 65
sules comprising an enzyme, a genetic element, and 2. The method ofclaim 1, wherein the genetic elements are
reagents for the enzymatic reaction; nucleic acids, proteins, or cells.

conducting the enzymatic reaction on the genetic element
of at least one of the plurality of microcapsules within
the one or more common compartments; and

detecting the product of the enzymatic reaction.
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3. The method of claim 2, wherein the nucleic acids are
primers for a polymerase chain reaction (PCR).

4. The method of claim 1, wherein the genetic elements are
labeled.

5. The method of claim 4, wherein the genetic elements are 5
optically labeled.

6. The method of claim 4, wherein the genetic elements are
fluorescently labeled antibodies.

7. The method of claim 4, wherein the genetic elements are
chemically labeled antibodies. 10

8. The method of claim 1, wherein the microcapsules are
monodisperse with respect to each other.

9. The method of claim 1, wherein the droplet generator
further comprises an aqueous fluid channel and two immis-
cible continuous phase channels and producing the plurality 15
of microcapsules surrounded by the immiscible continuous
phase under the microfluidic control comprises partitioning
an aqueous fluid that is flowing through the aqueous fluid
channel with two counter propagating streams of the immis-
cible continuous phase that are flowing through the immis- 20
cible continuous phase channels.

* * * * *
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The Chromium System, powered by 
GemCode Technology, provides a
precisely engineered reagent delivery 
method that enables thousands of
micro-reactions in parallel.

Figure 1 A GEM is a “Gel bead in EMulsion” droplet 
that encapsulates each micro-reaction within the 
Chromium System. Here we show a Single Cell 
GEM with a single T cell, reagents, and barcoded 
gel bead all partitioned within a single droplet.

The Power 
of Partitioning

Massive Partitioning 
and Barcoding
Encapsulate your sample into hundreds to tens of thousands of uniquely 
addressable partitions in minutes, each containing an identifying barcode 
for downstream analysis.

Each Gel Bead, infused with millions of unique oligonucleotide sequences, 
is mixed with a sample, which can be high molecular weight (HMW) DNA, 
individual cells, cells labeled using Feature Barcoding technology, nuclei, 
nuclei treated with transposase, or Cell Beads (see page 6). Gel Beads 
and samples are then added to an oil-surfactant solution to create Gel 
Beads in EMulsion (GEMs), which act as individual reaction vesicles in 
which the Gel Beads are dissolved and the sample is barcoded (Figure 1). 
Barcoded products are pooled for downstream reactions to create short-
read sequencer compatible libraries. After sequencing, the resulting 
barcoded short read sequences are fed into turnkey analysis pipelines 
that use the identifying barcodes to map reads back to their original 
HMW DNA, single cell, or single nucleus of origin.

Single Cell GEMs

Partitioning
Oil

Functionalized
Gel Bead

Single
T cell

RT Reagents
in Solution
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Single Cell 3’ 
v3 Gel Bead

 

Gel Bead
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BC

UMI

UMI
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10x
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10x
BC

Poly(dT)VN
TruSeq Read 1

Capture Seq 1

Nextera Read 1
(Read 1N)

Capture Seq 2

Nextera Read 1
(Read 1N)

Collect

10x Barcoded
cDNA

RT

Pool
Remove Oil

Oil 

Single Cell
GEMs

10x Barcoded
cDNA

10x Barcoded
Gel Beads

Cells
Enzyme

The Chromium System also enables single cell transcriptional profiling of 
up to tens of thousands of single cells. Single cell suspensions loaded onto 
the system are partitioned into GEMs, where transcripts are tagged with 
cell specific barcodes. The barcoded cDNA is then pooled for downstream 
processing and library preparation (Figure 3).

Our precise and efficient microfluidics allow 100-80,000+ cells to be 
recovered in droplets in each efficient run with a low doublet rate, 
facilitating the profiling of precious and rare cell populations. After 
sequencing, downstream bioinformatics tools use the cellular barcodes 
to group transcripts that originated from the same cell, revealing the 
transcriptome. Feature Barcoding technology uses specific oligonucleotide 
sequences to identify cell surface proteins or CRISPR perturbations 
associated with each individual cell for more robust cellular phenotyping 
and characterization.

Figure 3 The Chromium partitioning workflow 
for single cell transcriptome analysis.

Single Cell 
Partitioning for 
Transcriptome 
Analysis
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10x Barcoded
Gel Beads

Collect

RT

Pool
Remove Oil

Oil 

10x Barcoded cDNA and
Feature Barcode DNA

10x Barcoded cDNA and
Feature Barcode DNA

Single Cells in GEMs

Cells
Enzyme

 

10x Barcode

UMI
R1

Switch Oligo

Immune profiling of up to tens of thousands of T and B cells on a 
cell-by-cell basis can also be performed with the Chromium System. 
Single cell suspensions, including flow sorted cells, or cells labeled 
with antibodies or peptide-MHC multimers using Feature Barcoding 
technology, are loaded into the system and partitioned into GEMs. 
Transcripts are generated and tagged with cell-specific barcodes 
and the cDNA is then pooled for downstream processing and library 
preparation (Figure 4). For immune repertoire profiling, the cDNA 
undergoes targeted enrichment for T or B cell receptor transcripts 
prior to library preparation.

Our precise and efficient microfluidics allow 100-80,000+ cells to 
be recovered in droplets rapidly, with a low doublet rate, facilitating 
the profiling of precious and rare cell populations. After sequencing, 
downstream bioinformatics tools use the cellular barcodes to 
group transcripts that originated from the same cell, revealing the 
transcriptome and the full-length paired T or B cell receptor sequences 
of each individual cell. The Feature Barcode sequence is also used 
to identify the specific antigen or cell surface protein associated with 
each individual cell, allowing for a more accurate characterization of 
innate and adaptive immunity.

Figure 4 The Chromium partitioning workflow 
for single cell immunology applications.

Single Cell 
Partitioning for 
Immunology 
Applications
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10x Barcoded
Gel Beads

R1N

 

10x Barcode

P5

10x Barcoded Accessible
DNA Fragments

10x Barcoded Accessible
DNA Fragments

Single Nucleus
GEMs

Transposition of 
Nuclei in bulk

Linear
Amplification

Pool
Remove Oil

Collect

Oil 

Single Nuclei 
Partitioning 
for Epigenome 
Analysis
The Chromium System enables the analysis of chromatin accessibility 
at single cell resolution. In the Chromium Single Cell ATAC (Assay 
for Transposase Accessible Chromatin) workflow, single nuclei are 
first treated in bulk with transposase enzyme to preferentially insert 
sequencing adaptors into accessible DNA regions. Transposed nuclei 
are then partitioned into GEMs in the Chromium Controller. All accessible 
DNA fragments from the same nucleus share a common 10x barcode. 
The barcoded, accessible DNA fragments are subsequently pooled for 
downstream processing and library preparation (Figure 5). 

The precise and efficient microfluidics allow 500-80,000+ nuclei to be 
recovered in droplets in each run with a low doublet rate, facilitating the 
open chromatin profiling of heterogeneous sample types and detecting 
rare cell populations. The barcoded library fragments can then be easily 
traced back to the open chromatin landscape for each nucleus from 
which they originated using intuitive bioinformatic tools.

Figure 5 The Chromium partitioning workflow 
for single cell epigenomic profiling.
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Using the 10x technology, DNA from single cells is prepared in a two-
step partitioning process. In the Chromium Single Cell DNA1 workflow, 
single cells are first encapsulated in hydrogel Cell Beads (CBs), allowing 
the cells to be subjected to protein digestion and denaturation, while still 
retaining intact DNA in the hydrogel matrix (Figure 2). After the cells 
have been lysed, CBs containing DNA are partitioned with 10x barcoded 
Gel Beads (GBs), to generate Cell Bead Gel Bead (CBGB) GEMs (Figure 
2). DNA from single cells is barcoded within the CBGB partitions and the 
barcoded fragments are then pooled for library production. The barcoded 
library fragments can be easily traced back to the cells from which they 
originated using downstream bioinformatics tools.

Figure 2 The Chromium partitioning workflow 
for single cell genome analysis.

Single Cell 
Partitioning for 
Genome Analysis

1  Available for use only with the indicated 
Chromium Controller (PN-120223;120246) 
or Chromium Single Cell Controller 
(PN-120263;120212).
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For whole genome2 or exome2 analyses, the Chromium Controller 
allows researchers to create sequencing-ready libraries with >1,000,000 
unique barcodes from ~1 ng of HMW genomic DNA (Figure 6). Massive 
partitioning of the genome provides haplotype level dilution and enables 
the barcoding of long input DNA molecules, which are then sequenced 
in bulk to produce a unique data-type known as Linked-Reads. The long 
range information encoded in barcoded Linked-Reads is leveraged by 
innovative bioinformatics pipelines to assemble sequences over long 
genomic distances, including across repetitive regions. The precise 
assembly of Linked-Reads leverages heterozygous loci to resolve 
individual haplotypes, enabling diploid de novo assembly and phased 
calling of the full spectrum of human genetic variations, including 
SNPs, small indels, and complex structural variants.

Figure 6 The Chromium DNA partitioning 
workflow for genome sequencing.

2  Available for use only with the indicated 
Chromium Controller (PN 120223 or 120246).
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We are dedicated to helping you get the 
most out of your 10x Genomics system 
by offering multiple helpful resources: 

Join the 10x Community. Get exclusive access to user 
forums, blogs, tips and tricks and more. Then, give us 
your feedback to help make this your community.

• Share your experience
• Read our blog
• Give feedback
• Interact with us

Join our Community at: community.10xgenomics.com

For more locations in US, EU and Asia visit: 
10xgenomics.com/company/#locations

For 10x Genomics legal notices visit:
10xgenomics.com/legal-notices

Contact Us

10x Genomics
6230 Stoneridge Mall Road
Pleasanton, CA 94588-3260

+1 925 401 7300
+1 800 709 1208
info@10xgenomics.com

Solutions and Products 10x Compatible Products

10xgenomics.com

10x University
Along with our suite of complete 
solutions, we offer an ever-growing 
catalogue of services to help you find 
the answers to your research questions.

Access our list of key partner products 
that have been certified compatible to 
work with our various solutions.

Immerse yourself in 10x University, a 
comprehensive step-by-step learning 
and training environment containing 
video tutorials and trainings.

Blog 10x Library Support

Keep up to date with the 10x Genomics 
Blog, where you’ll find everything from 
tips and tricks to the latest 10x news.

Easy access to our complete library of 
product literature, customer publications, 
application notes, protocols, and many 
other useful resources.

Visit the support site for documentation, 
software, and datasets that will help 
you get the most out of your 10x 
Genomics products.

Linking Data, Developers 
and Discovery
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THE NEXT GEM TECHNOLOGY

An integrated solution 
for RNA and DNA analysis

Our proprietary Next GEM technology fuels our Chromium System with an innovative reagent
delivery system, set of algorithms and turnkey software analysis tools that enable the
discovery of previously inaccessible genetic information at massive rate and scale.

The Next GEM technology is built on a new chip architecture that integrates seamlessly into
existing solutions. This technology will enable future solutions and product improvements.
The Next GEM technology combines new chips and reagents, and is currently offered for the
following solutions:

TECHNOLOGY

The Chromium System is powered by Next GEM Technology

(https://www.10xgenomics.com)
Products

Research

Areas
Resources Support

(http://suppo

This website uses cookies. By continuing, you acknowledge and agree to the 10x Genomics

website terms of use (https://www.10xgenomics.com/terms-of-use/) and privacy policy.

(https://www.10xgenomics.com/privacy-policy/) Yes  No
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Download Chromium Technology Brochure

Chromium Single Cell Gene Expression Solution – See Details
(https://support.10xgenomics.com/single-cell-gene-expression/index/doc/getting-
started-next-gem-technology-for-single-cell-gene-expression)
Chromium Single Cell Immune Profiling Solution – See Details
(https://support.10xgenomics.com/single-cell-vdj/index/doc/getting-started-next-
gem-technology-for-single-cell-immune-profiling)
Chromium Single Cell ATAC Solution – See Details
(https://support.10xgenomics.com/single-cell-atac/index/doc/getting-started-next-
gem-technology-for-single-cell-atac)

A simple workflow combines large partition numbers with a massively diverse barcode
library to generate >100,000 barcode containing partitions in a matter of minutes.

REAGENT DELIVERY SYSTEM

The Next GEM technology creates a unique reagent delivery
system that partitions cells or nuclei and prepares
sequencing libraries in parallel such that all fragments
produced within a partition share a common barcode.

SOLID PHASE REAGENT DELIVERY

(https://www.10xgenomics.com)
Products

Research

Areas
Resources Support

(http://suppo

This website uses cookies. By continuing, you acknowledge and agree to the 10x Genomics

website terms of use (https://www.10xgenomics.com/terms-of-use/) and privacy policy.

(https://www.10xgenomics.com/privacy-policy/) Yes  No
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FLUID PARTITIONING

LIQUID PHASE BIOCHEMISTRY
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Our Next GEM technology is a transformative technology that fits easily into existing lab
infrastructure.

Cell or Nuclei Suspension

Barcoding & Library Construction

LAB INTEGRATION

Seamless Integration into Existing Lab Workflows

Library Construction
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Sequence Libraries

Cell Ranger Pipelines

Alignment

Report

Report & Visualization

Sequencer

Data Analysis

Data Visualization
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Order your 10x system, today.

Request Pricing

ABOUT

Products (/solutions/)
Platform (/technology/)
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Careers (/careers/)
Support (https://support.10xgenomics.com/)
Community (https://community.10xgenomics.com/)
Contact Us (/contact/)
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Email Preferences (/preferences/)
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RESOURCES

Publications (/resources/publications/)
Applications (/resources/application-notes/)
Videos (/videos/)
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+1 925 401 7300
++1 925 635 4169
info@10xgenomics.com
(mailto:info@10xgenomics.com)

SOCIAL
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box.  ☐
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Indicate by check mark whether the registrant is a large accelerated filer, an accelerated filer, a non-accelerated filer, a smaller reporting company or an emerging growth company. See
the definitions of “large accelerated filer”, “accelerated filer”, “smaller reporting company” and “emerging growth company” in Rule 12b-2 of the Exchange Act.
 

Large accelerated filer  ☐   Accelerated filer  ☐

Non-accelerated filer  ☒   Smaller reporting company  ☐

   Emerging growth company  ☒

If an emerging growth company, indicate by check mark if the registrant has elected not to use the extended transition period for complying with any new or revised financial accounting
standards provided pursuant to Section 7(a)(2)(B) of the Securities Act.  ☐
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Registration Fee
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(1)  Includes the aggregate offering price of additional shares that the underwriters have the option to purchase.
(2)  Estimated solely for the purpose of computing the amount of the registration fee pursuant to Rule 457(o) under the Securities Act of 1933.
The registrant hereby amends this registration statement on such date or dates as may be necessary to delay its effective date until the registrant shall file a further
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The information in this preliminary prospectus is not complete and may be changed. We may not sell these securities until the
registration statement filed with the Securities and Exchange Commission is effective. This preliminary prospectus is not an offer
to sell these securities and it is not soliciting an offer to buy these securities in any jurisdiction where the offer or sale is not
permitted.
 
Subject to Completion, dated August 19, 2019
Preliminary prospectus

                    shares
 

Class A common stock
This is an initial public offering of shares of Class A common stock by 10x Genomics, Inc. We are offering                 shares of our Class A
common stock to be sold in the offering. The initial public offering price is expected to be between $            and $            per share.

We have two classes of common stock, Class A common stock and Class B common stock. The rights of the holders of Class A common
stock and Class B common stock are different with respect to voting, conversion and transfer rights. Each share of Class A common stock is
entitled to one vote per share. Each share of Class B common stock is entitled to ten votes per share and is convertible at any time into one
share of Class A common stock. Following this offering, outstanding shares of Class B common stock will represent approximately         % of
the voting power of our outstanding capital stock. This means that, for the foreseeable future, investors in this offering and holders of our
Class A common stock in the future will not have a meaningful voice in our corporate affairs.

Prior to this offering, there has been no public market for our Class A common stock. We have applied to list our Class A common stock on
the Nasdaq Global Select Market under the symbol “TXG”.

We are an “emerging growth company” as defined under the federal securities laws and, as such, have elected to comply with certain
reduced public company reporting requirements.
 
   

      Per share     Total  

Initial public offering price     $                   $              

Underwriting discounts and commissions(1)     $       $   

Proceeds to 10x Genomics, Inc., before expenses     $       $   
 

(1)  See the section titled “Underwriting” for a description of the compensation payable to the underwriters.

We have granted the underwriters an option for a period of 30 days to purchase up to                additional shares of Class A common stock at
the initial public offering price less the underwriting discounts and commissions.

Investing in our Class A common stock involves a high degree of risk. See the section titled “Risk factors” beginning on page 15.
Neither the Securities and Exchange Commission nor any other state securities commission has approved or disapproved of these
securities or passed on the adequacy or accuracy of this prospectus. Any representation to the contrary is a criminal offense.
The underwriters expect to deliver the shares to purchasers on or about                , 2019.
 

J.P. Morgan  Goldman Sachs & Co. LLC  BofA Merrill Lynch

 

 

Cowen  

                    , 2019
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10X GENOMICS Accelerate the mastery of biology to advance human health.
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In this prospectus, “10x”, “10x Genomics”, the “Company”, “we”, “us” and “our” refer to 10x Genomics, Inc. and, as appropriate, its
consolidated subsidiaries, and references to our “common stock” include our Class A common stock and Class B common stock. We and the
underwriters have not authorized anyone to provide any information or to make any representations other than those contained in this
prospectus or in any free writing prospectuses prepared by us or on our behalf. We and the underwriters take no responsibility for, and can
provide no assurance as to the reliability of, any other information that others may provide you. We are offering to sell, and seeking offers to
buy, shares of Class A common stock only in jurisdictions where offers and sales are permitted. The information contained in this prospectus
is accurate only as of the date of this prospectus, regardless of the time of delivery of this prospectus or of any sale of the Class A common
stock. Our business, financial condition, results of operations and future growth prospects may have changed since that date.

“10X GENOMICS”, “10x”, “10X”, the “10x” and “10X” logos, “Chromium”, “Visium”, “Feature Barcoding”, “Chromium Connect”, “GEM”, “Next
GEM” and other trade names, trademarks or service marks of 10x appearing in this prospectus are the property of 10x Genomics. For ease of
reference, the trademarks, trade names and service marks used in this prospectus are used without the  and  symbols, but that does not
mean that we will not assert, to the full extent permitted by law, our full rights and the rights of our licensors over our
 

i

TM ®
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trademarks. Other trademarks and trade names appearing in this prospectus are the property of their respective holders.

Through and including                 , 2019 (the 25  day after the date of this prospectus), all dealers that effect transactions in these
securities, whether or not participating in this offering, may be required to deliver a prospectus. This is in addition to the dealers’
obligation to deliver a prospectus when acting as underwriters and with respect to their unsold allotments or subscriptions.
For investors outside of the United States: We have not, and the underwriters have not, done anything that would permit this offering or
possession or distribution of this prospectus in any jurisdiction where action for that purpose is required, other than the United States. Persons
outside of the United States who come into possession of this prospectus must inform themselves about, and observe any restrictions relating
to, the offering of the shares of Class A common stock and the distribution of this prospectus outside of the United States.
 

ii

th
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Prospectus summary
This summary highlights information contained elsewhere in this prospectus. This summary may not contain all of the information that
you should consider before deciding to invest in our Class A common stock. You should read this entire prospectus carefully, including
the sections titled “Risk factors”, “Management’s discussion and analysis of financial condition and results of operations” and “Business”
and our consolidated financial statements and related notes included elsewhere in this prospectus before making an investment decision.

10x Genomics, Inc.
Mission

Our mission is to accelerate the mastery of biology to advance human health.

Overview

We are a life science technology company building products to interrogate, understand and master biology. Our integrated solutions
include instruments, consumables and software for analyzing biological systems at a resolution and scale that matches the complexity of
biology. We have built deep expertise across diverse disciplines including chemistry, biology, hardware and software. Innovations in all of
these areas have enabled our rapidly expanding suite of products, which allow our customers to interrogate biological systems at
previously inaccessible resolution and scale. Our products have enabled researchers to make fundamental discoveries across multiple
areas of biology, including oncology, immunology and neuroscience, and have helped empower the single cell revolution hailed by
Science magazine as the 2018 ‘Breakthrough of the Year’. Since launching our first product in mid-2015 through June 30, 2019, we have
sold 1,284 instruments to researchers around the world, including 93 of the top 100 global research institutions by publications, and 13 of
the top 15 global pharmaceutical companies by 2018 revenue. We believe that this represents the very beginning of our penetration into
multiple large markets. We expect that 10x will power a “Century of Biology”, in which many of humanity’s most pressing health
challenges will be solved by precision diagnostics, targeted therapies and cures to currently intractable diseases.

The “10x” in our name refers to our focus on opportunities with the greatest potential for exponential advances and impact. We believe
that the scientific and medical community currently understands only a tiny fraction of the full complexity of biology. The key to advancing
human health lies in accelerating this understanding. The human body consists of over 40 trillion cells, each with a genome of 3 billion
DNA base pairs and a unique epigenetic program regulating the transcription of tens of thousands of different RNAs, which are then
translated into tens of thousands of different proteins. Progress in the life sciences will require the ability to measure and to experiment
on biological systems at fundamental resolutions and massive scales, which are inaccessible with existing technologies. We believe that
our technologies overcome these limitations, unlocking fundamental biological insights essential for advancing human health.

Resolution and scale are the imperatives underlying our technologies and products. Our Chromium and recently announced Visium
product lines provide this resolution and scale along distinct but complementary dimensions of biology. Our Chromium products enable
high throughput analysis of individual biological components, such as up to millions of single cells. They use our precisely engineered
reagent delivery system to divide a sample into individual components in up to a million or more partitions, enabling large numbers of
parallel micro-reactions. In this manner, a large population of cells can be segregated into partitions and analyzed on a cell by cell basis.
Our Visium products, the first of which we expect to launch in late 2019, will enable analysis of

 
1
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biological molecules within their spatial context, providing the locations of analytes that give insight into higher order biological structure
and function. Our Visium products will use high density DNA arrays with DNA sequences that encode the physical locations of biological
analytes within a sample, such as a tissue section. Our products utilize our sensitive and robust molecular assays to convert biological
analytes into detectable signals, enabling researchers to obtain vast amounts of information about diverse biological analytes together
with their single cell and spatial context. Finally, we provide highly sophisticated and scalable software for analyzing the raw data
researchers generate and presenting it in a form that is readily understood by biologists.

Our product portfolio consists of multiple integrated solutions that include instruments, consumables and software. These solutions guide
customers through the workflow from sample preparation to next-generation sequencing to subsequent analysis and visualization. Our
products are compatible with third-party sequencers that are commonly available in research settings. Each of our solutions are designed
to interrogate a major class of biological information that is impactful to researchers:
 

•  Our single cell solutions, all of which run on our Chromium instruments, include:
 
 •  Single Cell Gene Expression solution for measuring gene activity on a cell-by-cell basis;
 
 •  Single Cell Immune Profiling solution for measuring the activity of immune cells and their targets;
 
 •  Single Cell ATAC solution for measuring epigenetics, including the physical organization of DNA; and
 
 •  Single Cell CNV solution for measuring cellular heterogeneity through DNA changes such as copy number variation.
 

•  Our Visium solution will measure the spatial gene expression patterns across a tissue sample.

Our Feature Barcoding technology, which is currently compatible with our Single Cell Gene Expression and Immune Profiling solutions,
allows researchers to simultaneously measure multiple analytes, such as protein and RNA, within the same set of cells or tissues.

As of June 30, 2019, we employed a commercial team of over 190 employees, many of whom hold Ph.D. degrees, who help drive
adoption of our products and support our vision. We prioritize creating a superior user experience from pre-sales to onboarding through
the generation of novel publishable discoveries, which drive awareness and adoption of our products. We have a scalable, multi-channel
commercial infrastructure including a direct sales force in North America and certain regions of Europe and distribution partners in Asia,
certain regions of Europe, South America, the Middle East and Africa that drives our customer growth. This is supplemented with an
extensive and highly specialized customer service infrastructure with Ph.D.-level specialists. We currently have customers in
approximately 40 countries.

As of June 30, 2019, worldwide we owned or exclusively licensed over 175 issued or allowed patents and 470 pending patent
applications. We also license additional patents on a non-exclusive and/or territory restricted basis. Our intellectual property portfolio
includes foundational patents related to single cell analysis, epigenomics, spatial analysis and multi-omics.

Our revenue was $71.1 million and $146.3 million for 2017 and 2018, respectively, representing an annual growth rate of 106%, and
$59.2 million and $109.4 million for the six months ended June 30, 2018 and 2019, respectively, representing an annual growth rate of
85%. We generated net losses of $18.8 million and $112.5 million for 2017 and 2018. Our 2018 net loss resulted substantially from
charges of $62.4 million associated with intellectual property acquisitions for research and development in addition to the litigation
contingency accrual of $38.0 million which was recorded in the fourth quarter of 2018. We generated net losses of $21.6 million and
$14.5 million for the six months ended June 30, 2018 and 2019, respectively. The $14.5 million net loss included a $15.9 million accrual
for estimated royalties related to ongoing litigation.
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REVENUE KEY 2018 ACHIEVEMENTS REVENUE ($M) $12 $15 $19 $26 $27 $32 $37 $51 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 FY2017: $71M FY2018: $146M +$146M Revenue +500Instruments sold +1,000 Instruments installed base +100 Total issued patents worldwide KEY EVENTS Founded Acquired Epinomics and related IP for epigentics AcquiredSpatial Transcriptomics and related IP for spatial analysis 2012 2015 2016 2017 2018 Sold First Product Linked Read Genome Sequencing Launched Chromium Instrument andSingle Cell Gene Expression Launched Single Cell Immune Profiling Launched Single Cell DNA, Single Cell ATAC, Single Cell Gene Expression with Feature Barcoding andSingle Cell Immune Profiling with Feature Barcoding

Directions in Genomics

Biology is staggeringly complex. The cell is the basic, fundamental organizational unit of all biological organisms. A human being starts
from a single cell, which divides into over 40 trillion cells to create the tissues that enable all necessary functions in the human body.
Within each of these trillions of cells exists a distinct genome, epigenome, transcriptome and proteome, which together collectively
constitute the rich architecture of biology. Genomics is a broad, highly-interdisciplinary field that studies this architecture at a system-wide
level.

The Human Genome Project, which was completed in 2003, and subsequent genomics research have been foundational in enabling new
research and clinical applications. However, we believe that much of the promise
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of genomics remains unfulfilled due to the tremendous underlying complexity of biology, of which the scientific and medical community
currently understands only a tiny fraction. We believe technologies that enable researchers to measure the full complexity of biology are
needed to understand how cell-to-cell variations in genomes, epigenomes, transcriptomes and proteomes give rise to function or
dysfunction. To accomplish this, we believe researchers need to characterize every cell type in every tissue in the human body at a full
molecular and cellular level, including how cells are spatially arranged. Technologies are also needed for moving beyond the cataloguing
of biological complexity and into performing experiments to understand the impact of active changes to biological systems.

This presents an enormous challenge because of the limited capabilities of existing tools for accessing biology at the molecular and
cellular level. Some of these limitations are:
 

•  Average, or “bulk”, measurements obscure underlying differences between different biological units, such as individual cells;
 

•  Low throughput prevents requisite sampling of the underlying complexity—for example, when only a few hundred cells can be
evaluated at a time;

 

•  Limited number of biological analytes are interrogated, giving a myopic view of only a few biological processes;
 

•  Limited ability for multi-omic interrogation;
 

•  Inefficient use of sample to generate a signal of sufficient strength to analyze the biological molecules of interest; and
 

•  Inadequate bioinformatics and software tools.

We believe technologies that address these limitations will serve large and unmet market needs by providing a better understanding of
molecular and cellular function, the origin of disease and how to improve treatment.

Our solutions

Our solutions allow researchers to interrogate, understand and master biological systems at a resolution and scale commensurate with
the complexity of biology, overcoming the limitations of existing tools.

Our Chromium platform, recently announced Visium platform, molecular assays and software constitute the building blocks of our
integrated solutions. These shared building blocks allow us to rapidly build and improve our solutions:
 

•  Our Chromium platform enables high-throughput analysis of individual biological components, such as up to millions of single cells.
 

•  Our Visium platform is being designed to identify where biological components are located and how they are arranged with respect
to each other, otherwise referred to as “spatial analysis”.

 

•  Our molecular assays are used with our Chromium platform, and with our planned Visium platform, to provide sensitive and robust
biochemistries that convert minute amounts of biological analytes into detectable signals.

 

•  Our software transforms large amounts of raw data into usable results, giving researchers user-friendly tools to dynamically explore
these results.
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To date, more than 500 peer-reviewed articles have been published based on data generated using our products. More than 90 of these
articles were published in three of the most highly-regarded journals: Cell, Nature and Science.

Our market opportunity

We believe our solutions, which enable a comprehensive view of biology, target numerous market opportunities across the more than
$50 billion global life sciences research tools market. We view much of this total market opportunity as ultimately accessible to us due to
our ability to answer a broad diversity of biological questions. Based on the capabilities of our current solutions, and focusing solely on
cases where our current solutions offer alternative or complementary approaches to existing tools, we believe, based on our internal
estimates, we could access approximately $13 billion of the global life sciences research tools market. We believe we can further drive
growth across our current and adjacent markets by improving, or enabling new uses and applications of, existing tools and technologies,
as our solutions allow researchers to answer questions that may be impractical or impossible to address using other products.

Our competitive strengths

We believe our continued growth will be driven by the following competitive strengths:
 

•  Our position as a leader in a large and growing market;
 

•  Our proprietary technologies;
 

•  Our rigorous product development processes and scalable infrastructure;
 

•  Our customer experience and broad commercial reach; and
 

•  Our experienced multidisciplinary team.

Our growth strategy

Our growth strategy includes the following key elements:
 

•  Develop critical enabling technologies;
 

•  Expand the installed base of our Chromium instruments;
 

•  Strengthen use and adoption of our consumables;
 

•  Identify the most relevant technologies, create or acquire such technologies and develop them into new products; and
 

•  Promote our platforms as the standard for single cell and spatial analysis.

Risk factors

Investing in our Class A common stock involves risk. You should carefully consider all the information in this prospectus prior to investing
in our Class A common stock. These risks are discussed more fully in the section titled “Risk factors” immediately following this
prospectus summary.

Risks related to our business and industry

Risks and uncertainties related to our business and industry include, but are not limited to, the following:
 

•  We have incurred significant losses since inception, we expect to incur losses in the future and we may not be able to generate
sufficient revenue to achieve and maintain profitability;
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•  The life sciences technology market is highly competitive. If we fail to compete effectively, our business and operating results will
suffer;

 

•  Our business depends significantly on the success of our Next GEM microfluidic chip;
 

•  We are significantly dependent upon revenue generated from the sale of our Chromium solutions, and in particular our Single Cell
Gene Expression solutions;

 

•  Our business currently depends significantly on research and development spending by academic institutions, a reduction in which
could limit demand for our products and adversely affect our business and operating results;

 

•  Our failure to effectively manage product transitions or accurately forecast customer demand could result in excess or obsolete
inventory and resulting charges;

 

•  Our future success is dependent upon our ability to increase penetration in our existing markets;
 

•  We may not be able to develop new products, enhance the capabilities of our existing products to keep pace with rapidly changing
technology and customer requirements or successfully manage the transition to new product offerings, any of which could have a
material adverse effect on our business and operating results;

 

•  If our existing and new products fail to achieve and sustain sufficient scientific acceptance, we will not generate expected revenue and
our prospects may be harmed; and

 

•  the other risk factors set forth in the section titled “Risk factors—Risks related to our business and industry”.

Risks related to litigation and our intellectual property

We are currently involved in litigation matters related to substantially all of our products, the loss of any of which could have a material
adverse effect on our business, operations, financial results and reputation. Furthermore, parties making claims against us have obtained
and may in the future be able to obtain injunctive or other relief, which effectively could block our ability to further develop, commercialize,
market or sell products or services and could result in the award of substantial damages against us. In November 2018, a jury concluded
that our Chromium instruments operating our Gel bead in Emulsion microfluidic chips (“GEM microfluidic chips”) and associated
consumables infringed certain of Bio-Rad Laboratories, Inc.’s (“Bio-Rad”) patents and that the infringement was willful. The Court entered
final judgment in August 2019 with damages in the amount of approximately $35 million. In the fourth quarter of 2018, we began
recording an accrual for estimated royalties as cost of revenue. This accrual is based on an estimated royalty rate of 15% of worldwide
sales of our Chromium instruments operating our GEM microfluidic chips and associated consumables. As of June 30, 2019, we had
accrued a total of $55.3 million relating to this matter which includes the $35 million judgment and our estimated 15% royalty for sales
through that date.

The Court also granted Bio-Rad a permanent injunction against our GEM microfluidic chips and associated consumables that were found
to infringe the Bio-Rad patents, which have historically constituted substantially all of our product sales. However, under the injunction,
we are permitted to continue to sell our GEM microfluidic chips and associated consumables for use with our historical installed base of
instruments provided that we pay a royalty of 15% into escrow on our net revenue related to such sales. We have appealed the injunction
to the Federal Circuit and expect that it will not take effect until the Federal Circuit rules on our request for a stay of the injunction.

We have dedicated significant resources to designing and manufacturing our new microfluidic chips (our “Next GEM microfluidic chips”)
which use fundamentally different physics from our GEM microfluidic chips. Neither
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the jury verdict nor the injunction relate to our Next GEM microfluidic chips and associated consumables which we launched in May 2019
for three of our single cell solutions — Single Cell Gene Expression, Single Cell Immune Profiling and Single Cell ATAC. We currently
expect that, by the end of the third quarter of 2019, all Chromium instruments that we sell will operate exclusively with our Next GEM
solutions and that our Chromium products utilizing our Next GEM microfluidic chips will constitute substantially all of our Chromium sales
by the end of 2020.

Although our Next GEM microfluidic chips were designed to replace our GEM microfluidic chips, we cannot assure you that we will be
able to make our Next GEM microfluidic chip work with all of our solutions, that our Next GEM microfluidic chip will allow our customers to
maintain the level of performance or quality of our GEM microfluidic chip, that our Next GEM microfluidic chip will replace the sales of our
GEM microfluidic chip or that we will be able to manufacture our Next GEM microfluidic chips in sufficient volumes in a timely fashion.
Our Next GEM microfluidic chips may be subject to future claims of infringement by Bio-Rad or others and are currently the subject of the
litigation described below. For additional information, see “Risk factors—Risks related to litigation and our intellectual property”.

In addition, unless the injunction relating to our GEM microfluidic chips is stayed, we will be unable to sell our Single Cell CNV and
Linked-Read solutions for use on new instruments unless and until we develop a Next GEM microfluidic chip for such solutions. Though
these solutions have not significantly contributed to our revenue to date, our Single Cell CNV solution, for example, has proved crucial in
understanding how cancers evolve and providing researchers with valuable insights into cancer treatments.

As we enter new markets or introduce new products, we expect that competitors will likely claim that our products infringe their
intellectual property rights. Our success depends in part on our ability to defend ourselves against such claims and maintain the validity
of our patents and other proprietary rights. Risks and uncertainties relating to litigation and intellectual property include, but are not
limited to, the following:
 

•  We are involved in significant litigation which has consumed significant resources and management time, and adverse resolution of
these lawsuits could require us to pay significant damages and prevent us from selling our products, which would severely adversely
impact our business, financial condition or results of operations;

 

•  We are involved in lawsuits to protect, enforce or defend our patents and other intellectual property rights, which are expensive, time
consuming and could ultimately be unsuccessful; and

 

•  the other risk factors set forth in the section titled “Risk factors—Risks related to litigation and our intellectual property”.

Risks related to this offering and ownership of our Class A common stock
 

•  The multi-class structure of our common stock will have the effect of concentrating voting control with those stockholders who held our
capital stock prior to the completion of this offering, and it may depress the trading price of our Class A common stock; and

 

•  the other risk factors set forth in the section titled “Risk factors—Risks related to this offering and ownership of our Class A common
stock”.

Corporate information

We were incorporated in the State of Delaware on July 2, 2012 under the name Avante Biosystems, Inc. We changed our name to 10X
Technologies, Inc. in September 2012 and to 10x Genomics, Inc. in November 2014.
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Our principal executive offices are located at 6230 Stoneridge Mall Road, Pleasanton, California 94588, and our telephone number is
(925) 401-7300. Our website is https://www.10xgenomics.com. Neither our website nor the information contained in or accessible from
our website is incorporated into this prospectus or the registration statement of which it forms a part, and investors should not rely on
such information in deciding whether to invest in our Class A common stock.

Implications of being an emerging growth company

We qualify as an “emerging growth company” as defined in the Jumpstart Our Business Startups Act of 2012 (the “JOBS Act”). For so
long as we remain an emerging growth company, we are permitted and currently intend to rely on the following provisions of the JOBS
Act that contain exceptions from disclosure and other requirements that otherwise are applicable to companies that conduct initial public
offerings and file periodic reports with the Securities and Exchange Commission (the “SEC”). These provisions include, but are not
limited to:
 

•  being permitted to present only two years of audited financial statements in this prospectus and only two years of related
“Management’s discussion and analysis of financial condition and results of operations” in our periodic reports and registration
statements, including this prospectus;

 

•  not being required to comply with the auditor attestation requirements of Section 404 of the Sarbanes-Oxley Act of 2002, as amended
(“SOX”);

 

•  reduced disclosure obligations regarding executive compensation in our periodic reports, proxy statements and registration
statements, including in this prospectus; and

 

•  exemptions from the requirements of holding a nonbinding advisory vote on executive compensation and stockholder approval of any
golden parachute payments not previously approved.

We will remain an emerging growth company until:
 

•  the first to occur of the last day of the fiscal year (i) that follows the fifth anniversary of the completion of this offering, (ii) in which we
have total annual gross revenue of at least $1.07 billion or (iii) in which we are deemed to be a “large accelerated filer”, as defined in
the Securities Exchange Act of 1934, as amended (the “Exchange Act”); or

 

•  if it occurs before any of the foregoing dates, the date on which we have issued more than $1 billion in non-convertible debt over a
three-year period.

We have elected to take advantage of certain of the reduced disclosure obligations in this prospectus and may elect to take advantage of
other reduced reporting requirements in our future filings with the SEC. As a result, the information that we provide to our stockholders
may be different than what you might receive from other public reporting companies in which you hold equity interests.

We have elected to avail ourselves of the provision of the JOBS Act that permits emerging growth companies to take advantage of an
extended transition period to comply with new or revised accounting standards applicable to public companies. As a result, we will not be
subject to new or revised accounting standards at the same time as other public companies that are not emerging growth companies.

For additional information, see the section titled “Risk factors—Risks related to this offering and ownership of our Class A common stock
—We are an “emerging growth company” and the reduced disclosure requirements applicable to emerging growth companies may make
our Class A common stock less attractive to investors”.
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The offering
 

Class A common stock offered by us             shares.
 

Underwriters’ option to purchase additional shares of Class A
common stock from us

The underwriters have been granted an option to purchase up
to            additional shares of Class A common stock from us at any
time within 30 days from the date of this prospectus.

 

Class A common stock outstanding immediately after giving
effect to this offering

            shares (or             shares if the underwriters exercise their
option to purchase additional shares in full).

 

Class B common stock outstanding immediately after giving
effect to this offering

            shares.

 

Total Class A common stock and Class B common stock
outstanding immediately after giving effect to this offering

            shares.

 
 
Use of proceeds We estimate that the net proceeds to us from this offering, after

deducting estimated underwriting discounts and commissions and
estimated offering expenses payable by us, will be approximately
$            million (or approximately $            million if the underwriters
exercise their option to purchase additional shares in full), assuming
an initial public offering price of $            per share, which is the
midpoint of price range set forth on the cover page of this prospectus.

 

 

Each $1.00 increase or decrease in the initial public offering price per
share would increase or decrease, as applicable, our net proceeds,
after deducting estimated underwriting discounts and commissions,
by $            million (assuming that the number of shares offered by us
remains the same and no exercise by the underwriters of their option
to purchase additional shares). Similarly, each increase or decrease
of 1.0 million shares in the number of shares of our Class A common
stock offered by us would increase or decrease, as applicable, our
net proceeds by $            million, assuming an initial public offering
price of $            per share, which is the midpoint of the price range
set forth on the cover page of this prospectus, and after deducting
estimated underwriting discounts and commissions.

 

 We intend to use the net proceeds from this offering for general
corporate purposes, including working capital,
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operating expenses and capital expenditures. Additionally, we may
use a portion of the net proceeds we receive from this offering to
acquire businesses, products or technologies. However, we do not
have agreements or commitments for any material acquisitions at this
time. See the section titled “Use of proceeds”.

 

Voting rights Each share of our Class A common stock entitles its holder to one
vote on all matters to be voted on by stockholders generally.

 

 Each share of our Class B common stock entitles its holder to ten
votes on all matters to be voted on by stockholders generally.

 

 

Holders of our Class A common stock and Class B common stock will
generally vote together as a single class, unless otherwise required
by law or our amended and restated certificate of incorporation.
Additionally, our executive officers, directors and holders of 5% or
more of our common stock will hold, in the aggregate, approximately
            % of the voting power of our outstanding capital stock
following this offering. See the sections titled “Principal stockholders”
and “Description of capital stock” for additional information.

 

Dividend policy We do not intend to pay dividends on our Class A common stock in
the foreseeable future. See the section titled “Dividend policy”.

 

Risk factors See the section titled “Risk factors” for a discussion of risks you
should carefully consider before investing in our Class A common
stock.

 

Proposed Nasdaq trading symbol “TXG”

Unless we specifically state otherwise or the context otherwise requires, the number of shares of our Class A common stock and Class B
common stock that will be outstanding after this offering is based on 8,095,382 shares of our Class A common stock and 75,754,278
shares of our Class B common stock (including our Convertible Preferred Stock on an as-converted basis) outstanding as of June 30,
2019 and excludes:
 

•  15,634,182 shares of Class A common stock issuable upon exercise of stock options outstanding as of June 30, 2019, at a weighted-
average exercise price of $3.61 per share;

 

•  266,099 shares of Class of A common stock issuable upon exercise of warrants outstanding as of June 30, 2019, at a weighted-
average exercise price of $1.17 per share;

 

•  842,475 shares of Class A common stock issuable upon exercise of stock options granted after June 30, 2019, at a weighted-average
exercise price of $30.00 per share; and
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•  11,000,000 shares of Class A common stock to be reserved and available for future issuance under our 10x Genomics, Inc. 2019
Omnibus Incentive Plan (the “Omnibus Incentive Plan”), which will become effective in connection with this offering, as more fully
described in the section titled “Executive compensation—Equity incentive plans”, including:

 

 
•  1,323,858 shares of Class A common stock reserved for future grants under our 10x Genomics, Inc. Amended and Restated

2012 Stock Plan (the “2012 Stock Plan”), as of June 30, 2019, which will be added to the shares reserved under our Omnibus
Incentive Plan; plus

 

 •  any shares of Class A common stock issuable upon exercise of stock options outstanding under the 2012 Stock Plan that will
be added to our Omnibus Incentive Plan available reserve upon expiration or termination of such stock options; plus

 

 •  automatic increases in the number of shares of Class A common stock reserved for future grants pursuant to our Omnibus
Incentive Plan; plus

 

 
•  2,000,000 shares of Class A common stock to be reserved and available for future issuance under our 10x Genomics, Inc.

2019 Employee Stock Purchase Plan (the “ESPP”), which will become effective in connection with this offering, as well as
automatic increases in the number of shares of Class A common stock reserved for future issuance under the ESPP.

Unless we specifically state otherwise or the context otherwise requires, this prospectus reflects and assumes the following:
 

•  no exercise of the outstanding stock options and warrants described above;
 

•  outstanding shares include 198,250 shares of Class A common stock issued upon the early exercise of stock options and subject to
repurchase as of June 30, 2019;

 

•  no exercise by the underwriters of their option to purchase additional shares of our Class A common stock in this offering;
 

•  the filing and effectiveness of our amended and restated certificate of incorporation, to be in effect at the closing of this offering;
 

•  the reclassification of all outstanding shares of our Historical Class A common stock into Class B common stock and of our Historical
Class B common stock (including outstanding stock options and warrants to purchase such shares) into Class A common stock prior to
the closing of this offering as described under “Description of capital stock—Reclassification of common stock and conversion of
Convertible Preferred Stock”; and

 

•  the automatic conversion of all shares of our Convertible Preferred Stock outstanding as of June 30, 2019 into 67,704,278 shares of
Class B common stock prior to the closing of this offering as described under “Description of capital stock—Reclassification of
common stock and conversion of Convertible Preferred Stock”.
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Summary consolidated financial and other data
The following tables summarize our consolidated financial and other data for the years and as of the dates indicated. We have derived
the summary consolidated statements of operations data for the years ended December 31, 2017 and 2018 from our audited
consolidated financial statements and related notes included elsewhere in this prospectus. We have derived the summary consolidated
statements of operations data for the six months ended June 30, 2018 and 2019, and the summary consolidated balance sheet data as
of June 30, 2019 from our unaudited consolidated interim financial statements and related notes included elsewhere in this prospectus.
Our unaudited consolidated interim financial statements were prepared in accordance with generally accepted accounting principles in
the United States (“GAAP”), on the same basis as our audited consolidated financial statements and include, in the opinion of
management, all adjustments, consisting of normal recurring adjustments, that are necessary for the fair presentation of the financial
information set forth in those financial statements. Our historical results are not necessarily indicative of results that may be expected in
the future. You should read the following summary consolidated financial and other data together with our consolidated financial
statements and related notes included elsewhere in this prospectus and the information in the sections titled “Selected consolidated
financial data” and “Management’s discussion and analysis of financial condition and results of operations”.
 
   

  Year ended December 31,  Six months ended June 30, 
(in thousands, except share and per share data)  2017  2018  2018  2019 
        (unaudited)  

Consolidated statements of operations data:     
Revenue  $ 71,085  $ 146,313  $ 59,152  $ 109,397 
Cost of revenue(1)   10,560   28,661   8,520   28,971 

   
 

   
 

Gross profit   60,525   117,652   50,632   80,426 
Operating expenses:     

Research and development(1)   32,164   47,537   23,372   32,999 
In-process research and development   —     62,363   6,206   —   
Selling, general and administrative(1)   46,736   87,936   41,920   59,464 
Accrued contingent liabilities   —     30,580   —     1,360 

   
 

   
 

Total operating expenses   78,900   228,416   71,498   93,823 
   

 
   

 

Loss from operations   (18,375)   (110,764)   (20,866)   (13,397) 
Other income (expense):     

Interest income   308   1,024   461   505 
Interest expense   (811)   (2,409)   (1,062)   (1,379) 
Other income (expense), net   137   (249)   (120)   (141) 

   
 

   
 

Total other income (expense)   (366)   (1,634)   (721)   (1,015) 
   

 
   

 

Loss before provision for income taxes   (18,741)   (112,398)   (21,587)   (14,412) 
Provision for income taxes   21   87   29   102 

   
 

   
 

Net loss  $ (18,762)  $ (112,485)  $ (21,616)  $ (14,514) 
   

 
   

 

Net loss per share attributable to common stockholders, basic
and diluted(2)  $ (1.62)  $ (8.40)  $ (1.66)  $ (0.96) 

   
 

   
 

Weighted-average shares used to compute net loss per share
attributable to common stockholders, basic and diluted(2)   11,587,751   13,392,273   12,985,535   15,187,258 

   
 

   
 

Pro forma net loss per share attributable to common
stockholders, basic and diluted (unaudited)(2)   $ (1.45)   $ (0.18) 

    
 

    
 

Weighted-average shares used to compute pro forma net loss
per share attributable to common stockholders, basic and
diluted (unaudited)(2)    77,494,992    82,891,536 
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(1)  Includes stock-based compensation expense as follows:
 

   

   Year ended December 31,   Six months ended June 30, 
(in thousands)   2017   2018   2018   2019 
           (unaudited)  
Cost of revenue   $ 44   $ 85   $ 36   $ 90 
Research and development    801    1,030    440    1,798 
Selling, general and administrative    816    1,543    530    2,496 

    
 

    
 

    
 

Total stock-based compensation expense   $ 1,661   $ 2,658   $ 1,006   $ 4,384 
  

  
   

  
   

 

(2)  See Note 2 and Note 11 to our consolidated financial statements included elsewhere in this prospectus for further details on the calculation of net loss per share attributable
to common stockholders, basic and diluted, the weighted-average shares used to compute net loss per share attributable to common stockholders, basic and diluted, and
unaudited pro forma information.

 
  

   As of June 30, 2019

(in thousands)   Actual   Pro forma(1)   
Pro forma as

adjusted(2)(3)
   (unaudited)   (unaudited)   (unaudited)
Consolidated balance sheet data:       
Cash and cash equivalents   $ 56,034   $                 $            
Working capital(4)    63,999     
Total assets    155,594     
Total current liabilities    43,227     
Total liabilities    140,298     
Total convertible preferred stock    243,244     
Accumulated deficit    (245,630)     
Total stockholders’ equity (deficit)    (227,948)     
 

 

(1)  The pro forma column in the consolidated balance sheet data table above reflects: (a) the reclassification of all outstanding shares of our Historical Class A common stock
into Class B common stock and of our Historical Class B common stock into Class A common stock and (b) the automatic conversion of all shares of our Convertible
Preferred Stock into 67,704,278 shares of Class B common stock, in each case, prior to the closing of this offering and as described under “Description of capital stock—
Reclassification of common stock and conversion of Convertible Preferred Stock”.

 

(2)  The pro forma as adjusted column in the consolidated balance sheet data table above reflects (a) the pro forma adjustments set forth in footnote (1) above and (b) the
issuance and sale of                shares of Class A common stock by us in this offering at an assumed initial public offering price $                per share, which is the midpoint of
the price range set forth on the cover page of this prospectus, after deducting estimated underwriting discounts and commissions and estimated offering expenses payable
by us.

 

(3)  Each $1.00 increase or decrease in the assumed initial public offering price of $                per share, which is the midpoint of the price range set forth on the cover page of
this prospectus, would increase or decrease, as applicable, the amount of each of our pro forma as adjusted cash and cash equivalents, working capital, total assets and
total stockholders’ equity (deficit) by $                , assuming that the number of shares offered by us, as set forth on the cover page of this prospectus, remains the same, and
after deducting estimated underwriting discounts and commissions payable by us. Similarly, each increase or decrease of 1.0 million shares in the number of shares of our
Class A common stock offered by us would increase or decrease, as applicable, the amount of each of our pro forma as adjusted cash and cash equivalents, working capital,
total assets and total stockholders’ equity (deficit) by $                , assuming the assumed initial public offering price remains the same, and after deducting estimated
underwriting discounts and commissions payable by us.

 

(4)  Working capital is calculated as current assets less current liabilities. See our consolidated financial statements and related notes included elsewhere in this prospectus for
further details regarding our current assets and current liabilities.
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Key business metrics
We review a number of operating and financial metrics, including the following key metrics, to evaluate our business, measure our
performance, identify trends affecting our business, formulate business plans and make strategic decisions.

Instrument installed base

We define the instrument installed base as the cumulative number of Chromium instruments sold since inception.

The table below sets forth our instrument installed base as of the dates presented:
 
   

   
As of

December 31,   
As of

June 30, 
    2017   2018   2018   2019 
Instrument installed base    491    1,021    701    1,284 
  

  
   

  
   

Consumable pull-through per instrument

We define consumable pull-through per instrument as the total consumables revenue in the given quarter divided by the average
instrument installed base during that quarter. We calculate the average instrument installed base for a given quarter using the instrument
installed base as of the last day of the prior quarter and the instrument installed base as of the last day of the given quarter. We also
calculate a year-to-date consumable pull-through per instrument figure by summing the quarterly pull-through for the quarters in a given
year.

The table below sets forth the consumable pull-through per instrument for the periods presented:
 
   

   
Year ended

December 31,   
Six months ended

June 30, 
(in thousands)   2017   2018   2018   2019 
Consumable pull-through per instrument   $ 140   $ 148   $ 72   $ 81 
  

  
   

  
   

See the section titled “Management’s discussion and analysis of financial condition and results of operations—Key business metrics” for
additional information.
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Risk factors
Investing in our Class A common stock involves a high degree of risk. You should carefully consider the risks described below, as well as the
other information in this prospectus, including our financial statements and the related notes and the section titled “Management’s discussion
and analysis of financial condition and results of operations” in this prospectus, before deciding whether to invest in our Class A common
stock. The occurrence of any of the events or developments described below could harm our business, financial condition, results of
operations and growth prospects. In such an event, the market price of our Class A common stock could decline and you may lose all or part
of your investment. Additional risks and uncertainties not presently known to us or that we currently deem immaterial also may impair our
business operations.

Risks related to our business and industry
We have incurred significant losses since inception, we expect to incur losses in the future and we may not be able to generate
sufficient revenue to achieve and maintain profitability.

We have incurred significant losses since we were formed in 2012 and expect to incur losses in the future. We incurred net losses of
$18.8 million and $112.5 million for the years ended December 31, 2017 and 2018, respectively. We incurred net losses of $21.6 million and
$14.5 million for the six months ended June 30, 2018 and 2019, respectively. As of June 30, 2019, we had an accumulated deficit of
$245.6 million. We expect that our losses will continue in the near term as we continue to invest significant additional funds toward ongoing
research and development and toward the timely commercialization of both new products and improved versions of existing products. We
also expect that our operating expenses will increase as a result of becoming a public company and will continue to increase as we grow our
business. To date, we have financed our operations principally from the sale of convertible preferred stock, revenue from sales of our products
and the incurrence of indebtedness. There can be no assurance that our revenue and gross profit will increase sufficiently such that our net
losses decline, or we attain profitability, in the future. Further, our limited operating history and rapid revenue growth over the last several
years make it difficult to effectively plan for and model future growth and operating expenses. Our ability to achieve or sustain profitability is
based on numerous factors, many of which are beyond our control, including the impact of market acceptance of our products, future product
development, our market penetration and margins and current and future litigation. We may never be able to generate sufficient revenue to
achieve or sustain profitability and our recent and historical growth should not be considered indicative of our future performance. Our failure
to achieve or maintain profitability could negatively impact the value of our Class A common stock.

In particular, we are subject to significant risks of losses related to current litigation matters. See “—Risks related to litigation and our
intellectual property”.

The life sciences technology market is highly competitive. If we fail to compete effectively, our business and operating results will
suffer.

We face significant competition in the life sciences technology market. We currently compete with both established and early-stage life
sciences technology companies that design, manufacture and market instruments, consumables and software for, among other applications,
genomics, single cell analysis, spatial analysis and immunology. We believe our competitors in the life sciences technology market include
Becton, Dickinson and Company, Bio-Rad and Nanostring Technologies, Inc., each of which has products that compete to varying degrees
with some but not all of our product solutions, as well as a number of other emerging and established companies.

Some of our current competitors are large publicly-traded companies, or are divisions of large publicly-traded companies, and may enjoy a
number of competitive advantages over us, including:
 

•  greater name and brand recognition;
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•  greater financial and human resources;
•  broader product lines;
•  larger sales forces and more established distributor networks;
•  substantial intellectual property portfolios;
•  larger and more established customer bases and relationships; and
•  better established, larger scale and lower cost manufacturing capabilities.

We also face competition from researchers developing their own solutions. The area in which we compete involves rapid innovation and some
of our customers have in the past, and more may in the future, elect to create their own platform or assays rather than rely on a third-party
supplier such as ourselves. This is particularly true for the largest research centers and labs who are continually testing and trying new
technologies, whether from a third-party vendor or developed internally. We also compete for the resources our customers allocate for
purchasing a wide range of products used to analyze biological systems, some of which are additive to or complementary with our own but
not directly competitive.

We cannot assure investors that our products will compete favorably or that we will be successful in the face of increasing competition from
products and technologies introduced by our existing competitors, companies entering our markets or developed by our customers internally.
In addition, we cannot assure investors that our competitors do not have or will not develop products or technologies that currently or in the
future will enable them to produce competitive products with greater capabilities or at lower costs than ours or that are able to run comparable
experiments at a lower total experiment cost. Any failure to compete effectively could materially and adversely affect our business, financial
condition and operating results.

Our business depends significantly on the success of our Next GEM microfluidic chip.

Since our inception through the first half of 2019, substantially all of our Chromium instruments utilized our GEM microfluidic chips and
associated consumables. In November 2018, a jury concluded that our Chromium instruments operating these chips and associated
consumables infringe certain of Bio-Rad’s patents. We have dedicated significant resources to designing and manufacturing our new Next
GEM microfluidic chip, which uses a microfluidic architecture with fundamentally different physics from our GEM microfluidic chip. We
introduced our Next GEM microfluidic chips for our Single Cell Gene Expression, Single Cell Immune Profiling and Single Cell ATAC solutions
in the second quarter of 2019. We plan to gradually phase out our GEM microfluidic chips and anticipate that our Chromium products utilizing
our Next GEM microfluidic chips will become an increasing percentage of our sales and will constitute substantially all of our Chromium sales
by the end of 2020. In addition, we have not yet developed Next GEM microfluidic chips for our Single Cell CNV and Linked-Read solutions.
Unless the injunction issued under the Bio-Rad litigation is stayed, we will be unable to sell our Single Cell CNV and Linked-Read solutions for
use on new instruments unless and until we develop a Next GEM microfluidic chip for such solutions. Until we are able to completely
transition to our Next GEM microfluidic chip design, our margins will be negatively impacted by any royalty obligations that result from ongoing
litigation matters.

Although our Next GEM microfluidic chips were designed to replace our GEM microfluidic chips, we cannot assure you that we will be able to
make our Next GEM microfluidic chip work with all of our solutions, that our Next GEM microfluidic chip will allow our customers to retain the
level of performance or quality they have come to expect using our GEM microfluidic chip, that our Next GEM microfluidic chip will replace the
sales of our GEM microfluidic chip or that we will be able to manufacture our Next GEM microfluidic chip in sufficient volumes and in sufficient
quality in a timely fashion. While we believe that our Chromium solutions, when used with our Next GEM microfluidic chip, do not infringe the
asserted Bio-Rad patents, we cannot assure you that our Next GEM microfluidic chip would not be found to infringe other patents, which
could prevent us from making, selling and importing our Next GEM microfluidic chips or substantially all of our products. We currently
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expect that, by the end of the third quarter of 2019, all Chromium instruments that we sell will operate exclusively with our Next GEM
solutions. We believe that these solutions are very important to our customers research but the delay caused by the injunction may slow
customer adoption of our products or cause customers to investigate the availability of competing products or technologies.

We expect to incur increased research and development expenses in the near term and increased inventory and other expenses related to
the introduction of, and transition to, our Next GEM microfluidic chip. Our failure to effectively manage product transitions or accurately
forecast customer demand with respect to both instruments and consumables may lead to an increased risk of excess or obsolete inventory
and resulting charges. We expect that as we transition to our Next GEM microfluidic chips we may need to write down the value of our GEM
microfluidic chips and associated consumables we currently hold in inventory. As of June 30, 2019, we held approximately $0.3 million of
GEM microfluidic chips in inventory. As we transition to our Next GEM microfluidic chips, we cannot guarantee that our customers will quickly
switch to using our Next GEM microfluidic chips in their research. Customers may delay transitioning to our Next GEM microfluidic chips for a
variety of reasons, including if they have experiments underway for which they do not want to introduce additional variables. More
significantly, customers may decline to purchase our products altogether if they do not believe that our Next GEM microfluidic chips can
produce results that are reliable, consistent and comparable to our GEM microfluidic chips.

For additional information relating to this litigation, see the section titled “Risk factors—Risks related to litigation and our intellectual property—
We are involved in significant litigation which has consumed significant resources and management time and adverse resolution of these
lawsuits could require us to pay significant damages, and prevent us from selling our products, which would severely adversely impact our
business, financial condition or results of operations”.

We are significantly dependent upon revenue generated from the sale of our Chromium solutions, and in particular our Single Cell
Gene Expression solutions.

We currently generate substantially all of our revenue from the sale of our Chromium instruments, which we refer to as “instruments”, and our
proprietary microfluidic chips, slides, reagents and other consumables for both our Visium and Chromium solutions, which we refer to as
“consumables”. In particular, we are dependent upon revenue generated from sales of our Single Cell Gene Expression consumables, which
accounted for approximately half of our revenue in each of the years ended December 31, 2017 and 2018 and for the six months ended June
30, 2019. There can be no assurance that we will be able to design future products, particularly non-Chromium product lines, that will meet
the expectations of our customers or that our future products will become commercially viable. As technologies change in the future for
research equipment in general and in genomics solutions specifically, we will be expected to upgrade or adapt our products in order to keep
up with the latest technology. To date we have limited experience simultaneously designing, testing, manufacturing and selling non-Chromium
products and there can be no assurance we will be able to do so. Our sales expectations are based in part on the assumption that our
Chromium Connect instrument will increase workflows for our future customers and their associated purchases of our consumables. If sales
of our Chromium Connect instruments fail to materialize so will the related consumable sales and associated revenue. Our sales expectations
are also based in part on the continued success of our Single Cell Gene Expression solutions. If our recently introduced solutions, such as our
Single Cell Immune Profiling and Single Cell ATAC solutions, or our upcoming Visium solution, fail to achieve sufficient market acceptance or
sales of our Single Cell Gene Expression consumables decrease, our consumables revenue could be materially and adversely impacted.

Our business currently depends significantly on research and development spending by academic institutions, a reduction in
which could limit demand for our products and adversely affect our business and operating results.

In each of the year end December 31, 2018 and the six months ended June 30, 2019, approximately 70% of our direct sales revenue came
from sales to academic institutions. Much of their funding was, in turn, provided by
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various state, federal and international government agencies. In the near term, we expect that a large portion of our revenue will continue to
be derived from sales of Chromium products, including our instruments and consumables, to academic institutions. As a result, in the near
term, the demand for our products will depend upon the research and development budgets of these customers, which are impacted by
factors beyond our control, such as:
 

•  decreases in government funding of research and development;
 

•  changes to programs that provide funding to research laboratories and institutions, including changes in the amount of funds allocated to
different areas of research or changes that have the effect of increasing the length of the funding process;

 

•  macroeconomic conditions and the political climate;
 

•  scientists’ and customers’ opinions of the utility of new products or services;
 

•  citation of new products or services in published research;
 

•  changes in the regulatory environment;
 

•  differences in budgetary cycles;
 

•  competitor product offerings or pricing;
 

•  market-driven pressures to consolidate operations and reduce costs; and
 

•  market acceptance of relatively new technologies, such as ours.

In addition, various state, federal and international agencies that provide grants and other funding may be subject to stringent budgetary
constraints that could result in spending reductions, reduced grant making, reduced allocations or budget cutbacks, which could jeopardize
the ability of these customers, or the customers to whom they provide funding, to purchase our products. For example, congressional
appropriations to the National Institutes of Health (the “NIH”) have generally increased year-over-year for the last 18 years, and reached a
new high in 2018, but the NIH also experiences occasional year-over-year decreases in appropriations, including as recently as 2013. In
addition, funding for life science research has increased more slowly during the past several years compared to previous years and has
actually declined in some countries. There is no guarantee that NIH appropriations will not decrease in the future, and a decrease may be
more likely under the current administration, whose annual budget proposals have repeatedly decreased NIH appropriations. A decrease in
the amount of, or delay in the approval of, appropriations to NIH or other similar United States or international organizations, such as the
Medical Research Council in the United Kingdom, could result in fewer grants benefiting life sciences research. These reductions or delays
could also result in a decrease in the aggregate amount of grants awarded for life sciences research or the redirection of existing funding to
other projects or priorities, any of which in turn could cause our customers and potential customers to reduce or delay purchases of our
products. Our operating results may fluctuate substantially due to any such reductions and delays. Any decrease in our customers’ budgets or
expenditures, or in the size, scope or frequency of their capital or operating expenditures, could materially and adversely affect our business,
operating results and financial condition.

Our failure to effectively manage product transitions or accurately forecast customer demand could result in excess or obsolete
inventory and resulting charges.

Because the market for our products is characterized by rapid technological advances, we frequently introduce new products with improved
ease-of-use, improved performance or additional features and functionality. We
 

18

Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 146 of 835 PageID #: 1631



9/8/2019 S-1

https://www.sec.gov/Archives/edgar/data/1770787/000119312519224368/d737378ds1.htm 25/238

Table of Contents

pre-announce products and services, in some cases before such products and services have been fully developed or tested, and risk failing to
meet expectations when such products and services become available. The risks associated with the introduction of new products include the
difficulties of predicting customer demand and effectively managing inventory levels to ensure adequate supply of the new product and
avoiding excess supply of the legacy product.

We may strategically enter into non-cancelable commitments with vendors to purchase materials for our products in advance of demand to
take advantage of favorable pricing, address concerns about the availability of future supplies or build safety stock to help ensure customer
shipments are not delayed should we experience higher than anticipated demand for materials with long lead times. For example, inventories
increased 79% from $4.8 million as of December 31, 2017 to $8.6 million as of December 31, 2018 and inventories increased 43% from $8.6
million as of December 31, 2018 to $12.3 million as of June 30, 2019, primarily to fulfill the increased level of expected demand of our
products, as well as to build inventory in anticipation of product transitions.

Our future success is dependent upon our ability to increase penetration in our existing markets.

Our customer base includes academic, government, biopharmaceutical, biotechnology and other institutions. In both the year ended
December 31, 2018 and the six months ended June 30, 2019, approximately 70% of our direct sales revenue came from sales to academic
institutions. Our success will depend upon our ability to increase our market penetration among these customers and to expand our market by
developing and marketing new products and new applications for existing products. We recently announced our intention to introduce our
Visium product line for spatial analysis and our future success will partially depend on our ability to commercialize this product line. As we
continue to scale our business, we may find that certain of our products, certain customers or certain markets, including the
biopharmaceutical market, may require a dedicated sales force or sales personnel with different experience than those we currently employ.
Identifying, recruiting and training additional qualified personnel would require significant time, expense and attention.

We cannot assure investors that we will be able to further penetrate our existing market or that the market will be able to sustain our current
and future product offerings. Any failure to increase penetration in our existing markets would adversely affect our ability to improve our
operating results.

We may not be able to develop new products, enhance the capabilities of our existing products to keep pace with rapidly changing
technology and customer requirements or successfully manage the transition to new product offerings, any of which could have a
material adverse effect on our business and operating results.

Our success depends on our ability to develop new products and applications for our technology in existing and new markets, while improving
the performance and cost-effectiveness of our existing products, in each case in ways that address current and anticipated customer
requirements. Such success is dependent upon several factors, including functionality, competitive pricing and integration with existing and
emerging technologies. New technologies, techniques or products could emerge that might offer better combinations of price and
performance or better address customer requirements as compared to our current or future products. Existing markets for our products,
including the genomics, single cell analysis, spatial analysis and other relevant markets, are characterized by rapid technological change and
innovation. Competitors may be able to respond more quickly and effectively than we can to new or changing opportunities, technologies,
standards or customer requirements. Due to the significant lead time involved in bringing a new product to market, we are required to make a
number of assumptions and estimates regarding the commercial feasibility of a new product, including assumptions and estimates regarding
the biological analytes that researchers will want to measure, the appropriate method of measuring such analytes, how researchers intend to
use the resulting data and the scope and type of data that will be most useful to researchers. As a result, it is possible that we may introduce
a new product that uses technologies or methods of analysis that have been displaced by the time of
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launch, addresses a market that no longer exists or is smaller than previously thought, targets biological analytes or produces data that
provides less utility to researchers than previously thought or otherwise is not competitive at the time of launch. We anticipate that we will face
increased competition in the future as existing companies and competitors develop new or improved products and as new companies enter
the market with new technologies. Our ability to mitigate downward pressure on our selling prices will be dependent upon our ability to
maintain or increase the value we offer to researchers. The expenses or losses associated with unsuccessful product development or launch
activities, or a lack of market acceptance of our new products, could adversely affect our business, financial condition or results of operations.

Because our solutions are used with other products, such as sequencers, to conduct an experiment, we also expect to face competition from
these complementary products, either directly or indirectly, as researchers and labs look to reduce the total cost of any given experiment. For
example, if a sequencer manufacturer was successful in vertically integrating their product to provide functionality equivalent to our
instruments, they would likely be able to deliver a solution that is capable of running comparable experiments with a total experiment cost that
is significantly less than the cost of running such experiments using our products together with third-party sequencers. Conversely, if genome
sequencing falls out of favor as a preferred approach for genomic research, whether through the development of alternative solutions or real
or perceived problems with sequencing itself, the utility of our products could be significantly impacted. It is critical to our success that we
anticipate changes such as these in technology and customer requirements and successfully introduce new, enhanced and competitive
technologies to meet our customers’ and prospective customers’ needs on a timely and cost-effective basis. If we do not successfully
innovate and introduce new technology into our product lines, our business and operating results will be adversely impacted.

Our ability to attract new customers and increase revenue from existing customers depends in large part on our ability to enhance and
improve our existing solutions and to introduce compelling new solutions. The success of any enhancement to our solutions depends on
several factors, including timely completion and delivery, competitive pricing, adequate quality testing, integration with existing technologies
and overall market acceptance. Any new solution that we develop may not be introduced in a timely or cost-effective manner, may contain
errors, vulnerabilities or bugs, or may not achieve the market acceptance necessary to generate significant revenue. If we are unable to
successfully develop new solutions, enhance our existing solutions to meet customer requirements, or otherwise gain market acceptance, our
business, results of operations and financial condition would be harmed.

Our ability to attract new customers and increase revenue from existing customers also depends on our ability to deliver any enhanced or new
solutions to our customers in a format where they can be easily and consistently deployed by most or all users without significant customer
service. If our customers believe that deploying our enhanced or new solutions would be overly time-consuming, confusing or technically
challenging, then our ability to grow our business would be substantially harmed. We need to create and deliver a repeatable, user-friendly,
prescriptive approach to deployment that allows users of all kinds to effectively and easily deploy our solutions, and if we fail to do so, our
business and results of operations would be harmed.

The typical development cycle of new life sciences products can be lengthy and complicated, and may require new scientific discoveries or
advancements and complex technology and engineering. Such developments may involve external suppliers and service providers, making
the management of development projects complex and subject to risks and uncertainties regarding timing, timely delivery of required
components or services and satisfactory technical performance of such components or assembled products. If we do not achieve the required
technical specifications or successfully manage new product development processes, or if development work is not performed according to
schedule, then such new technologies or products may be adversely impacted and our business and operating results may be harmed.
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If our existing and new products fail to achieve and sustain sufficient scientific acceptance, we will not generate expected revenue
and our prospects may be harmed.

The life sciences scientific community is comprised of a small number of early adopters and key opinion leaders who significantly influence
the rest of the community. The success of life sciences products is due, in large part, to acceptance by the scientific community and their
adoption of certain products as best practice in the applicable field of research. The current system of academic and scientific research views
publishing in a peer-reviewed journal as a measure of success. In such journal publications, the researchers will describe, not only their
discoveries, but also the methods and typically the products used to fuel such discoveries. Mentions in peer-reviewed journal publications is a
good barometer for the general acceptance of our products as best practices. Ensuring that early adopters and key opinion leaders publish
research involving the use of our products is critical to ensuring our products gain widespread acceptance and market growth. Continuing to
maintain good relationships with such key opinion leaders is vital to growing our market. The number of times our products were mentioned in
peer-reviewed publications has increased significantly in the last two years. During this time our revenue has also increased significantly. We
cannot assure investors that our products will continue to be mentioned in peer-reviewed articles with any frequency or that any new products
that we introduce in the future will be mentioned in peer-reviewed articles. If too few researchers describe the use of our products, too many
researchers shift to a competing product and publish research outlining their use of that product or too many researchers negatively describe
the use of our products in publications, it may drive existing and potential customers away from our products, which could harm our operating
results.

If we do not sustain or successfully manage our growth and anticipated growth, our business and prospects will be harmed.

We have experienced rapid growth in recent periods. This growth and our anticipated growth will place significant strains on our management,
operational and manufacturing systems and processes, financial systems and internal controls and other aspects of our business. For
example, we consummated two acquisitions in 2018 and intend to continue to make investments that meet management’s criteria to expand
or add key technologies that we believe will facilitate the commercialization of new products in the future. In addition, we launched six new
products and new versions of existing products in 2018 and intend to launch additional new products and new versions of existing products in
the next six to twelve months. Further development and commercialization of our current and future products are key elements of our growth
strategy. Developing and launching new products and innovating and improving our existing products have required us to hire and retain
additional scientific, sales and marketing, software, manufacturing, distribution and quality assurance personnel. As a result, we have
experienced rapid headcount growth from 110 employees as of December 31, 2015 to 500 employees as of June 30, 2019. As we have
grown, our employees have become more geographically dispersed. We currently serve thousands of researchers in approximately 40
countries and plan to continue to expand to new international jurisdictions as part of our growth strategy which will lead to increased
dispersion of our employees. Moreover, we expect that we will need to hire additional accounting, finance and other personnel in connection
with our becoming, and our efforts to comply with the requirements of being, a public company. Once public, our management and other
personnel will need to devote a substantial amount of time towards maintaining compliance with these requirements. We may face challenges
integrating, developing and motivating our rapidly growing and increasingly dispersed employee base. In addition, certain members of our
management have not previously worked together for an extended period of time, do not have experience managing a public company or do
not have experience managing a global business, which may affect how they manage our growth. To effectively manage our growth, we must
continue to improve our operational and manufacturing systems and processes, our financial systems and internal controls and other aspects
of our business and continue to effectively expand, train and manage our personnel. As our organization continues to grow, and we are
required to implement more complex organizational management
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structures, we may find it increasingly difficult to maintain the benefits of our corporate culture, including our ability to quickly develop and
launch new and innovative products. If we do not successfully manage our anticipated growth, our business, results of operations and growth
prospects will be harmed.

Our limited operating history and rapid revenue growth make it difficult to evaluate our future prospects and the risks and
challenges we may encounter.

We launched our first product in mid-2015 and have experienced significant revenue growth in recent periods, including an increase in
revenue of $75.2 million, or 106%, for the year ended December 31, 2018 as compared to the year ended December 31, 2017. In addition,
we operate in highly competitive markets characterized by rapid technological advances and our business has, and we expect it to continue,
to evolve over time to remain competitive. Our limited operating history, evolving business and rapid growth make it difficult to evaluate our
future prospects and the risks and challenges we may encounter and may increase the risk that we will not continue to grow at or near
historical rates.

If we fail to address the risks and difficulties that we face, including those described elsewhere in this “Risk factors” section, our business,
financial condition and results of operations could be adversely affected. We have encountered in the past, and will encounter in the future,
risks and uncertainties frequently experienced by growing companies with limited operating histories in rapidly changing industries. If our
assumptions regarding these risks and uncertainties, which we use to plan and operate our business, are incorrect or change, or if we do not
address these risks successfully, our results of operations could differ materially from our expectations and our business, financial condition
and results of operations could be adversely affected.

Our operating results have in the past fluctuated significantly and may continue to fluctuate significantly in the future, which makes
our future operating results difficult to predict and could cause our operating results to fall below expectations or any guidance we
may provide.

Our quarterly and annual operating results may fluctuate significantly, which makes it difficult for us to predict our future operating results.
These fluctuations may occur due to a variety of factors, many of which are outside of our control, including, but not limited to:
 

•  the level of demand for our products, which may vary significantly, and our ability to increase penetration in our existing markets and
expand into new markets;

 

•  customers accelerating, canceling, reducing or delaying orders as a result of developments related to our litigation or to our transition to
Next GEM microfluidic chips;

 

•  the outcomes of and related rulings in the litigation and administrative proceedings in which we are currently involved;
 

•  our ability to successfully manufacture and transition our existing customers to our Next GEM microfluidic chips;
 

•  the timing and cost of, and level of investment in, research and development and commercialization activities relating to our products,
which may change from time to time;

 

•  the volume and mix of our instrument and consumable sales or changes in the manufacturing or sales costs related to our instruments and
consumables;

 

•  the success of our recently announced products, such as our Chromium Connect and Visium platform, and the introduction of other new
products or product enhancements by us or others in our industry;

 

•  the timing and amount of expenditures that we may incur to acquire, develop or commercialize additional products and technologies or for
other purposes, such as the expansion of our facilities;
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•  changes in governmental funding of life sciences research and development or changes that impact budgets, budget cycles or seasonal
spending patterns of our customers;

 

•  future accounting pronouncements or changes in our accounting policies;
 

•  the outcome of any future litigation or governmental investigations involving us, our industry or both;
 

•  difficulties encountered by our commercial carriers in delivering our instruments or consumables, whether as a result of external factors
such as weather or internal issues such as labor disputes;

 

•  general market conditions and other factors, including factors unrelated to our operating performance or the operating performance of our
competitors;

 

•  higher than anticipated warranty costs; and
 

•  the other factors described in this “Risk factors” section.

The cumulative effects of the factors discussed above could result in large fluctuations and unpredictability in our quarterly and annual
operating results. As a result, comparing our operating results on a period-to-period basis may not be meaningful. Investors should not rely on
our past results as an indication of our future performance.

This variability and unpredictability could also result in our failing to meet the expectations of industry or financial analysts or investors for any
period. If our revenue or operating results fall below the expectations of analysts or investors or below any guidance we may provide, or if the
guidance we provide is below the expectations of analysts or investors, the price of our Class A common stock could decline substantially.
Such a stock price decline could occur even when we have met or exceeded any previously publicly stated guidance we may provide.

The sizes of the markets for our solutions may be smaller than estimated and new market opportunities may not develop as quickly
as we expect, or at all, limiting our ability to successfully sell our solutions.

The market for genomics products is new and evolving, making it difficult to predict with any accuracy the sizes of the markets for our current
and future solutions. Our estimates of the annual total addressable market for our current and future solutions are based on a number of
internal and third-party estimates and assumptions. In particular, our estimates are based on our expectations that: (a) researchers in the
market for certain life sciences research tools and technologies, such as flow cytometry, next generation sequencing, laboratory automation,
microscopy and sample preparation, among others, will view our solutions as competitive alternatives to, or better options than, such existing
tools and technologies; (b) researchers who already own such existing tools and technologies will recognize the ability of our solutions to
complement, enhance and enable new applications of their current tools and technologies and find the value proposition offered by our
solutions convincing enough to purchase our solutions in addition to the tools and technologies they already own; and (c) the trends we have
seen among our customers with respect to placements of our instruments in comparison to the installed base of RT-PCR units and next
generation sequencers are representative of the broader market. Underlying each of these expectations are a number of estimates and
assumptions, including the assumption that government or other sources of funding will continue to be available to life sciences researchers
at times and in amounts necessary to allow them to purchaser our solutions.

In addition, our growth strategy involves launching new solutions and expanding sales of existing solutions into new markets in which we have
limited or no experience, such as the biopharmaceutical market. Sales of new or existing solutions into new market opportunities may take
several years to develop and mature and we cannot be certain that these market opportunities will develop as we expect. For example, new
life sciences technology is often not adopted by the relevant market until a sufficient amount of research conducted using such technology
has been published in peer-reviewed publications. Because there can be a considerable delay
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between the launch of a new life sciences product and publication of research using such product, new life sciences products do not generally
contribute a meaningful amount of revenue in the year they are introduced. In certain markets, such as the biopharmaceutical market, new life
sciences technology, even if sufficiently covered in peer-reviewed publications, may not be adopted until the consistency and accuracy of
such technology, method or device has been proven. As a result, the sizes of the annual total addressable market for new markets and new
products are even more difficult to predict.

While we believe our assumptions and the data underlying our estimates of the total annual addressable market for our solutions are
reasonable, these assumptions and estimates may not be correct and the conditions supporting our assumptions or estimates, or those
underlying the third-party data we have used, may change at any time, thereby reducing the accuracy of our estimates. As a result, our
estimates of the annual total addressable market for our solutions may be incorrect.

The future growth of the market for our current and future solutions depends on many factors beyond our control, including recognition and
acceptance of our solutions by the scientific community as best practice and the growth, prevalence and costs of competing products and
solutions. Such recognition and acceptance may not occur in the near term, or at all. If the markets for our current and future solutions are
smaller than estimated or do not develop as we expect, our growth may be limited and our business, financial condition and operational
results may be adversely affected.

Our management uses certain key business metrics to evaluate our business, measure our performance, identify trends affecting
our business, formulate financial projections and make strategic decisions and such metrics may not accurately reflect all of the
aspects of our business needed to make such evaluations and decisions, in particular as our business continues to grow.

In addition to our consolidated financial results, our management regularly reviews a number of operating and financial metrics, including our
instrument installed base and consumable pull-through per instrument, to evaluate our business, measure our performance, identify trends
affecting our business, formulate financial projections and make strategic decisions. We define the instrument installed base as the
cumulative number of instruments sold since inception and define consumable pull-through per instrument as the total consumables revenue
in the given quarter divided by the average instrument installed base during that quarter. We believe that these metrics are representative of
our current business; however, these metrics may not accurately reflect all aspects of our business and we anticipate that these metrics may
change or may be substituted for additional or different metrics as our business grows and as we introduce new products. For example, we
expect that our expansion into new markets and adoption by new customers who may not have the same financial resources to devote to
consumable purchases as our existing customer base could adversely impact our pull-through figures. These metrics also do not accurately
reflect information relating to customers who purchase consumables but do not own an instrument, whom we refer to as “halo users”. Halo
users and the future introduction of consumables that may not use instruments, such as our recently announced Visium solution, or
instruments that are expected to use a greater amount of consumables, such as our Chromium Connect instrument, could reduce the utility of
our consumable pull-through per instrument metric and make it difficult to compare such figures over time. Moreover, we expect some of our
halo users to purchase instruments of their own which would decrease the consumables sold per instrument and therefore decrease our
annual consumable pull-through per instrument. Though we expect the introduction of enhanced features and additional solutions on our
Chromium instrument to increase consumable pull-through per instrument and to offset this decline, there are no assurances we will be
successful in doing so. If our management fails to review other relevant information or change or substitute the key business metrics they
review as our business grows and we introduce new products, their ability to accurately formulate financial projections and make strategic
decisions may be compromised and our business, financial results and future growth prospects may be adversely impacted.
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We are dependent on single source and sole source suppliers for some of the components and materials used in our products and
the loss of any of these suppliers could harm our business.

We do not have long-term contracts with our suppliers for the significant majority of the services, materials and components we use for the
manufacture and delivery of our products. In certain cases, we also rely on single suppliers for all of our requirements for some of our
materials or components. In most cases we do not have long term contracts with these suppliers, and even in the cases where we do the
contracts include significant qualifications that would make it extremely difficult for us to force the supplier to provide us with their services,
materials or components should they choose not to do so. We are therefore subject to the risk that these third-party suppliers will not be able
or willing to continue to provide us with materials and components that meet our specifications, quality standards and delivery schedules.
Factors that could impact our suppliers’ willingness and ability to continue to provide us with the required materials and components include
disruption at or affecting our suppliers’ facilities, such as work stoppages or natural disasters, adverse weather or other conditions that affect
their supply, the financial condition of our suppliers and deterioration in our relationships with these suppliers. In addition, we cannot be sure
that we will be able to obtain these materials and components on satisfactory terms. Any increase in material and component costs could
reduce our sales and harm our gross margins. In addition, any loss of a material supplier may permanently cause a change in one or more of
our products that may not be accepted by our customers or cause us to eliminate that product altogether.

For example, we depend on a limited number of suppliers for enzymes and amplification mixes used in our consumables. In some cases,
these manufacturers are the sole source of certain types of enzymes and reagents. We do not have long-term contracts with any of these sole
source suppliers. Lead times for some of these components can be several months or more. In the event that demand increases, a
manufacturing ‘lot’ does not meet our specifications or we fail to forecast and place purchase orders sufficiently in advance, this could result in
a material shortage. Some of the components and formulations are proprietary to our vendors, thereby making second sourcing and
development of a replacement difficult. Furthermore, such vendors may have intellectual property rights that could prevent us from sourcing
such reagents from other vendors. If enzymes and reagents become unavailable from our current suppliers and we are unable to find
acceptable substitutes for these suppliers, we may be required to produce them internally or change our product designs.

We have not qualified secondary sources for all materials or components that we source through a single supplier and we cannot assure
investors that the qualification of a secondary supplier will prevent future supply issues. Disruption in the supply of materials or components
would impair our ability to sell our products and meet customer demand, and also could delay the launch of new products, any of which could
harm our business and results of operations. If we were to have to change suppliers, the new supplier may not be able to provide us materials
or components in a timely manner and in adequate quantities that are consistent with our quality standards and on satisfactory pricing terms.
In addition, alternative sources of supply may not be available for materials that are scarce or components for which there are a limited
number of suppliers.

If our facilities or our third-party manufacturers’ facilities become unavailable or inoperable, our research and development
program could be adversely impacted and manufacturing of our instruments and consumables could be interrupted.

The manufacturing process for our Chromium Controller takes place at our third-party manufacturer’s facilities in California. The majority of
our consumables are manufactured at our facilities in Pleasanton, California using proprietary equipment. Certain raw materials, such as
oligonucleotides and enzymes, are custom manufactured by outside partners. We periodically review the manufacturing capacity of our
consumables and we expect to manufacture an increasing amount of consumables in-house. Our Pleasanton facilities also house the majority
of our research and development and quality assurance teams. Our planned Chromium Connect will be
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manufactured by our partner at their facility. The facilities and the equipment we and our third-party manufacturers use to manufacture our
instruments and consumables and that we use in our research and development program would be costly to replace and could require
substantial lead times to repair or replace.

Our facilities in Pleasanton are vulnerable to natural disasters and catastrophic events. For example, our Pleasanton facilities are located near
earthquake fault zones and are vulnerable to damage from earthquakes as well as other types of disasters, including fires, floods, power loss,
communications failures and similar events. If any disaster or catastrophic event were to occur, our ability to operate our business would be
seriously, or potentially completely, impaired. If our facilities or any of our third-party manufacturers’ facilities become unavailable for any
reason, we cannot provide assurances that we will be able to secure alternative manufacturing facilities with the necessary capabilities and
equipment on acceptable terms, if at all. We may encounter particular difficulties in replacing our Pleasanton facilities given the specialized
equipment housed within it. The inability to manufacture our instruments and/or consumables, combined with our limited inventory of
manufactured instruments and consumables, may result in the loss of customers or harm our reputation, and we may be unable to reestablish
relationships with those customers in the future. Because certain of our consumables and the raw materials we use to manufacture
consumables at our Pleasanton facilities are perishable and must be kept in temperature controlled storage, the loss of power to our facilities,
mechanical or other issues with our storage facilities or other events that impact our temperature controlled storage could result in the loss of
some or all of such consumables and raw materials and we may not be able to replace them without disruption to our customers or at all.

In both the year ended December 31, 2018 and the six months ended June 30, 2019, approximately 70% of our direct sales revenue came
from sales to academic institutions, whose research often requires long uninterrupted studies performed on a consistent basis over time; thus
interruptions in our ability to supply consumables could be particularly damaging to these studies and our reputation. In addition, the
budgetary planning and approval process for academic research programs can be lengthy and begin well in advance of the planned purchase
of our instrument and/or consumables. If our products become unavailable during the planning process, researchers may use alternative
products.

If our research and development program were disrupted by a disaster or catastrophe, the launch of new products and the timing of
improvements to existing products could be significantly delayed and could adversely impact our ability to compete with other available
products and solutions. If our or our third-party manufacturers’ capabilities are impaired, we may not be able to manufacture and ship our
products in a timely manner, which would adversely impact our business. Although we possess insurance for damage to our property and the
disruption of our business, this insurance may not be sufficient to cover all of our potential losses and may not continue to be available to us
on acceptable terms, or at all.

We may be unable to consistently manufacture our instruments and consumables to the necessary specifications or in quantities
necessary to meet demand at an acceptable cost or at an acceptable performance level.

Our products are integrated solutions with many different components that work together. As such, a quality defect in a single component can
compromise the performance of the entire solution. Certain of our consumables are manufactured at our Pleasanton, California facilities using
complex processes, sophisticated equipment and strict adherence to specifications and quality systems procedures. In many cases, the
consumables we manufacture are bundled with products or components that we source from third parties and assemble, package and
perform quality assurance testing at our Pleasanton facilities. Our Chromium Controllers are manufactured by our third-party manufacturers at
their facilities. In order to successfully generate revenue from our products, we need to supply our customers with products that meet their
expectations for quality and functionality in accordance with established specifications. In order to ensure we are able to meet these
expectations, our
 

26

Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 154 of 835 PageID #: 1639



9/8/2019 S-1

https://www.sec.gov/Archives/edgar/data/1770787/000119312519224368/d737378ds1.htm 33/238

Table of Contents

Pleasanton, California manufacturing facilities, as well as the facilities of our third-party manufacturers, have obtained International
Organization for Standardization (“ISO”) quality management certifications and employ other quality control measures. While customer
complaints regarding defects in our products and consumables have historically been low, our customers have experienced quality control
and manufacturing defects in the past. For example, a manufacturing defect in certain of our Chromium Controllers resulted in an
unacceptable level of LCD screen failures and we launched a free replacement program in 2018 to allow customers to replace affected LCD
screens as a result. As we continue to grow and introduce new products, and as our products incorporate increasingly sophisticated
technology, it will be increasingly difficult to ensure our products are produced in the necessary quantities without sacrificing quality. There is
no assurance that we or our third-party manufacturers will be able to continue to manufacture our products so that they consistently achieve
the product specifications and quality that our customers expect. Certain of our consumables are subjected to a shelf life, after which their
performance is not ensured. Shipment of consumables that effectively expire early or shipment of defective instruments or consumables to
customers may result in recalls and warrantee replacements, which would increase our costs, and depending upon current inventory levels
and the availability and lead time for additional inventory, could lead to availability issues. Any future design issues, unforeseen manufacturing
problems, such as contamination of our or their facilities, equipment malfunctions, aging components, quality issues with components and
materials sourced from third-party suppliers, or failures to strictly follow procedures or meet specifications, may have a material adverse effect
on our brand, business, financial condition and operating results and could result in us or our third-party manufacturers losing ISO quality
management certifications. If we or our third-party manufacturers fail to maintain ISO quality management certifications, our customers might
choose not to purchase products from us. Furthermore, we or our third-party manufacturers may not be able to increase manufacturing to
meet anticipated demand or may experience downtime.

In addition, as we increase manufacturing capacity, we will also need to make corresponding improvements to other operational functions,
such as our customer service and billing systems, compliance programs and our internal quality assurance programs. We will also need
additional equipment, manufacturing and warehouse space and trained personnel to process higher volumes of products. We cannot assure
you that any increases in scale, related improvements and quality assurance will be successfully implemented or that equipment,
manufacturing and warehouse space and appropriate personnel will be available. As we develop additional products, we may need to bring
new equipment on-line, implement new systems, technology, controls and procedures and hire personnel with different qualifications. Our
ability to increase our manufacturing capacity at our Pleasanton, California location is complicated by the use of our proprietary equipment
that is not readily available from third-party manufacturers.

The risk of manufacturing defects or quality control issues is generally higher for new products, whether produced by us or a third-party
manufacturer, products that are transitioned from one manufacturer to another, particularly if manufacturing is transitioned or initiated with a
manufacturer we have not worked with in the past, and products that are transferred from one manufacturing facility to another. Our current
product roadmap calls for the introduction of new instruments, such as our Chromium Connect, which integrates our Chromium Controller with
complex robotics manufactured by our partner. We also expect to transition manufacturing of our Chromium Controller to a new third-party
manufacturer with greater capacity in the near future.

As a result, both of our instruments will soon be manufactured by companies with which we have no prior manufacturing experience and the
risk of manufacturing defects or quality control issues could increase as a result. Similarly, we also expect to expand our manufacturing
facilities in Pleasanton, California during 2019. This expansion will result in the relocation of certain manufacturing processes and the risk of
manufacturing defects or quality control issues in the consumables we manufacture there could increase as a result. We cannot assure
investors that we and our third-party manufacturers will be able to launch new products on time, transition manufacturing of existing products
to new manufacturers, transition our manufacturing capabilities
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to a new location or transition manufacturing of any additional consumables in-house without manufacturing defects.

An inability to manufacture products and components that consistently meet specifications, in necessary quantities and at commercially
acceptable costs will have a negative impact and may have a material adverse effect on our business, financial condition and results of
operations.

Undetected errors or defects in our solutions could harm our reputation and decrease market acceptance of our solutions.

Our instruments and consumables, as well as the software that accompanies them, may contain undetected errors or defects when first
introduced or as new versions are released. Disruptions or other performance problems with our products or software may adversely impact
our customers’ research or business, harm our reputation and result in reduced revenue or increased costs associated with product repairs or
replacements. If that occurs, we may also incur significant costs, the attention of our key personnel could be diverted or other significant
customer relations problems may arise. We may also be subject to warranty claims or breach of contract for damages related to errors or
defects in our solutions.

Certain disruptions in supply of, and changes in the competitive environment for, raw materials integral to the manufacturing of our
products may adversely affect our profitability.

We use a broad range of materials and supplies, including metals, chemicals and other electronic components, in our products. A significant
disruption in the supply of these materials could decrease production and shipping levels, materially increase our operating costs and
materially adversely affect our profit margins. Shortages of materials or interruptions in transportation systems, labor strikes, work stoppages,
war, acts of terrorism or other interruptions to or difficulties in the employment of labor or transportation in the markets in which we purchase
materials, components and supplies for the production of our products, in each case may adversely affect our ability to maintain production of
our products and sustain profitability. Unforeseen end-of-life for certain components, such as enzymes, could cause backorders as we modify
our product specifications to accommodate replacement components. If we were to experience a significant or prolonged shortage of critical
components from any of our suppliers and could not procure the components from other sources, we would be unable to manufacture our
products and to ship such products to our customers in a timely fashion, which would adversely affect our sales, margins and customer
relations.

We depend on certain technologies that are licensed to us. We do not control these technologies and any loss of our rights to them
could prevent us from selling our products.

We rely on licenses in order to be able to use various proprietary technologies that are used in a substantial majority of our consumables. We
do not own the patents that are the subject matter of these licenses. Our rights to use these patented technologies in our business are subject
to the continuation of and compliance with the terms of those licenses.

We may need to license other technologies to commercialize future products. We may also need to negotiate licenses to patents and patent
applications after launching new products. Our business may suffer if the technologies, patents or patent applications are unavailable for
license or if we are unable to enter into necessary licenses on acceptable terms.

If we fail to offer high quality customer service, our business and reputation could suffer.

We differentiate ourselves from our competition through our commitment to an exceptional customer experience. Accordingly, high quality
customer service is important for the growth of our business and any failure to maintain such standards of customer service, or a related
market perception, could affect our ability
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to sell products to existing and prospective customers. Additionally, we believe our customer service team has a positive influence on
recurring consumables revenue. Providing an exceptional customer experience requires significant time and resources from our customer
service team. Therefore, failure to scale our customer service organization adequately may adversely impact our business results and
financial condition.

Customers utilize our service teams and online content for help with a variety of topics, including how to use our products efficiently, how to
integrate our products into existing workflows, how to determine which of our other products may be needed for a given experiment and how
to resolve technical, analysis and operational issues if and when they arise. While we have developed significant resources for remote
training, including an extensive library of online videos, we may need to rely more on these resources for future customer training, or we may
experience increased expenses to enhance our online and remote solutions. If our customers do not adopt these resources, we may be
required to increase the staffing of our customer service team, which would increase our costs. Also, as our business scales, we may need to
engage third-party customer service providers, which could increase our costs and negatively impact the quality of the customer experience if
such third parties are unable to provide service levels equivalent to ours.

The number of our customers has grown significantly and such growth, as well as any future growth, will put additional pressure on our
customer service organization. We may be unable to hire qualified staff quickly enough or to the extent necessary to accommodate increases
in demand.

In addition, as we continue to grow our operations and reach a global customer base, we need to be able to provide efficient customer service
that meets our customers’ needs globally at scale. In geographies where we sell through distributors, we rely on those distributors to provide
customer service. If these third-party distributors do not provide a high quality customer experience, our business operations and reputation
may suffer.

We depend on our key personnel and other highly qualified personnel, and if we are unable to recruit, train and retain our
personnel, we may not achieve our goals.

Our future success depends on our ability to recruit, train, retain and motivate key personnel, including our senior management, research and
development, manufacturing and sales, customer service and marketing personnel. In particular, Dr. Saxonov, our Chief Executive Officer and
one of our co-founders, and Dr. Hindson, our Chief Scientific Officer, President and one of our co-founders, are critical to our vision, strategic
direction, culture and products. Competition for qualified personnel is intense, particularly in the San Francisco Bay Area. As we grow, we may
continue to make changes to our management team, which could make it difficult to execute on our business plans and strategies. New hires
also require significant training and, in most cases, take significant time before they achieve full productivity. Our failure to successfully
integrate these key personnel into our business could adversely affect our business.

Our continued growth depends, in part, on attracting, retaining and motivating highly-trained sales personnel with the necessary scientific
background and ability to understand our systems at a technical level to effectively identify and sell to potential new customers. In addition,
the continued development of complementary software tools, such as our analysis tools and visualization software, requires us to compete for
highly trained software engineers in the San Francisco Bay Area and for highly trained customer service personnel globally. We also compete
for computational biologists and qualified scientific personnel with other life science companies, academic institutions and research
institutions. Many of our scientific personnel are qualified foreign nationals whose ability to live and work in the United States is contingent
upon the continued availability of appropriate visas. Due to the competition for qualified personnel in the San Francisco Bay Area, we expect
to continue to rely on foreign nationals to fill part of our recruiting needs. As a result, changes to United States immigration policies could
restrain the flow of technical and professional talent into the United
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States and may inhibit our ability to hire qualified personnel. The current United States administration has made restricting immigration and
reforming the work visa process a key focus of its initiatives and these efforts may adversely affect our ability to find qualified personnel.

We do not maintain key man life insurance or fixed term employment contracts with any of our employees. As a result, our employees could
leave our company with little or no prior notice and would be free to work for a competitor. Because of the complex and technical nature of our
products and the dynamic market in which we compete, any failure to attract, train, retain and motivate qualified personnel could materially
harm our operating results and growth prospects.

Acquisitions could disrupt our business, cause dilution to our stockholders and otherwise harm our business.

We have and may continue to acquire other businesses and legal entities to add specialized employees, products or technologies as well as
pursue technology licenses or investments in complementary businesses. In 2018, we acquired Epinomics, Inc. (“Epinomics”), an epigenetics
company based in California, and Spatial Transcriptomics Holdings AB (“Spatial Transcriptomics”), a spatial analysis company based in
Stockholm, Sweden. We believe we are successfully integrating the technologies acquired from those companies into our business, but the
long term success of these acquisitions is not guaranteed. These transactions and any future transactions could be material to our financial
condition and operating results and expose us to many risks, including:
 

•  disruption in our relationships with customers, distributors, manufacturers or suppliers as a result of such a transaction;
 

•  unanticipated liabilities related to acquired companies, including liabilities related to acquired intellectual property or litigation relating
thereto;

 

•  difficulties integrating acquired personnel, technologies and operations into our existing business;
 

•  diversion of management time and focus from operating our business;
 

•  failure to realize anticipated benefits or synergies from such a transaction;
 

•  increases in our expenses and reductions in our cash available for operations and other uses;
 

•  possible write-offs or impairment charges relating to acquired businesses; and
 

•  potential higher taxes if our tax position relating to the acquisitions were challenged.

Foreign acquisitions, such as our acquisition of Spatial Transcriptomics, involve unique risks in addition to those mentioned above, including
those related to integration of operations across different cultures and languages, currency risks and the particular economic, political and
regulatory risks associated with specific countries.

Even if we identify a strategic transaction that we wish to pursue, we may be prohibited from consummating such transaction due to the terms
of our existing or any future indebtedness. For example, our Second Amended and Restated Loan and Security Agreement, dated
February 9, 2018, with Silicon Valley Bank (as amended, restated or supplemented from time to time, the “Loan and Security Agreement”)
includes a covenant that limits our ability to consummate acquisitions and the exceptions to this covenant are limited. If we were to pursue an
acquisition that is not permitted by the Loan and Security Agreement, we would be required to seek a waiver from the lender under the Loan
and Security Agreement and we cannot assure investors that the lender would grant such a waiver.

Future acquisitions or dispositions could result in potentially dilutive issuances of our equity securities, the incurrence of debt, contingent
liabilities or amortization expenses or write-offs of goodwill, any of which could
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harm our financial condition. We cannot predict the number, timing or size of future acquisitions, or the effect that any such transactions might
have on our operating results.

Seasonality may cause fluctuations in our revenue and results of operations.

We operate on a December 31st year end and believe that there are significant seasonal factors which may cause sales of our products, and
particularly our Chromium Controller, to vary on a quarterly or yearly basis and increase the magnitude of quarterly or annual fluctuations in
our operating results. We believe that this seasonality results from a number of factors, including the procurement and budgeting cycles of
many of our customers, especially government- or grant-funded customers, whose cycles often coincide with government fiscal year ends.
For example, the United States government’s fiscal year end occurs in our third quarter and may result in increased sales of our products
during this quarter if government-funded customers have unused funds that may be forfeited, or future budgets that may be reduced, if such
funds remain unspent at such fiscal year end. Furthermore, the academic budgetary cycle similarly requires grantees to ‘use or lose’ their
grant funding, which seems to be tied disproportionately to the end of the calendar year, driving sales higher during the fourth quarter.
Similarly, our biopharmaceutical customers typically have calendar year fiscal years which also result in a disproportionate amount of their
purchasing activity occurring during our fourth quarter. These factors have contributed, and may contribute in the future, to substantial
fluctuations in our quarterly operating results. Because of these fluctuations, it is possible that in some quarters our operating results will fall
below the expectations of securities analysts or investors. If that happens, the market price of our Class A common stock would likely
decrease. These fluctuations, among other factors, also mean that our operating results in any particular period may not be relied upon as an
indication of future performance. Seasonal or cyclical variations in our sales have in the past, and may in the future, become more or less
pronounced over time, and have in the past materially affected, and may in the future materially affect, our business, financial condition,
results of operations and prospects.

Our reliance on distributors for sales of our products in certain geographies outside of the United States could limit or prevent us
from selling our products and impact our revenue.

We sell our products through third-party distributors in Asia, certain regions of Europe, South America, the Middle East and Africa. We intend
to continue to grow our business internationally and to do so we must attract additional distributors and retain existing distributors to maximize
the commercial opportunity for our products. There is no guarantee that we will be successful in attracting or retaining desirable sales and
distribution partners or that we will be able to enter into such arrangements on favorable terms. Most of our distribution relationships are
non-exclusive and permit such distributors to distribute competing products. As such, our distributors may not commit the necessary
resources to market our products to the level of our expectations or may choose to favor marketing the products of our competitors. If current
or future distributors do not perform adequately or we are unable to enter into effective arrangements with distributors in particular geographic
areas, we may not realize long-term international revenue growth.

We rely exclusively on commercial carriers to transport our products, including perishable consumables, to our customers in a
timely and cost-efficient manner and if these delivery services are disrupted, our business will be harmed.

Our business depends on our ability to quickly and reliably deliver our products and in particular, our consumables, to our customers. Certain
of our consumables are perishable and must be kept below certain temperatures. As such, we ship certain of our refrigerated consumables on
dry ice and only ship such consumables on certain days of the week to reach customers on a timely basis. Disruptions in the delivery of our
products, whether due to labor disruptions, bad weather, natural disasters, terrorist acts or threats or for other reasons could result in our
customers receiving consumables that are not fit for usage, and if used, could
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result in inaccurate results or ruined experiments. While we work with customers to replace any consumables that are impacted by delivery
disruptions, our reputation and our business may be adversely impacted even if we replace perished consumables free of charge. In addition,
if we are unable to continue to obtain expedited delivery services on commercially reasonable terms, our operating results may be adversely
affected.

In addition, should our commercial carriers encounter difficulties in delivering our instruments or consumables to customers, particularly at the
end of any financial quarter, it could adversely impact our ability to recognize revenue for those products in that period and accordingly
adversely affect our financial results for that period.

Ethical, legal, privacy and social concerns or governmental restrictions surrounding the use of the genomic and multi-omic
information and gene editing could reduce demand for our products.

While we do not make gene sequencing or gene editing products, our products are used to better understand genomic information that could
further gene editing endeavors. For example, our single cell gene expression solutions allow users to examine cells that have been
genetically perturbed using clustered regularly interspaced short palindromic repeats (“CRISPR”) gene editing technology. Recent advances
in genome editing or gene therapy, using CRISPR systems such as CRISPR Cas9 technology have been subject to negative publicity and
increased regulatory scrutiny, in part due to the underlying ethical, legal, privacy and social concerns regarding the use or potential misuse of
such technology. Governmental authorities could, for safety, social or other purposes, call for limits on or regulation of technologies and
products used in the genome editing or gene therapy fields. Such concerns or governmental restrictions could limit the use of our products.
Because the science and technology of genome editing or gene therapy is incredibly complex, any regulations or restrictions placed on such
technology or aimed at curtailing its usage could, intentionally or inadvertently, limit or restrict the usage of our products. Any such restrictions
or any reduction in usage of our products as a result of concerns regarding the usage of genome editing technology could have a material
adverse effect on our business, financial condition and results of operations.

We are subject to certain manufacturing restrictions related to licensed technologies that were developed with the financial
assistance of United States government grants.

We are subject to certain United States government regulations because we have licensed technologies that were developed with United
States government grants. Such licensed technologies are used, for example, in a substantial majority of our consumables. In accordance
with these regulations, these licenses provide that products embodying the technologies are subject to domestic manufacturing requirements.
If this domestic manufacturing requirement is not met, the government agency that funded the relevant grant is entitled to exercise specified
rights (“march-in rights”) which if exercised would allow the government agency to require the licensors or us to grant a non-exclusive,
partially exclusive or exclusive license in any field of use to a third-party designated by such agency. The exercise of march-in rights or the
termination of our license of the relevant technologies could materially adversely affect our business, operations and financial condition. As of
June 30, 2019, all of our products embodying licensed technology subject to march-in rights were manufactured in the United States. While
we do not expect to move manufacturing of these products to facilities located outside of the United States, we cannot assure investors that
such products will always be manufactured in the United States or that the applicable government agency would grant a waiver of such
requirement. These restrictions may limit our ability to manufacture our products in geographies where it may be more economically favorable
to do so which could limit our ability to respond to competitive developments or otherwise adversely affect our results of operations.
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Our products could become subject to government regulation and the regulatory approval and maintenance process for such
products may be expensive, time-consuming and uncertain both in timing and in outcome.

Our products are not subject to the clearance or approval of the U.S. Food and Drug Administration (the “FDA”), as they are not intended to
be used for the diagnosis, treatment or prevention of disease. However, as we continue to expand our product line and the applications and
uses of our existing products into new fields, certain of our current or future products could become subject to regulation by the FDA, or
comparable international agencies, including requirements for regulatory clearance or approval of such products before they can be
marketed. Such regulatory approval processes or clearances may be expensive, time-consuming and uncertain, and our failure to obtain or
comply with such approvals and clearances could have an adverse effect on our business, financial condition and operating results. In
addition, changes to the current regulatory framework, including the imposition of additional or new regulations, including regulation of our
products, could arise at any time during the development or marketing of our products, which may negatively affect our ability to obtain or
maintain FDA or comparable regulatory approval of our products, if required. Further, sales of devices for diagnostic purposes may subject us
to additional healthcare regulation and enforcement by the applicable government agencies. Such laws include, without limitation, state and
federal anti-kickback, fraud and abuse, false claims, privacy and security and physician sunshine laws and regulations.

Diagnostic products are regulated as medical devices by the FDA and comparable international agencies and may require either clearance
from the FDA following the 510(k) pre-market notification process or pre-market approval from the FDA, in each case prior to marketing.
Obtaining the requisite regulatory approvals can be expensive and may involve considerable delay. None of our products are currently
regulated as medical devices, however, if our products labeled as “For Research Use Only. Not for use in diagnostic procedures” (“RUO”) are
used, or could be used, for the diagnosis of disease, the regulatory requirements related to marketing, selling and supporting such products
could change or be uncertain, even if such use by our customers is without our consent.

If the FDA or other regulatory authorities assert that any of our products are subject to regulatory clearance or approval, our business,
financial condition or results of operations could be adversely affected.

Enhanced trade tariffs, import restrictions, export restrictions, Chinese regulations or other trade barriers may materially harm our
business.

We are continuing to expand our international operations as part of our growth strategy and have experienced an increasing concentration of
sales in certain regions outside the United States, especially in the Asia-Pacific region. For the year ended December 31, 2018 and the six
months ended June 30, 2019, sales outside of North America constituted approximately 42% and 44%, respectively, of our sales revenue and
our largest markets outside of North America were China and Germany. There is currently significant uncertainty about the future relationship
between the United States and various other countries, most significantly China, with respect to trade policies, treaties, government
regulations and tariffs. The current United States presidential administration has called for substantial changes to United States foreign trade
policy with respect to China and other countries, including the possibility of imposing greater restrictions on international trade and significant
increases in tariffs on goods imported into the United States. In September 2018, the United States Trade Representative (the “USTR”)
enacted a tariff on the import of other Chinese products with a combined import value of approximately $200 billion. The tariff became
effective on September 24, 2018, with an initial rate of 10% and increased to 25% effective on May 10, 2019.

Additionally, our business may be adversely impacted by retaliatory trade measures taken by China or other countries. Such measures could
include restrictions on our ability to sell or import our instruments and/or consumables into certain countries or have the effect of increasing
the prices of our instruments and/or
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consumables. For example, China has promised to impose retaliatory tariffs in response to the USTR tariffs referred to above and any such
retaliatory tariffs could adversely impact our ability to sell instruments and consumables in China. While at this time neither the United States
nor China has specifically imposed additional tariffs on healthcare related products, the nature of this dispute is evolving and additional
products such as ours could become subject to tariffs, which could adversely affect the marketability of our products and our results of
operations. Further, the continued threats of tariffs, trade restrictions and trade barriers could have a generally disruptive impact on the global
economy and, therefore, negatively impact our sales. Given the relatively fluid regulatory environment in China and the United States and
uncertainty how the United States or foreign governments will act with respect to tariffs, international trade agreements and policies, there
could be additional tax or other regulatory changes in the future. Any such changes could directly and adversely impact our financial results
and results of operations.

Additionally, in November 2018, the United States Commerce Department’s Bureau of Industry and Security released an advance notice of
proposed rulemaking to control the export of emerging technologies. This notice included “[b]iotechnology, including nanobiology; synthetic
biology; genomic and genetic engineering; or neurotech” as possible areas of increased export controls. Therefore, it is possible that our
ability to export our products may be restricted in the future.

The imposition of new, or changes in existing, tariffs, trade restrictions, trade barriers, export controls or retaliatory trade measures taken by
other countries could adversely impact our business, financial condition and results of operations.

Doing business internationally creates operational and financial risks for our business.

We currently serve thousands of researchers in approximately 40 countries and plan to continue to expand to new international jurisdictions
as part of our growth strategy. For the year ended December 31, 2018 and the six months ended June 30, 2019, approximately 42% and
44%, respectively, of our revenue was generated from sales to customers located outside of North America. We believe that a significant
portion of our future revenue will come from international sources. We sell directly in North America and certain regions of Europe and have a
significant portion of our sales and customer service personnel in the United States. We sell our products through third-party distributors in
Asia, certain regions of Europe, South America, the Middle East and Africa. As a result, we or our distribution partners may be subject to
additional regulations. Conducting operations on an international scale requires close coordination of activities across multiple jurisdictions
and time zones. If we fail to coordinate and manage these activities effectively, our business, financial condition or results of operations could
be materially and adversely affected and failure to comply with laws and regulations applicable to business operations in foreign jurisdictions
may also subject us to significant liabilities and other penalties. International operations entail a variety of other risks, including, without
limitation:
 

•  challenges in staffing and managing foreign operations;
 

•  potentially longer sales cycles and more time required to engage and educate customers on the benefits of our products outside of the
United States;

 

•  the potential need for localized software, documentation and post-sales support;
 

•  reduced protection for intellectual property rights in some countries and practical difficulties of enforcing intellectual property and contract
rights abroad;

 

•  complexities associated with managing a third-party contract manufacturer located outside of the United States;
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•  United States and foreign government trade restrictions, including those which may impose restrictions on the importation, exportation,
re-exportation, sale, shipment or other transfer of programming, technology, components and/or services to foreign persons;

 

•  changes in diplomatic and trade relationships, including new tariffs, trade protection measures, import or export licensing requirements,
trade embargoes and other trade barriers;

 

•  tariffs imposed by the United States on goods from other countries and tariffs imposed by other countries on United States goods, or
increases in existing tariffs;

 

•  deterioration of political relations between the United States and Canada, China, the United Kingdom and the European Union, which could
have a material adverse effect on our sales and operations in these countries;

 

•  changes in social, political and economic conditions or in laws, regulations and policies governing foreign trade, manufacturing,
development and investment both domestically as well as in the other countries and jurisdictions into which we sell our products, including
as a result of the referendum held in the United Kingdom approving the separation of the United Kingdom from the European Union;

 

•  difficulties in obtaining export licenses or in overcoming other trade barriers and restrictions resulting in delivery delays or our inability to
sell our products in certain countries;

 

•  increased financial accounting and reporting burdens and complexities; and
 

•  significant taxes or other burdens of complying with a variety of foreign laws, including laws relating to privacy and data protection such as
the General Data Protection Regulation (the “GDPR”) which took effect in the European Union in 2018.

In conducting our international operations, we are subject to United States laws relating to our international activities, such as the Foreign
Corrupt Practices Act of 1977, as well as foreign laws relating to our activities in other countries, such as the United Kingdom Bribery Act of
2010. Additionally, we are subject to laws that prohibit the conduct of business with persons that are subject to “sanctions”, including but not
limited to persons listed on the United States Department of Commerce’s List of Denied Persons and the United States Department of
Treasury’s Specially Designated Nationals and Blocked Persons List. Failure to comply with these laws and other applicable laws may subject
us to claims or financial and/or other penalties in the United States and/or foreign countries that could materially and adversely impact our
operations or financial condition. These risks have become increasingly prevalent as we have expanded our sales into countries that are
generally recognized as having a higher risk of corruption.

Historically, most of our revenue has been denominated in U.S. dollars, although we have sold our products and services in local currency
outside of the United States, principally the euro. For the year ended December 31, 2018 and the six months ended June 30, 2019,
approximately 16% and 14%, respectively, of our sales were denominated in currencies other than the U.S. dollar. Our expenses are
generally denominated in the currencies in which our operations are located, which is primarily in the United States. As our operations in
countries outside of the United States grow, our results of operations and cash flows will become increasingly subject to fluctuations due to
changes in foreign currency exchange rates, which could harm our business in the future. For example, if the value of the U.S. dollar
increases relative to foreign currencies, in the absence of a corresponding change in local currency prices, our revenue could be adversely
affected as we convert revenue from local currencies to U.S. dollars. In addition, because we conduct business in currencies other than U.S.
dollars, but report our results of operations in U.S. dollars, we also face remeasurement exposure to fluctuations in currency exchange rates,
which could hinder our ability to predict our future results and earnings and could materially impact our results of operations. We do not
currently maintain a program to hedge exposures to non-U.S. dollar currencies.
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Violations of complex foreign and United States laws and regulations could result in fines and penalties, criminal sanctions against us, our
officers or our employees, prohibitions on the conduct of our business and on our ability to offer our products and services in one or more
countries, and could also materially affect our brand, our international growth efforts, our ability to attract and retain employees, our business
and our operating results. Even if we implement policies or procedures designed to ensure compliance with these laws and regulations, there
can be no assurance that our distribution partners, our employees, contractors or agents will not violate our policies and subject us to
potential claims or penalties.

Significant U.K. or European developments stemming from the U.K.’s decision to withdraw from the European Union could have a
material adverse effect on us.

In June 2016, the United Kingdom held a referendum and voted in favor of leaving the European Union, and in March 2017, the government
of the United Kingdom formally initiated the withdrawal process. Negotiations for the United Kingdom’s exit from the European Union (“Brexit”)
have created political and economic uncertainty, particularly in the United Kingdom and the European Union, and this uncertainty may last for
years. Our business in the United Kingdom, the European Union and worldwide could be affected during this period of uncertainty, and
perhaps longer, by the impact of the United Kingdom’s referendum. There are many ways in which this business could be affected, only some
of which we are able to currently identify.

The decision of the United Kingdom to withdraw from the European Union has caused and, along with events that could occur in the future as
a consequence of the United Kingdom’s withdrawal, may continue to cause significant volatility in global financial markets, including in global
currency and debt markets. This volatility could cause a slowdown in economic activity in the United Kingdom, Europe or globally, which could
adversely affect our operating results and growth prospects. In addition, our business could be negatively affected by new trade agreements
or data transfer agreements between the United Kingdom and other countries, including the United States, and by the possible imposition of
trade or other regulatory and immigration barriers in the United Kingdom. In addition, access to European Union research funding by research
scientists based in the United Kingdom may be reduced or cut off altogether. It also is unclear whether Brexit may limit the ability or
willingness of the United Kingdom’s Medical Research Council to continue funding genomic or single cell research by local research centers
and labs. For the year ended December 31, 2018 and the six months ended June 30, 2019, the United Kingdom comprised approximately
$8.0 million and $5.6 million, respectively, of our worldwide product revenue. The impact of the United Kingdom’s withdrawal from the
European Union could negatively impact our revenue as a result of currency fluctuations, a slowdown in research funding or restricted
budgets. In addition, the growth of sales in the United Kingdom may be slowed or those sales may even decline as a result of this withdrawal.
Additionally, distribution costs for products sold in the United Kingdom may be increased due to trade agreements and incremental
importation expenses. These possible negative impacts, and others resulting from the United Kingdom’s actual or threatened withdrawal from
the European Union, may increase our cost of doing business in Europe, disrupt our European operations and adversely affect our operating
results and growth prospects.

The illegal distribution and sale by third parties of counterfeit or unfit versions of our products or stolen products could have a
negative impact on our reputation and business.

Third parties might illegally distribute and sell counterfeit or unfit versions of our products, which do not meet our rigorous manufacturing,
distribution and quality standards. As we expand our business internationally, we expect to encounter counterfeit versions of our products,
particularly our consumables. A researcher who receives and uses counterfeit consumables could obtain erroneous results, experience failed
experiments or potentially damage his or her instrument. Our reputation and business could suffer harm as a result of counterfeit products
sold under our brand name. In addition, inventory that is stolen from warehouses, plants
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or while in-transit, and that is subsequently improperly stored and sold through unauthorized channels, could adversely impact our customers’
experiments, our reputation and our business.

We currently plan to implement a new company-wide enterprise resource planning system in 2020 and such implementation could
adversely affect our business and results of operations or the effectiveness of internal control over financial reporting.

We currently plan to implement a new company-wide enterprise resource planning (“ERP”) system in 2020 to handle the business and
financial processes within our operations, manufacturing and corporate functions. ERP implementations are complex and time-consuming
projects that involve substantial expenditures on system software, the need to hire consultants and additional personnel for the
implementation and implementation activities that can continue for several years. ERP implementations also require transformation of
business and financial processes in order to reap the benefits of the ERP system. Our business and results of operations could be adversely
affected if we experience operating problems and/or cost overruns during the ERP implementation process, or if the ERP system and the
associated process changes do not give rise to the benefits that we expect. If we do not effectively implement and transition to the new ERP
system as planned or if the system does not operate as intended, our business, results of operations and internal controls over financial
reporting could be adversely affected.

Our solutions contain third-party open source software components and failure to comply with the terms of the underlying open
source software licenses could restrict our ability to sell our products.

Our solutions contain software tools licensed by third parties under open source software licenses. Use and distribution of open source
software may entail greater risks than use of third-party commercial software, as open source software licensors generally do not provide
warranties or other contractual protections regarding infringement claims or the quality of the code. Some open source software licenses
contain requirements that the licensee make its source code publicly available if the licensee creates modifications or derivative works using
the open source software, depending on the type of open source software the licensee uses and how the licensee uses it. If we combine our
proprietary software with open source software in a certain manner, we could, under certain open source software licenses, be required to
release the source code of our proprietary software to the public for free. This would allow our competitors to create similar products with less
development effort and time and ultimately could result in a loss of product sales and revenue. In addition, some companies that use third-
party open source software have faced claims challenging their use of such open source software and their compliance with the terms of the
applicable open source license. We may be subject to suits by third parties claiming ownership of what we believe to be open source
software, or claiming non-compliance with the applicable open source licensing terms. Use of open source software may also present
additional security risks because the public availability of such software may make it easier for hackers and other third parties to compromise
or attempt to compromise our technology platform and systems.

Although we review our use of open source software to avoid subjecting our solutions to conditions we do not intend, the terms of many open
source software licenses have not been interpreted by United States courts, and there is a risk that these licenses could be construed in a
way that could impose unanticipated conditions or restrictions on our ability to commercialize our solutions. Moreover, we cannot assure
investors that our processes for monitoring and controlling our use of open source software in our solutions will be effective. If we are held to
have breached the terms of an open source software license, we could be required to seek licenses from third parties to continue offering our
solutions on terms that are not economically feasible, to re-engineer our solutions, to discontinue the sale of our solutions if re-engineering
could not be accomplished on a timely basis, or to make generally available, in source code form, our proprietary code, any of which could
adversely affect our business, operating results and financial condition.
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We collect, process, store, share, disclose and use personal information and other data, which subjects us to governmental
regulations and other legal obligations related to privacy and security, and our actual or perceived failure to comply with such
obligations could harm our business.

We collect, process, store, transmit, disclose and use information from our employees, customers and others, including personal information
and other data, some of which may be sensitive in nature. There are numerous federal, state and foreign laws and regulations regarding data
protection, privacy and security. We strive to comply with applicable laws, our posted policies and legal contractual obligations relating to
privacy and data protection. However, the scope of these laws is changing, is subject to differing interpretations, may be costly to comply with
and may be inconsistent among countries and jurisdictions or conflict with other rules. Our business, including our ability to operate and
expand internationally, could be adversely affected if legislation or regulations are adopted, interpreted or implemented in a manner that is
inconsistent with our current business practices and that require changes to these practices.

The global data protection landscape is rapidly evolving and new laws and regulations are likely to be enacted and violations of existing and
new laws and regulations may subject companies to significant penalties and fines, government investigations and/or enforcement actions,
private litigation and other claims. For example, the European Union’s recent adoption of the GDPR introduced stringent requirements for
processing personal data. The GDPR is likely to increase compliance burdens on us, including by mandating potentially burdensome
documentation requirements and granting certain rights to individuals to control how we collect, use, disclose, retain and leverage information
about them or how we obtain consent from them. The processing of sensitive personal data, such as physical health condition, may impose
heightened compliance burdens under the GDPR and is a topic of active interest among foreign regulators. In addition, the GDPR provides for
breach reporting requirements, more robust regulatory enforcement and greater penalties for noncompliance than previous data protection
laws, including fines of up to €20 million or 4% of a noncompliant company’s global annual revenue for the preceding financial year, whichever
is greater. As we continue to expand into other foreign countries and jurisdictions, we may be subject to additional laws and regulations that
may affect how we conduct business.

In the United States, California recently enacted the California Consumer Privacy Act (the “CCPA”), which may limit or impose requirements
on how we may collect and use personal information and is expected to come into effect in January 2020. The impact of this law on us and
others in our industry is and will remain unclear until proposed bills amending the CCPA have wound their way through the legislative process
and until regulations are issued by the California Attorney General. Similar privacy and data protection laws have also been proposed in other
states and at the federal level.

Any failure or perceived failure by us or our vendors or partners to comply with these laws and regulations, our privacy policies, our privacy-
related obligations to employees, customers or other third parties or privacy or security-related legal obligations, or any actual or perceived
compromise of security that results in the unauthorized access to or disclosure, alteration, theft, loss, transfer or use of personal or other
information, including personally identifiable information or other sensitive data, may result in governmental enforcement actions, fines and
penalties, litigation or public statements critical of us by consumer advocacy groups or others and could cause our customers, partners or
others to lose trust in us, which could have an adverse effect on our business.

If we experience a significant disruption in our information technology systems or breaches of data security, our business could be
adversely affected.

We rely on information technology systems to keep financial records, facilitate our research and development initiatives, manage our
manufacturing operations, maintain quality control, fulfill customer orders, maintain
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corporate records, communicate with staff and external parties and operate other critical functions. Our information technology systems are
potentially vulnerable to disruption due to breakdown, malicious intrusion and computer viruses or other disruptive events including but not
limited to natural disasters and catastrophes. Cyberattacks and other malicious internet-based activity continue to increase and cloud-based
platform providers of services have been and are expected to continue to be targeted. In addition to traditional computer “hackers”, malicious
code (such as viruses and worms), employee theft or misuse, denial-of-service attacks and sophisticated nation-state and nation-state
supported actors now engage in attacks (including advanced persistent threat intrusions). Despite significant efforts to create security barriers
to such threats, it is virtually impossible for us to entirely mitigate these risks. If our security measures are compromised as a result of third-
party action, employee or customer error, malfeasance, stolen or fraudulently obtained log-in credentials or otherwise, our reputation could be
damaged, our business may be harmed and we could incur significant liability. If we were to experience a prolonged system disruption in our
information technology systems or those of certain of our vendors, it could negatively impact our ability to serve our customers, which could
adversely impact our business. If operations at our facilities were disrupted, it may cause a material disruption in our business if we are not
capable of restoring functionality on an acceptable timeframe. In addition, our information technology systems (and those of our vendors and
partners) are potentially vulnerable to data security breaches, whether by internal bad actors (e.g., employees) or external bad actors (attacks
of which are becoming increasingly sophisticated, including social engineering and phishing scams), which could lead to the exposure of
personal data, sensitive data and confidential information to unauthorized persons. Such data security breaches could lead to the loss of trade
secrets or other intellectual property, or could lead to the exposure of personal information (including sensitive personal information) of our
employees, customers and others, any of which could have a material adverse effect on our business, reputation, financial condition and
results of operations.

We have not always been able in the past and may be unable in the future to anticipate or prevent techniques used to obtain unauthorized
access or to compromise our systems because the techniques used change frequently and are generally not detected until after an incident
has occurred. Concerns regarding data privacy and security may cause some of our customers to stop using our solutions and fail to renew
their subscriptions. This discontinuance in use or failure to renew could substantially harm our business, operating results and growth
prospects.

In addition, any such access, disclosure or other loss or unauthorized use of information or data could result in legal claims or proceedings,
regulatory investigations or actions, and other types of liability under laws that protect the privacy and security of personal information,
including federal, state and foreign data protection and privacy regulations, violations of which could result in significant penalties and fines. In
addition, although we seek to detect and investigate all data security incidents, security breaches and other incidents of unauthorized access
to our information technology systems and data can be difficult to detect and any delay in identifying such breaches or incidents may lead to
increased harm and legal exposure of the type described above.

The cost of investigating, mitigating and responding to potential data security breaches and complying with applicable breach notification
obligations to individuals, regulators, partners and others can be significant. Our insurance policies may not be adequate to compensate us
for the potential costs and other losses arising from such disruptions, failures or security breaches. In addition, such insurance may not be
available to us in the future on economically reasonable terms, or at all. Further, defending a suit, regardless of its merit, could be costly,
divert management attention and harm our reputation.
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We rely on on-premise, co-located and third-party data centers and platforms to host our website and other online services, as well
as for research and development purposes and any interruptions of service or failures may impair and harm our business.

Our proprietary software is a crucial component of our solutions, as our software allows our end users to visualize genomic and multi-omic
information provided by our instruments and reagents. All of our software is currently downloadable free of charge from our website for
installation and use by end users on their computer systems. Our website is hosted with various third-party service providers located in the
United States. We rely on on-premises, co-located and third-party infrastructure in the San Francisco Bay Area and other regions in the
United States to perform computationally demanding analysis tasks for our research and development program and for other business
purposes.

In the event of any technical problems that may arise in connection with our on-premise, co-located or third-party data centers, we could
experience interruptions in our ability to provide products and services to our customers or in our internal functions, including research and
development, which rely on such services. Interruptions or failures may be caused by a variety of factors, including infrastructure changes,
human or software errors, viruses, security attacks, fraud, spikes in customer usage and denial of service issues. Interruptions or failures in
our operations or services may reduce our revenue, result in the loss of customers, adversely affect our ability to attract new customers or
harm our reputation. Significant interruptions to our research and development program could cause us to delay the introduction of new
products or improvements to existing products, which could adversely impact our business, our results of operations and the competitiveness
of our products.

Our current solutions are capable of generating large datasets, the analysis of which can be time consuming without access to a high-
performance computing system. The visualization of such data can also be computationally intensive. As we iterate and improve our products
and as the related technologies advance, our continued growth may require an ability to provide our customers with direct access to a high-
performance computing system and/or alternative means of obtaining our software. As a result, we expect our reliance on internal and third-
party data centers to increase in the future.

Further, as we rely on third-party and public-cloud infrastructure, we will depend in part on third-party security measures to protect against
unauthorized access, cyberattacks and the mishandling of customer data. In addition, failures to meet customers’ expectations with respect to
security and confidentiality of their data and information could damage our reputation and affect our ability to retain customers, attract new
customers and grow our business. In addition, a cybersecurity event could result in significant increases in costs, including costs for
remediating the effects of such an event, lost revenue due to a decrease in customer trust and network downtime; increases in insurance
coverage due to cybersecurity incidents; and damages to our reputation because of any such incident.

Our indebtedness may impair our financial and operating flexibility.

The Loan and Security Agreement provides for up to $50.0 million of term loans and a $25.0 million revolving asset-backed credit facility. As
of June 30, 2019, $30.0 million of term loan borrowings were outstanding. As of June 30, 2019, revolving loan borrowings of $25.0 million
were available to be drawn and $20.0 million of additional term loan borrowings were available to be drawn before January 1, 2020, subject to
certain conditions. We currently intend to partially draw under our revolving line of credit, prior to the consummation of this offering, in order to
provide us with additional liquidity in connection with our operations. The Loan and Security Agreement contains affirmative and negative
covenants, including a covenant requiring us to maintain minimum revenue over specified periods of time and covenants that restrict, among
other things, our ability to dispose of assets, change our business, management, ownership or business locations, enter into mergers or
acquisitions, incur additional indebtedness or encumber any of our assets. Borrowings under the Loan and Security Agreement are secured
by substantially all of our assets, excluding our intellectual property but
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including the proceeds from the sale of any of our intellectual property. These restrictions could limit our operational flexibility and the need to
make principal and interest payments on our debt will reduce our ability to fund other aspects of our business, such as our research and
development program. Our ability to make principal and interest payments on our indebtedness will depend on our ability to generate cash. If
we default under the Loan and Security Agreement and if the default is not cured or waived, the lender could terminate its commitments to
lend to us and cause any amounts outstanding to be payable immediately. Under certain circumstances, the lender could also exercise its
rights with respect to the collateral securing such loans. Such a default could also result in cross-defaults under other debt instruments.
Moreover, any such default would limit our ability to obtain additional financing, which may have an adverse effect on our cash flow and
liquidity.

We may incur additional indebtedness in the future. The debt instruments governing such indebtedness could contain provisions that are as,
or more, restrictive than our existing debt instruments. If we incur additional debt, a greater portion of our cash flows may be needed to satisfy
our debt service obligations. While we do not anticipate that we will need to raise additional financing in the future to fund our operations, in
the event that additional financing is required, we may not be able to raise it on terms acceptable to us or at all. As a result, we would be more
vulnerable to general adverse economic, industry and capital markets conditions in addition to the risks associated with indebtedness
described above.

Our ability to use net operating losses to offset future taxable income may be subject to certain limitations.

As of December 31, 2018, we had federal net operating loss carryforwards (“NOLs”) of approximately $116.1 million and federal tax credit
carryforwards of approximately $8.3 million. Our federal NOLs generated after January 1, 2018, which total $5.5 million, are carried forward
indefinitely, while all of our other federal NOLs and tax credit carryforwards expire beginning in 2032. As of December 31, 2018, we had state
NOLs of approximately $93.5 million, which expire beginning in 2032. In addition, we had state tax credit carryforwards of approximately
$7.9 million, which do not expire. Our ability to utilize such carryforwards for income tax savings is subject to certain conditions and may be
subject to certain limitations in the future due to ownership changes, if any, as defined by rules enacted with the Tax Cuts and Jobs Act of
2017 (the “2017 Tax Act”). As such, there can be no assurance that we will be able to utilize such carryforwards. We have experienced a
history of losses and a lack of future taxable income would adversely affect our ability to utilize these NOLs and research and development
credit carryforwards. We currently maintain a full valuation allowance against these tax assets.

Under Sections 382 and 383 of the Internal Revenue Code of 1986, as amended (the “Code”), if a corporation undergoes an “ownership
change”, the corporation’s ability to use its pre-change net operating loss carryforwards and other pre-change attributes, such as research tax
credits, to offset its post-change income may be limited. In general, an “ownership change” will occur if there is a cumulative change in our
ownership by “5% shareholders” that exceeds 50 percentage points over a rolling three-year period. Similar rules may apply under state tax
laws. We completed a study in early 2019 to determine whether an ownership change had occurred under Section 382 or 383 of the Code as
of December 31, 2018 and we determined at that time that an ownership change occurred in 2013. As a result, our net operating losses
generated through November 1, 2013 may be subject to limitation under Section 382 of the Code. The amount of pre-change loss
carryforwards which may be subject to this limitation is $4.8 million. Our ability to use net operating loss carry forwards, research and
development credit carryforwards and other tax attributes to reduce future taxable income and liabilities may be subject to limitations based
on the ownership change in 2013, possible changes since the completion of the study or as a result of this offering. As a result, if we earn net
taxable income, our ability to use our pre-change net operating loss carryforwards or other pre-change tax attributes to offset United States
federal and state taxable income may still be subject to limitations, which could potentially result in increased future tax liability to us.
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We are subject to risks related to taxation in multiple jurisdictions.

We are subject to income taxes in both the United States and foreign jurisdictions. Significant judgments based on interpretations of existing
tax laws or regulations are required in determining our provision for income taxes. Our effective income tax rate could be adversely affected
by various factors, including, but not limited to, changes in the mix of earnings in tax jurisdictions with different statutory tax rates, changes in
the valuation of deferred tax assets and liabilities, changes in existing tax policies, laws, regulations or rates, changes in the level of
non-deductible expenses (including share-based compensation), changes in the location of our operations, changes in our future levels of
research and development spending, mergers and acquisitions or the result of examinations by various tax authorities. Although we believe
our tax estimates are reasonable, if the United States Internal Revenue Service or other taxing authority disagrees with the positions taken on
our tax returns, we could have additional tax liability, including interest and penalties. If material, payment of such additional amounts upon
final adjudication of any disputes could have a material impact on our results of operations and financial position.

Changes in tax laws or regulations that are applied adversely to us or our customers may have a material adverse effect on our
business, cash flow, financial condition or results of operations.

New income, sales, use or other tax laws, statutes, rules, regulations or ordinances could be enacted at any time, which could affect the tax
treatment of our domestic and foreign earnings. Any new taxes could adversely affect our domestic and international business operations and
our business and financial performance. Further, existing tax laws, statutes, rules, regulations or ordinances could be interpreted, changed,
modified or applied adversely to us. For example, the 2017 Tax Act significantly revised the Code. The recently enacted federal income tax
law, among other things, contains significant changes to corporate taxation, including a reduction of the federal statutory rates from a top
marginal rate of 35% to a flat rate of 21%, limitation of the tax deduction for interest expense to 30% of adjusted earnings (except for certain
small businesses), limitation of the deduction for net operating losses to 80% of current year taxable income, elimination of net operating loss
carrybacks, one time taxation of offshore earnings at reduced rates regardless of whether they are repatriated, elimination of U.S. tax on
foreign earnings (subject to certain important exceptions), immediate deductions for certain new investments instead of deductions for
depreciation expense over time and modifying or repealing many business deductions and credits. Notwithstanding the reduction in the
corporate income tax rate, the overall impact of the new federal tax law is uncertain and our business and financial condition could be
adversely affected. It is also unknown if and to what extent various states will conform to the newly enacted federal tax law. The impact of this
tax reform on us and on holders of our Class A common stock is likewise uncertain and could be adverse.

If we fail to maintain an effective system of disclosure controls and internal control over financial reporting, our ability to produce
timely and accurate financial statements or comply with applicable regulations could be impaired.

As a public company, we will be subject to the reporting requirements of the Exchange Act, SOX and the rules and regulations of the
applicable listing standards of the Nasdaq Global Select Market (“Nasdaq”). We expect that the requirements of these rules and regulations
will continue to increase our legal, accounting and financial compliance costs, make some activities more difficult, time-consuming and costly,
and place significant strain on our personnel, systems and resources.

SOX requires, among other things, that we maintain effective disclosure controls and procedures and internal control over financial reporting.
We are continuing to develop and refine our disclosure controls and other procedures that are designed to ensure that information required to
be disclosed by us in the reports that we will file with the SEC is accurately recorded, processed, summarized and reported within the time
periods
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specified in SEC rules and forms and that information required to be disclosed in reports under the Exchange Act is accumulated and
communicated to our principal executive and financial officers. We are also continuing to improve our internal control over financial reporting.
In order to maintain and improve the effectiveness of our disclosure controls and procedures and internal control over financial reporting, we
have expended, and anticipate that we will continue to expend, significant resources including accounting-related costs and significant
management oversight.

Our current controls and any new controls that we develop may become inadequate because of changes in conditions in our business.
Further, weaknesses in our disclosure controls and internal control over financial reporting may be discovered in the future. Any failure to
develop or maintain effective controls or any difficulties encountered in their implementation or improvement could harm our results of
operations or cause us to fail to meet our reporting obligations and may result in a restatement of our financial statements for prior periods.
Any failure to implement and maintain effective internal control over financial reporting also could adversely affect the results of periodic
management evaluations and annual independent registered public accounting firm attestation reports regarding the effectiveness of our
internal control over financial reporting that we will eventually be required to include in our periodic reports that will be filed with the SEC.
Ineffective disclosure controls and procedures and internal control over financial reporting could also cause investors to lose confidence in our
reported financial and other information, which would likely have a negative effect on the trading price of our Class A common stock. In
addition, if we are unable to continue to meet these requirements, we may not be able to remain listed on Nasdaq. We are not currently
required to comply with the SEC rules that implement Section 404 of SOX and are therefore not required to make a formal assessment of the
effectiveness of our internal control over financial reporting for that purpose. As a public company, we will be required to provide an annual
management report on the effectiveness of our internal control over financial reporting commencing with our second annual report on Form
10-K.

We cannot provide any assurance that significant deficiencies or material weaknesses in our internal controls over financial reporting will not
be identified in the future. If we fail to remediate any significant deficiencies or material weaknesses that may be identified in the future or
encounter problems or delays in the implementation of internal controls over financial reporting, we may be unable to conclude that our
internal controls over financial reporting are effective. We are currently implementing an internal audit function and any failure to correctly do
so could lead to significant deficiencies or material weaknesses in our financial reporting. Any failure to develop or maintain effective controls
or any difficulties encountered in our implementation of our internal controls over financial reporting could result in material misstatements that
are not prevented or detected on a timely basis, which could potentially subject us to sanctions or investigations by the SEC or other
regulatory authorities. Ineffective internal controls could cause investors to lose confidence in us and the reliability of our financial statements
and cause a decline in the price of our Class A common stock.

Our independent registered public accounting firm is not required to formally attest to the effectiveness of our internal control over financial
reporting until our first annual report filed with the SEC where we are an “accelerated filer” or a “large accelerated filer”. At such time, our
independent registered public accounting firm may issue a report that is adverse in the event it is not satisfied with the level at which our
internal control over financial reporting is documented, designed or operating. Any failure to maintain effective disclosure controls and internal
control over financial reporting could materially and adversely affect our business, results of operations and financial condition and could
cause a decline in the trading price of our Class A common stock.
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If our estimates or judgments relating to our critical accounting policies are based on assumptions that change or prove to be
incorrect, our operating results could fall below our publicly announced guidance or the expectations of securities analysts and
investors, resulting in a decline in the market price of our Class A common stock.

The preparation of financial statements in conformity with generally accepted accounting principles in the United States (“GAAP”) requires
management to make estimates and assumptions that affect the amounts reported in our financial statements and accompanying notes. We
base our estimates on historical experience and on various other assumptions that we believe to be reasonable under the circumstances, the
results of which form the basis for making judgments about the carrying values of assets, liabilities, equity, revenue and expenses that are not
readily apparent from other sources. For example, in connection with our adoption and implementation of the new revenue accounting
standard, management will make judgments and assumptions based on our interpretation of the new standard. The new revenue standard is
principle-based and interpretation of those principles may vary from company to company based on their unique circumstances. It is possible
that interpretation, industry practice and guidance may evolve as we apply the new standard. If our assumptions underlying our estimates and
judgements relating to our critical accounting policies change or if actual circumstances differ from our assumptions, estimates or judgements,
our operating results may be adversely affected and could fall below our publicly announced guidance or the expectations of securities
analysts and investors, resulting in a decline in the market price of our Class A common stock.

Risks related to litigation and our intellectual property
We are involved in significant litigation which has consumed significant resources and management time and adverse resolution of
these lawsuits could require us to pay significant damages, and prevent us from selling our products, which would severely
adversely impact our business, financial condition or results of operations.

Our success depends in part on our non-infringement of the patents or proprietary rights of third parties. Third parties have asserted and may
in the future assert that our products infringe patents that they have obtained and may in the future obtain. We could incur substantial costs
and divert the attention of our management and technical personnel in defending ourselves against any of these claims. Any adverse ruling or
perception of an adverse ruling in defending ourselves against these claims could have an adverse impact on our business, financial condition
or results of operations. Furthermore, parties making claims against us have obtained and may in the future be able to obtain injunctive or
other relief, which effectively could block our ability to further develop, commercialize, market or sell products or services and have resulted
and could in the future result in the award of substantial damages against us. In the event of a successful infringement claim against us, we
may be required to pay damages and obtain one or more licenses from third parties or be prohibited from selling certain products or services.
In addition, we may be unable to obtain these licenses at a reasonable cost, if at all. We could therefore incur substantial costs related to
royalty payments for licenses obtained from third parties, which could negatively affect our gross margins and earnings per share. In addition,
we could encounter delays in product introductions while we attempt to develop alternative methods or products. Defense of any lawsuit or
failure to obtain any of these licenses on favorable terms could prevent us from commercializing products and the prohibition of sale of any of
our products or services could adversely affect our ability to grow or achieve or maintain profitability. Regardless of merit or eventual outcome,
lawsuits brought against us may result in decreased demand for our products, injury to our reputation and increased insurance costs.

In particular, we are currently involved in the following litigation matters related to substantially all of our products, the loss of any of which
could have a material adverse effect on our business, operations, financial results and reputation. Beginning in 2015, Bio-Rad has filed five
separate patent infringement cases against
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substantially all of our products, including instruments and consumables. These litigations are generally distinct and involve different Bio-Rad
patents, however, the patents asserted by Bio-Rad in the ITC are also asserted in the district court case filed in the Northern District of
California. In addition, in November 2018, Becton Dickinson filed a patent infringement suit alleging that our gel beads, which are used in
substantially all of our products, infringe their patents.

The details of these litigation matters are described below:

The 2015 Delaware Action

In February 2015, Raindance Technologies, Inc. (“Raindance”) and the University of Chicago filed suit against us in the U.S. District Court for
the District of Delaware, accusing that substantially all of our products that use our GEM microfluidic chips are infringing seven U.S. patents
owned by or exclusively licensed to Raindance (the “Delaware Action”). In May 2017, Bio-Rad was substituted as the plaintiff following its
acquisition of Raindance. A jury trial was held in November 2018. The jury found that all of our accused products infringed one or more of
U.S. Patent Nos. 8,304,193, 8,329,407 and 8,889,083. The jury also concluded that our infringement was willful and awarded Bio-Rad
approximately $24 million in damages. Post-trial, Bio-Rad moved for a permanent injunction, treble damages for willful infringement,
attorneys’ fees, supplemental damages for the period from the second quarter of 2018 through the end of the trial as well as pre- and post-
judgment interest.

The Court denied Bio-Rad’s request for attorneys’ fees and enhanced damages for willful infringement. The Court awarded supplemental
damages for the period from the second quarter of 2018 through the end of trial as well as pre- and post-judgment interest. The Court entered
final judgment against us in the amount of approximately $35 million in August 2019. In the fourth quarter of 2018, we began recording an
accrual for estimated royalties as cost of revenue. This accrual is based on an estimated royalty rate of 15% of worldwide sales of our
Chromium instruments operating our GEM microfluidic chips and associated consumables. As of June 30, 2019, we had accrued a total of
$55.3 million relating to this matter which includes the $35 million judgment and our estimated 15% royalty for sales through that date.

The Court also granted Bio-Rad a permanent injunction against our GEM microfluidic chips and associated consumables that were found to
infringe the Bio-Rad patents, which have historically constituted substantially all of our product sales. However, under the injunction, we are
permitted to continue to sell our GEM microfluidic chips and associated consumables for use with our historical installed base of instruments
provided that we pay a royalty of 15% into escrow on our net revenue related to such sales. We have appealed the injunction to the Federal
Circuit and expect that it will not take effect until the Federal Circuit rules on our request for a stay of the injunction.

We have dedicated significant resources to designing and manufacturing our Next GEM new microfluidic chips which use fundamentally
different physics from our GEM microfluidic chips. Neither the jury verdict nor the injunction relate to our Next GEM microfluidic chips and
associated consumables which we launched in May 2019 for three of our single cell solutions – Single Cell Gene Expression, Single Cell
Immune Profiling and Single Cell ATAC. We currently expect that, by the end of the third quarter of 2019, all Chromium instruments that we
sell will operate exclusively with our Next GEM solutions and that our Chromium products utilizing our Next GEM microfluidic chips will
constitute substantially all of our Chromium sales by the end of 2020.

Although our Next GEM microfluidic chips were designed to replace our GEM microfluidic chips, we cannot assure you that we will be able to
make our Next GEM microfluidic chip work with all of our solutions, that our Next GEM microfluidic chip will allow our customers to maintain
the level of performance or quality of our GEM microfluidic chip, that our Next GEM microfluidic chip will replace the sales of the GEM
microfluidic chip or that we will be able to manufacture the Next GEM microfluidic chips in sufficient volumes in a timely fashion. Our Next
GEM microfluidic chips may be subject to future claims of infringement by Bio-Rad or others and are
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currently the subject of the litigation described in this risk factor. While we believe that our Chromium solutions, when used with our Next GEM
microfluidic chip, would not infringe the asserted Bio-Rad patents, we cannot assure you that our Next GEM microfluidic chip would not
become subject to additional patent infringement litigation, which could prevent us from making, selling and importing our Next GEM
microfluidic chips. In addition, it is possible that Bio-Rad could, in the future, claim that our continued sale of products violates orders issued
by the court and request that the court impose sanctions or other penalties on us for such violations.

In addition, unless the injunction relating to our GEM microfluidic chips is stayed, we will be unable to sell our Single Cell CNV and Linked-
Read solutions for use on new instruments unless and until we develop a Next GEM microfluidic chip for such solutions. Though our Single
Cell CNV and Linked-Read solutions have not significantly contributed to our revenue to date, our Single-Cell CNV solution, for example, has
proved crucial in understanding how cancers evolve and providing researchers with valuable insights into cancer treatments. Developing a
Next GEM microfluidic chip for solutions may require significant uses of our resources and there may be a substantial delay before such
products are available to sell to our customers.

As of June 30, 2019, we had accrued a total of $55.3 million relating to this matter. Depending upon the ultimate outcome of the litigation with
Bio-Rad, we may be required to pay damages, interest and other amounts at a time specified by the court in excess of these reserves should
our accruals prove insufficient to cover the actual damages awarded in the case. While we will continue to evaluate and review our estimate
of amounts payable from time to time for any indications that could require us to change our assumptions relating to the amounts already
recorded, we cannot assure investors that our estimates and related reserves will be sufficient.

Also in 2015, we filed multiple petitions for inter partes review (“IPR”) at the Patent Trial and Appeal Board (“PTAB”) of the U.S. Patent and
Trademark Office (“USPTO”) against Raindance and the University of Chicago relating to the patents asserted in the Delaware Action,
including U.S. Patent Nos. 7,129,091, 8,658,430, 8,304,193, 8,273,573, 8,329,407, 8,889,083 and 8,822,148. Among these proceedings, all
the claims in the ‘430 patent were determined by the PTAB to be invalid, all the claims in the ‘573 patent were canceled, and our invalidity
challenges to the remaining Bio-Rad patents were unsuccessful. Accordingly, we may be precluded from challenging the ‘091, ‘193, ‘407 and
‘148 patents at the PTAB in the future as a result of these decisions. Further, because all the claims in the ‘083 patent survived the IPR
challenge, we will be precluded from making certain invalidity challenges to this patent at the PTAB, or in a district court or ITC litigation in the
future.

The ITC 1068 Action

On July 31, 2017, Bio-Rad and Lawrence Livermore National Security, LLC filed a complaint against us in the U.S. International Trade
Commission (“ITC”) pursuant to Section 337 of the Tariff Act of 1930, accusing substantially all of our products of infringing U.S. Patents Nos.
9,089,844, 9,126,160, 9,500,664, 9,636,682 and 9,649,635 (the “ITC 1068 Action”). Bio-Rad is seeking an exclusion order preventing us from
importing the accused microfluidic chips, including (1) our GEM microfluidic chip, (2) our gel bead manufacturing microfluidic chip and (3) our
Next GEM microfluidic chip, into the United States and a cease and desist order preventing us from selling such imported chips. An
evidentiary hearing for the ITC 1068 Action was held in May of 2018 and the presiding judge issued an Initial Determination in September
2018, finding that our GEM microfluidic chips infringe the ‘664, ‘682 and ‘635 patents but not the ‘160 patent. The judge further found that our
gel bead manufacturing microfluidic chip and Next GEM microfluidic chip do not infringe any claim asserted against them.

The judge recommended entry of an exclusion order against our GEM microfluidic chips, which are currently being imported into the United
States. If the ITC were to adopt the judge’s recommendation regarding the
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exclusion order, we would be prevented from importing such chips, which are used in substantially all of our products, into the United States.
The judge also recommended a cease and desist order that would prevent us from selling such imported chips. The ITC is not reviewing the
judge’s findings that our GEM microfluidic chips directly infringe the ‘664, ‘682 and ‘635 patents. The ITC is currently reviewing the judge’s
findings that (1) we indirectly infringe the ‘682 and ‘635 patents, (2) our gel bead manufacturing microfluidic chip does not infringe certain
claims in the ‘664 patent and (3) our Next GEM microfluidic chip does not infringe certain claims in the ‘160 and ‘664 patents. A Final
Determination is expected to be issued in late September 2019. The Final Determination is subject to a 60-day presidential review period
before taking effect. If the Initial Determination were to be upheld, then we would be unable to import our GEM microfluidic chips and sell such
imported chips, which are used in substantially all of our products. The judge recommended a bond of 100% of the entered value of accused
products imported during the Presidential review period.

In order to allow our customers to continue their important research, we have dedicated significant resources to developing the capabilities to
manufacture our microfluidic chips in the United States prior to the entry of an exclusion order or cease and desist order which could take
effect in late November 2019. Prior to the second quarter of 2019, all of our microfluidic chips were manufactured outside of the United States.
We expect our United States manufacturing facilities to achieve volume production of certain of our GEM microfluidic chips accounting for the
majority of our United States consumable revenue beginning in the fourth quarter of 2019. We cannot assure investors that our U.S.
manufacturing facilities can produce our microfluidic chips to the same level of functionality, quality or quantity as our current foreign
manufacturer. Moreover, Bio-Rad has also filed suit against us in the U.S. District Court for the Northern District of California, which is
discussed separately below. If Bio-Rad succeeds in obtaining an injunction in the district court case, we could be prohibited from selling our
GEM microfluidic chips, regardless of where they are manufactured. If we are prohibited from selling our GEM microfluidic chips, our
business, operations, financial results and reputation would be significantly adversely impacted.

Further, although the Next GEM microfluidic chips were designed to replace our GEM microfluidic chips, we cannot assure investors that the
ITC will not reverse the finding of the Initial Determination in its Final Determination currently expected to be issued in late September 2019
that our Next GEM microfluidic chips or other products do not infringe the patents asserted against them in the ITC 1068 Action. If the ITC
reverses the non-infringement finding about our Next GEM microfluidic chips and prohibits us from importing such chips or selling previously
imported chips, our business, operations, financial results and reputation would be significantly adversely impacted.

In addition, if Bio-Rad obtains an exclusion order and/or cease and desist order in the ITC 1068 Action, it is possible that Bio-Rad could, in the
future, file enforcement proceedings claiming that we have violated such orders and requesting that the ITC impose sanctions or other
penalties on us for such violations. Our Next GEM microfluidic chips could also become subject to other patent infringement litigations. If we
are prohibited from selling our Next GEM microfluidic chips, our business, operations, financial results and reputation would be significantly
adversely impacted.

The Northern District of California Action

On July 31, 2017, Bio-Rad and Lawrence Livermore National Security, LLC also filed suit against us in the U.S. District Court for the Northern
District of California, alleging that substantially all of our products infringe U.S. Patents Nos. 9,216,392, 9,347,059 and the five patents
asserted in the ITC 1068 Action. The complaint seeks injunctive relief, unspecified monetary damages, costs and attorneys’ fees. This
litigation has been stayed pending resolution of the ITC 1068 Action. If we are found to infringe these patents or if we are prohibited from
selling our products, our business, operations, financial results and reputation could be significantly adversely impacted.
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In 2017 and 2018, we filed multiple petitions for IPR at the PTAB against Bio-Rad regarding U.S. Patent Nos. 9,126,160, 9,216,392,
9,649,635, 9,089,844, 9,636,682 and 9,500,664, all of which were also asserted in the ITC 1068 Action or the Northern District of California
Case. The PTAB denied institution of all the IPRs, which may preclude us from challenging these patents at the PTAB in the future.

The Germany Action

On February 13, 2018, Bio-Rad filed suit against us in Germany in the Munich Region Court alleging that our Chromium instruments, GEM
microfluidic chips and certain accessories infringe German Utility Model No. DE 20 2011 110 979. Bio-Rad seeks unspecified damages and
an injunction prohibiting sales of these products in Germany and requiring us to recall these products sold in Germany subsequent to
February 11, 2018. The accused GEM microfluidic chips are currently manufactured in Germany and are currently used in substantially all of
our solutions. An initial hearing was held on November 27, 2018, and a subsequent hearing was held on May 15, 2019. The Court has not yet
issued a ruling on the merits. If we are prohibited from selling our products in Germany, or if our products are recalled in Germany, our
business, operations, financial results and reputation could be adversely impacted.

The 2018 Delaware Action

On October 25, 2018, Bio-Rad filed suit against us in the U.S. District Court for the District of Delaware, alleging that substantially all of our
products infringe U.S. Patent Nos. 9,562,837 and 9,896,722. Bio-Rad seeks injunctive relief, unspecified monetary damages, costs and
attorneys’ fees. Discovery is in progress. If we are found to infringe these patents or if we are prohibited from selling our products, our
business, operations, financial results and reputation could be significantly adversely impacted.

The Becton Dickinson Action

On November 15, 2018, Becton, Dickinson and Company and Cellular Research, Inc. filed suit against us in the U.S. District Court for the
District of Delaware, alleging that we infringe U.S. Patent Nos. 8,835,358, 9,845,502, 9,315,857, 9,816,137, 9,708,659, 9,290,808, 9,290,809,
9,567,645, 9,567,646, 9,598,736 and 9,637,799. The complaint asserted that substantially all of our products infringe these patents. Plaintiffs
seek injunctive relief, unspecified monetary damages, costs and attorneys’ fees. On January 18, 2019, we filed a motion to dismiss certain of
the asserted claims on the grounds that they are directed to patent ineligible abstract ideas. Discovery is in progress. The Court has not yet
ruled on or set a hearing date for the motion. The accused products constitute a substantial majority of our revenue, and if we are found to
infringe these patents or if we are prohibited from selling our products, our business, operations, financial results and reputation would be
significantly adversely impacted.

As we enter new markets or introduce new products, we expect that competitors will likely claim that our products infringe their intellectual
property rights. Our success depends in part on our ability to defend ourselves against such claims and maintain the validity of our patents
and other proprietary rights.

We are involved in lawsuits to protect, enforce or defend our patents and other intellectual property rights, which are expensive,
time consuming and could ultimately be unsuccessful.

On January 11, 2018, we filed a complaint against Bio-Rad at the ITC pursuant to Section 337 of the Tariff Act of 1930 alleging that Bio-Rad
infringes our U.S. Patent Nos. 9,644,204, 9,689,024, 9,695,468 and 9,856,530 (the “ITC 1100 Action”). Our complaint in the ITC 1100 Action
seeks an exclusion order preventing Bio-Rad from importing certain microfluidic chips and other products into the United States and a cease
and desist order preventing Bio-Rad from selling such importing chips and other products. An evidentiary hearing for the ITC 1100 Action was
held in March of 2019.
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The judge issued an Initial Determination on July 12, 2019 finding that Bio-Rad’s ddSEQ product for single cell analysis infringes the ‘024,
‘468 and ‘530 patents. The judge found all of our asserted patents to be valid. The judge also rejected Bio-Rad’s claim of ownership in all of
the asserted patents. The Target Date for the Final Determination is scheduled for November 12, 2019.

Also in January 2018, we filed a related but separate suit against Bio-Rad in the U.S. District Court for the Northern District of California,
alleging that Bio-Rad infringes the ‘204, ‘024, ‘468 and ‘530 patents. The ‘204, ‘024, ‘468 and ‘530 patents generally relate to gel bead
reagents that are used in our Chromium products, which constitute substantially all of our current sales. This litigation has been stayed
pending resolution of the ITC 1100 Action.

In January 2019, Bio-Rad also filed petitions for IPR of the ‘024, ‘468 and ‘530 patents at the PTAB seeking to invalidate these patents. In July
and August of 2019, the PTAB denied institution of all Bio-Rad’s IPRs.

In addition to the litigation and legal proceedings discussed above, we are currently and may in the future be a party to other litigation or legal
proceedings to determine the scope and validity of our intellectual property, which, if resolved adversely to us, could invalidate or render
unenforceable our intellectual property or generally preclude us from restraining, enjoining or otherwise seeking to exclude competitors from
commercializing products using technology developed or used by us. For example, our patents and any patents which we in-license may be
challenged, narrowed, invalidated or circumvented. If patents we own or license are invalidated or otherwise limited, other companies may be
better able to develop products that compete with ours, which would adversely affect our competitive position, business prospects, results of
operations and financial condition.

The following are examples of litigation and other adversarial proceedings or disputes that we could become a party to involving our patents
or patents licensed to us:
 

•  we have initiated, and in the future may initiate, litigation or other proceedings against third parties to enforce our patent rights;
 

•  third parties have initiated, and in the future may initiate, litigation or other proceedings seeking to invalidate patents owned by or licensed
to us or to obtain a declaratory judgment that their product or technology does not infringe our patents or patents licensed to us or that such
patents are invalid or unenforceable;

 

•  third parties have initiated, and in the future may initiate, oppositions, IPRs, post grant reviews or reexamination proceedings challenging
the validity or scope of our patent rights, requiring us and/or licensors to participate in such proceedings to defend the validity and scope of
our patents;

 

•  there are, and in the future may be, more challenges or disputes regarding inventorship or ownership of patents currently identified as
being owned by or licensed to us; or

 

•  at our initiation or at the initiation of a third-party, the USPTO may initiate an interference between patents or patent applications owned by
or licensed to us and those of our competitors, requiring us and/or licensors to participate in an interference proceeding to determine the
priority of invention, which could jeopardize our patent rights.

Furthermore, many of our employees were previously employed at universities or other life sciences companies, including our competitors or
potential competitors. We or our employees may be subject to claims that these employees or we have inadvertently or otherwise used or
disclosed trade secrets or other proprietary information of their former employers. Although no such claims are currently pending, litigation
may be necessary to defend against such claims if they arise in the future. If we fail to successfully defend such
 

49

Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 177 of 835 PageID #: 1662



9/8/2019 S-1

https://www.sec.gov/Archives/edgar/data/1770787/000119312519224368/d737378ds1.htm 56/238

Table of Contents

claims, in addition to paying monetary damages, we may be subject to injunctive relief and lose valuable intellectual property rights. A loss of
key research personnel work product could hamper or prevent our ability to commercialize certain potential products, which could severely
harm our business. Even if we are successful in defending against these claims, litigation could result in substantial costs and be a distraction
to management.

If we are unable to protect our intellectual property effectively, our business would be harmed.

We rely on patent protection as well as trademark, copyright, trade secret and other intellectual property rights protection and contractual
restrictions to protect our proprietary technologies, all of which provide limited protection and may not adequately protect our rights or permit
us to gain or keep any competitive advantage. As of June 30, 2019, worldwide we owned or exclusively licensed over 175 issued or allowed
patents and 470 pending patent applications. We also license additional patents on a non-exclusive and/or territory restricted basis. We
continue to file new patent applications to attempt to obtain further legal protection of the full range of our technologies. If we fail to protect our
intellectual property, third parties may be able to compete more effectively against us and we may incur substantial litigation costs in our
attempts to recover or restrict the use of our intellectual property.

Our success depends in part on obtaining patent protection for our products and processes, preserving trade secrets, patents, copyrights and
trademarks, operating without infringing the proprietary rights of third parties and acquiring licenses for technology or products. We may
exercise our business judgment and choose to relinquish rights in trade secrets by filing applications that disclose and describe our inventions
and certain trade secrets when we seek patent protection for certain of our products and technology. We cannot assure investors that any of
our currently pending or future patent applications will result in issued patents and we cannot predict how long it will take for such patents to
be issued. Further, in some cases, we have only filed provisional patent applications on certain aspects of our products and technologies and
each of these provisional patent applications is not eligible to become an issued patent until, among other things, we file a non-provisional
patent application within 12 months of the filing date of the applicable provisional patent application. Such provisional patents may not
become issued patents for a variety of reasons, including our failure to file a non-provisional patent application within the permitted timeframe
or a decision that doing so no longer makes business or financial sense. Publications of discoveries in scientific literature often lag behind the
actual discoveries and patent applications in the United States and other jurisdictions are typically not published until 18 months after filing or
in some cases not at all. Therefore, we cannot know with certainty whether we were the first to make the inventions claimed in our owned or
licensed patents or pending patent applications, or that we were the first to file for patent protection of such inventions. As a result, the
issuance, scope, validity, enforceability and commercial value of our patent rights are highly uncertain, despite the importance of seeking
patent protection in our industry.

Further, we cannot assure investors that other parties will not challenge any patents issued to us or that courts or regulatory agencies will hold
our patents to be valid or enforceable. We cannot guarantee investors that we will be successful in defending challenges made against our
patents and patent applications, even if we spend significant resources defending such challenges. Any successful third-party challenge to
our patents could result in the unenforceability or invalidity of such patents and could deprive us of the ability to prevent others from using the
technologies claimed in such issued patents.

Changes in either the patent laws or in interpretations of patent laws in the United States or other countries may diminish the value of our
intellectual property. We cannot predict the breadth of claims that may be allowed or enforced in our patents or in third-party patents.

In addition to pursuing patents on our technology, we take steps to protect our intellectual property and proprietary technology by entering into
confidentiality agreements and intellectual property assignment
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agreements with our employees, consultants, corporate partners and, when needed, our advisors. Such agreements may not be enforceable
or may not provide meaningful protection for our trade secrets or other proprietary information in the event of unauthorized use or disclosure
or other breaches of the agreements and we may not be able to prevent such unauthorized disclosure. Monitoring unauthorized disclosure is
difficult and we do not know whether the steps we have taken to prevent such disclosure are, or will be, adequate. If we were to enforce a
claim that a third-party had illegally obtained and was using our trade secrets, it would be expensive and time consuming and the outcome
would be unpredictable.

We also seek trademark registration to protect key trademarks such as our 10X and CHROMIUM marks, however, we have not yet registered
all of our trademarks in all of our current and potential markets. If we apply to register these trademarks, our applications may not be allowed
for registration and our registered trademarks may not be maintained or enforced. In addition, opposition or cancellation proceedings may be
filed against our trademark applications and registrations and our trademarks may not survive such proceedings. If we do not secure
registrations for our trademarks, we may encounter more difficulty in enforcing them against third parties than we otherwise would.

With respect to all categories of intellectual property protection, our competitors could purchase our products and attempt to replicate some or
all of the competitive advantages we derive from our development efforts, willfully infringe our intellectual property rights, design around our
protected technology or develop their own competitive technologies that fall outside of our intellectual property rights. In addition, competitors
may develop their own versions of our products in countries where we did not apply for patents, where our patents have not issued or where
our intellectual property rights are not recognized, and compete with us in those countries and markets.

The laws of some countries do not protect intellectual property rights to the same extent as the laws of the United States and many
companies have encountered significant problems in protecting and defending such rights in foreign jurisdictions. The legal systems of certain
countries, particularly certain developing countries, do not favor the enforcement of patents and other intellectual property protection,
particularly those relating to biotechnology, which could make it difficult for us to stop the infringement of our patents. Proceedings to enforce
our patent rights in foreign jurisdictions could result in substantial costs and divert our efforts and attention from other aspects of our business.

The U.S. law relating to the patentability of certain inventions in the life sciences is uncertain and rapidly changing, which may
adversely impact our existing patents or our ability to obtain patents in the future.

Various courts, including the U.S. Supreme Court, have rendered decisions that impact the scope of patentability of certain inventions or
discoveries relating to the life sciences. Specifically, these decisions stand for the proposition that patent claims that recite laws of nature (for
example, the relationships between gene expression levels and the likelihood of risk of recurrence of cancer) are not themselves patentable
unless those patent claims have sufficient additional features that provide practical assurance that the processes are genuine inventive
applications of those laws rather than patent drafting efforts designed to monopolize the law of nature itself. What constitutes a “sufficient”
additional feature is uncertain. Furthermore, in view of these decisions, in December 2014 the USPTO, published revised guidelines for patent
examiners to apply when examining process claims for patent eligibility. This guidance was updated by the USPTO in July 2015 and
additional illustrative examples provided in May 2016. The USPTO provided additional guidance on examination procedures pertaining to
subject matter eligibility in April 2018 and June 2018. The guidance indicates that claims directed to a law of nature, a natural phenomenon or
an abstract idea that do not meet the eligibility requirements should be rejected as non-statutory, patent ineligible subject matter; however,
method of treatment claims that practically apply natural relationships should be considered patent eligible. We cannot assure you that our
patent portfolio will not be negatively impacted by the current uncertain state of the law,
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new court rulings or changes in guidance or procedures issued by the USPTO. From time to time, the U.S. Supreme Court, other federal
courts, the U.S. Congress or the USPTO may change the standards of patentability and validity of patents within the life sciences and any
such changes could have a negative impact on our business.

Risks related to this offering and ownership of our Class A common stock
The market price of our Class A common stock may be volatile, which could result in substantial losses for investors purchasing
shares in this offering.

The initial public offering price for our Class A common stock will be determined through negotiations with the underwriters. This initial public
offering price may differ from the market price of our Class A common stock after the offering. As a result, you may not be able to sell your
Class A common stock at or above the initial public offering price. Some of the factors that may cause the market price of our Class A
common stock to fluctuate include:
 

•  the timing of our launch of future products and degree to which the launch and commercialization thereof meets the expectations of
securities analysts and investors;

 

•  the outcomes of and related rulings in the litigation and administrative proceedings in which we are currently involved;
 

•  the failure or discontinuation of any of our product development and research programs;
 

•  changes in the structure or funding of research at academic and research laboratories and institutions, including changes that would affect
their ability to purchase our instruments or consumables;

 

•  the success of existing or new competitive businesses or technologies;
 

•  announcements about new research programs or products of our competitors;
 

•  developments or disputes concerning patent applications, issued patents or other proprietary rights;
 

•  the recruitment or departure of key personnel;
 

•  litigation and governmental investigations involving us, our industry or both;
 

•  regulatory or legal developments in the United States and other countries;
 

•  volatility and variations in market conditions in the life sciences sector generally, or the genomics sector specifically;
 

•  investor perceptions of us or our industry;
 

•  the level of expenses related to any of our research and development programs or products;
 

•  actual or anticipated changes in our estimates as to our financial results or development timelines, variations in our financial results or
those of companies that are perceived to be similar to us or changes in estimates or recommendations by securities analysts, if any, that
cover our Class A stock or companies that are perceived to be similar to us;

 

•  whether our financial results meet the expectations of securities analysts or investors;
 

•  the announcement or expectation of additional financing efforts;
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•  stock-based compensation expense under applicable accounting standards;
 

•  sales of our Class A common stock or Class B common stock by us, our insiders or other stockholders;
 

•  the expiration of market standoff or lock-up agreements;
 

•  general economic, industry and market conditions;
 

•  natural disasters or major catastrophic events; and
 

•  the other factors described in this “Risk factors” section.

In recent years, stock markets in general, and the market for life science technology companies in particular (including companies in the
genomics, biotechnology, diagnostics and related sectors), have experienced significant price and volume fluctuations that have often been
unrelated or disproportionate to changes in the operating performance of the companies whose stock is experiencing those price and volume
fluctuations. Broad market and industry factors may seriously affect the market price of our Class A common stock, regardless of our actual
operating performance. These fluctuations may be even more pronounced in the trading market for our stock shortly following this offering.
Following periods of such volatility in the market price of a company’s securities, securities class action litigation has often been brought
against that company. Because of the potential volatility of our stock price, we may become the target of securities litigation in the future.
Securities litigation could result in substantial costs and divert management’s attention and resources from our business.

If securities analysts do not publish research or reports about our business or if they publish negative evaluations of our Class A
common stock, the price of our Class A common stock could decline.

The trading market for our Class A common stock will rely in part on the research and reports that industry or securities analysts publish about
us or our business. We do not currently have and may never obtain research coverage by industry or securities analysts. If no or few analysts
commence coverage of us, the trading price of our Class A common stock could decrease. Even if we do obtain analyst coverage, if one or
more of the analysts covering our business downgrade their evaluations of our Class A common stock, the price of our Class A common stock
could decline. If one or more of these analysts cease to cover our Class A common stock, we could lose visibility in the market for our Class A
common stock, which in turn could cause the price of our Class A common stock to decline.

Prior to this offering, there has been no public market for shares of our Class A common stock and an active trading market for our
Class A common stock may never develop or be sustained.

Prior to this offering, there has been no public market for shares of our Class A common stock. We have applied to list our Class A common
stock on Nasdaq under the symbol “TXG”. We cannot assure you that an active trading market for our Class A common stock will develop on
that exchange or elsewhere. If an active trading market does not develop, or develops but is not maintained, you may have difficulty selling
any of our Class A common stock that you purchase due to the limited public float. Accordingly, we cannot assure you of your ability to sell
your shares of Class A common stock when desired or the prices that you may obtain for your shares.

Sales of a substantial number of shares of our Class A common stock by our existing stockholders following this offering could
cause the price of our Class A common stock to decline.

Sales of a substantial number of shares of our Class A common stock in the public market could occur at any time following the expiration of
the market standoff and lock-up agreements or the early release of these agreements or the perception in the market that the holders of a
large number of shares of Class A common
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stock intend to sell shares and could reduce the market price of our Class A common stock. After giving effect to (i) the filing and effectiveness
of our amended and restated certificate of incorporation, (ii) the reclassification of all outstanding shares of our Historical Class A common
stock into Class B common stock and of our Historical Class B common stock into Class A common stock, (iii) the automatic conversion of all
shares of our Convertible Preferred Stock outstanding as of June 30, 2019 into 67,704,278 shares of Class B common stock and (iv) the
issuance and sale of                  shares of Class A common stock by us in this offering, we will have                  shares of Class A common
stock outstanding and 75,754,278 shares of Class B common stock outstanding. Of these shares, the                 shares of Class A common
stock we are selling in this offering may be resold in the public market immediately, unless purchased by our affiliates. The remaining
                 shares of Class A common stock, or                % of our outstanding shares of Class A common stock after this offering and all
shares of our Class B common stock (and any share of Class A common stock into which they are converted) are currently prohibited or
otherwise restricted under securities laws, market standoff agreements entered into by our stockholders with us, or lock-up agreements
entered into by our stockholders with the underwriters; however, subject to applicable securities law restrictions and excluding shares of
Class A common stock issued pursuant to the early exercise of unvested stock options that will remain unvested, the shares of our Class A
common stock outstanding after this offering will be able to be sold in the public market beginning on                 , 2020. The representatives
may, in their sole discretion, release all or some portion of the shares subject to lock-up agreements at any time and for any reason. Shares
issued upon the exercise of stock options outstanding under our equity incentive plans or pursuant to future awards granted under those
plans will become available for sale in the public market to the extent permitted by the provisions of applicable vesting schedules, any
applicable market standoff and lock-up agreements, and Rule 144 and Rule 701 under the Securities Act of 1933, as amended (the
“Securities Act”).

Moreover, after this offering, holders of an aggregate of                shares of our Class B common stock will have rights, subject to conditions,
to require us to file registration statements with the SEC covering their shares or to include their shares in registration statements that we may
file for ourselves or other stockholders as described under “Description of capital stock—Registration rights”. We also plan to register all
shares of Class A common stock that we may issue under our equity compensation and employee stock purchase plans. Once we register
these shares, they can be freely sold in the public market upon issuance and, if applicable, vesting, subject to volume limitations applicable to
affiliates and the lock-up agreements described in the section titled “Underwriting” in this prospectus. Sales of Class A common stock in the
public market as restrictions end or pursuant to registration rights may make it more difficult for us to sell equity securities in the future at a
time and at a price that we deem appropriate. These sales also could cause the trading price of our Class A common stock to fall and make it
more difficult for you to sell shares of our Class A common stock. See the section titled “Shares eligible for future sale” for more information
regarding shares of Class A common stock that may be sold in the public market after this offering.

If you purchase our Class A common stock in this offering, you will incur immediate and substantial dilution as a result of this
offering.

If you purchase our Class A common stock in this offering, you will incur immediate and substantial dilution of $                 per share,
representing the difference between the assumed initial public offering price of $                 per share, which is the midpoint of the price range
set forth on the cover page of this prospectus, after deducting the estimated underwriting discounts and commissions and estimated offering
expenses payable by us, and our pro forma net tangible book value per share after giving effect to (i) the filing and effectiveness of our
amended and restated certificate of incorporation, (ii) the reclassification of all outstanding shares of our Historical Class A common stock into
Class B common stock and of our Historical Class B common stock into Class A common stock, (iii) the automatic conversion of all shares of
our Convertible Preferred Stock outstanding as of June 30, 2019 into 67,704,278 shares of Class B common stock and (iv) the issuance and
sale
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of                  shares of Class A common stock by us in this offering. As of June 30, 2019, there were 15,634,182 shares of our Class A
common stock subject to outstanding stock options with a weighted-average exercise price of $3.61 per share and 266,099 shares of Class A
common stock issuable upon exercise of warrants outstanding with a weighted-average exercise price of $1.17 per share. To the extent that
these outstanding stock options and warrants are ultimately exercised or the underwriters exercise their option to purchase additional shares
of our Class A common stock, you will incur further dilution. See the section titled “Dilution” for more information.

Raising additional capital may cause dilution to our existing stockholders or restrict our operations.

We anticipate that we will seek additional capital through a combination of public and private equity offerings, debt financings, strategic
partnerships and alliances and licensing arrangements in the future to fund our operations. We, and indirectly, our stockholders, will bear the
cost of issuing and servicing such securities. Because our decision to issue debt or equity securities in any future offering will depend on
market conditions and other factors beyond our control, we cannot predict or estimate the amount, timing or nature of any future offerings. Our
decision to issue debt or equity securities will also depend on contractual, legal and other restrictions that may limit our ability to raise
additional capital. For example, the terms of our Loan and Security Agreement prohibit, subject to certain exceptions, our ability to incur
additional indebtedness. Further, our election to borrow up to an additional $20.0 million of term loans under the Loan and Security
Agreement will obligate us to issue warrants to purchase 133,000 shares of our Class A common stock at an exercise price of $1.62 per share
to the lender thereof, which will result in further dilution of your ownership interest. To the extent that we raise additional capital through the
sale of equity or debt securities, your ownership interest will be diluted and the terms may include liquidation or other preferences that
adversely affect your rights as a stockholder. The incurrence of indebtedness would result in increased fixed payment obligations and could
involve restrictive covenants, such as limitations on our ability to incur additional debt, limitations on our ability to acquire, sell or license
intellectual property rights and other operating restrictions that could adversely impact our ability to conduct our business. Certain of the
foregoing transactions may require us to obtain stockholder approval, which we may not be able to obtain.

The multi-class structure of our common stock will have the effect of concentrating voting control with those stockholders who
held our capital stock prior to the completion of this offering and it may depress the trading price of our Class A common stock.

Our Class A common stock, which is the stock we are offering in this offering, has one vote per share, and our Class B common stock has ten
votes per share, except as otherwise required by law. Following this offering, our directors, executive officers and holders of more than 5% of
our common stock, and their respective affiliates, will hold in the aggregate     % of the voting power of our capital stock. Because of the
ten-to-one voting ratio between our Class B common stock and Class A common stock, the holders of our Class B common stock collectively
will continue to control a majority of the combined voting power of our common stock and therefore be able to control all matters submitted to
our stockholders for approval. This concentrated control will limit or preclude your ability to influence corporate matters for the foreseeable
future, including the election of directors, amendments of our organizational documents and any merger, consolidation, sale of all or
substantially all of our assets or other major corporate transaction requiring stockholder approval. In addition, this may prevent or discourage
unsolicited acquisition proposals or offers for our capital stock that you may feel are in your best interest as one of our stockholders.

Future transfers by holders of Class B common stock will generally result in those shares converting to Class A common stock, subject to
limited exceptions, such as certain transfers effected for estate planning purposes where sole dispositive power and exclusive voting control
with respect to the shares of Class B common stock is retained by the transferring holder and transfers between our co-founders. In addition,
each outstanding share
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of Class B common stock held by a stockholder who is a natural person, or held by the permitted entities of such stockholder (as described in
our amended and restated certificate of incorporation), will convert automatically into one share of Class A common stock upon the death of
such natural person. In the event of the death or permanent and total disability of a co-founder, shares of Class B common stock held by such
co-founder or his permitted entities will convert to Class A common stock, provided that the conversion will be deferred for nine months, or up
to 18 months if approved by a majority of our independent directors, following his death or permanent and total disability. Transfers between
our co-founders are permitted transfers and will not result in conversion of the shares of Class B common stock that are transferred. See the
section titled “Description of capital stock—Common stock—Conversion of Class B common stock” for additional information about
conversions. The conversion of Class B common stock to Class A common stock will have the effect, over time, of increasing the relative
voting power of those individual holders of Class B common stock who retain their shares in the long term.

In addition, in July 2017, FTSE Russell and Standard & Poor’s announced that they would cease to allow most newly public companies
utilizing dual or multi-class capital structures to be included in their indices. Affected indices include the Russell 2000 and the S&P 500, S&P
MidCap 400, and S&P SmallCap 600, which together make up the S&P Composite 1500. Under the announced policies, our multi-class
capital structure would make us ineligible for inclusion in any of these indices, and as a result, mutual funds, exchange-traded funds and other
investment vehicles that attempt to passively track these indices will not be investing in our stock. These policies are new and it is as of yet
unclear what effect, if any, they have had and will have on the valuations of publicly traded companies excluded from the indices, but it is
possible that they may depress these valuations compared to those of other similar companies that are included.

We are an “emerging growth company” and the reduced disclosure requirements applicable to emerging growth companies may
make our Class A common stock less attractive to investors.

We are an “emerging growth company”, as defined in the JOBS Act. For so long as we remain an emerging growth company, we are
permitted by SEC rules and plan to rely on exemptions from certain disclosure requirements that are applicable to other SEC-registered public
companies that are not emerging growth companies. These exemptions include not being required to comply with the auditor attestation
requirements of Section 404 of the SOX, not being required to comply with any requirement that may be adopted by the Public Company
Accounting Oversight Board regarding mandatory audit firm rotation or a supplement to the auditor’s report providing additional information
about the audit and the financial statements, reduced disclosure obligations regarding executive compensation and exemptions from the
requirements of holding a nonbinding advisory vote on executive compensation and stockholder approval of any golden parachute payments
not previously approved. As a result, the information we provide stockholders will be different than the information that is available with
respect to other public companies. In this prospectus, we have not included all of the executive compensation related information that would
be required if we were not an emerging growth company. We cannot predict whether investors will find our Class A common stock less
attractive if we rely on these exemptions. If some investors find our Class A common stock less attractive as a result, there may be a less
active trading market for our Class A common stock and our stock price may be more volatile.

In addition, the JOBS Act provides that an emerging growth company can take advantage of an extended transition period for complying with
new or revised accounting standards. This allows an emerging growth company to delay the adoption of certain accounting standards until
those standards would otherwise apply to private companies. We have elected to avail ourselves of this exemption from new or revised
accounting standards and, therefore, we will not be subject to the same new or revised accounting standards as other public companies that
are not emerging growth companies. As a result, our financial statements may not be
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comparable to companies that comply with new or revised accounting pronouncements as of public company effective dates.

We will incur increased costs as a result of operating as a public company and be subject to additional potential liability. Our
management will be required to devote substantial time to new compliance initiatives and corporate governance practices.

As a public company, and particularly after we are no longer an emerging growth company, we will incur significant legal, accounting and
other expenses that we did not incur as a private company. The Dodd-Frank Wall Street Reform and Consumer Protection Act, SOX, the
listing requirements of Nasdaq and other applicable federal and Delaware rules and regulations impose various requirements on public
companies, including establishment and maintenance of effective disclosure and financial controls and corporate governance practices. We
expect that we will need to hire additional accounting, finance and other personnel in connection with our becoming, and our efforts to comply
with the requirements of being, a public company, and our management and other personnel will need to devote a substantial amount of time
towards maintaining compliance with these requirements. These requirements will increase our legal and financial compliance costs and will
make some activities more time-consuming and costly.

For example, we expect that the rules and regulations applicable to us as a public company and recent trends in the insurance market make it
more expensive for us to obtain director and officer liability insurance. While we will continue to evaluate options for director and officer liability
insurance, we currently intend to only obtain director and officer liability coverage (commonly referred to as “Side A” coverage). This means
that while our directors and officers direct insurance coverage for acts which the company is not legally required or permitted to indemnify
them, the company itself will not have coverage for amounts incurred in defending, among other things, stockholder derivative or securities
class action lawsuits or in the event of certain investigative actions, for amounts it must pay as a result of such suits or amounts it must pay to
indemnify our directors or officers. We will in essence be self-insuring for these costs. Any costs incurred in connection with such litigation
could have a material adverse effect on our business, financial condition and results of operations.

In September 2018, California enacted a law that requires publicly held companies headquartered in California to have at least one female
director by the end of 2019 and at least three by the end of 2021, depending on the size of the board. The law would impose financial
penalties for failure to comply. We are currently in compliance with the requirements of the law but we may incur costs associated with
complying with the law in future years, including costs associated with expanding our board of directors or identifying qualified candidates for
appointment to our board of directors, or financial penalties or harm to our brand and reputation if we fail to comply. We cannot predict or
estimate the amount of additional costs we may incur or the timing of such costs.

Pursuant to SOX Section 404, we will be required to furnish a report by our management on our internal control over financial reporting
beginning with our second filing of an Annual Report on Form 10-K with the SEC after we become a public company. However, while we
remain an emerging growth company, we will not be required to include an attestation report on internal control over financial reporting issued
by our independent registered public accounting firm. To achieve compliance with SOX Section 404 within the prescribed period, we will be
engaged in a process to document and evaluate our internal control over financial reporting, which is both costly and challenging. In this
regard, we will need to continue to dedicate internal resources, potentially engage outside consultants, adopt a detailed work plan to assess
and document the adequacy of internal control over financial reporting, continue steps to improve control processes as appropriate, validate
through testing that controls are functioning as documented and implement a continuous reporting and improvement process for internal
control over financial reporting. Despite our efforts, there is a risk that we will not be able to conclude, within the prescribed timeframe or at all,
that our internal control over financial reporting is effective as required by SOX
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Section 404. If we identify one or more material weaknesses, it could result in an adverse reaction in the financial markets due to a loss of
confidence in the reliability of our financial statements.

Additionally, we have historically operated our business as a private company. After this offering, we will be required to file with the SEC
annual and quarterly information and other reports that are specified in Section 13 of the Exchange Act. We will also be required to ensure
that we have the ability to prepare financial statements that are fully compliant with all SEC reporting requirements on a timely basis. We will
also become subject to other reporting and corporate governance requirements, including the requirements of Nasdaq and certain provisions
of SOX and the regulations promulgated thereunder, which will impose significant compliance obligations upon us. As a public company, we
will, among other things:
 

•  prepare and distribute periodic public reports and other stockholder communications in compliance with our obligations under the federal
securities laws and applicable Nasdaq rules;

 

•  create or expand the roles and duties of our board of directors and committees of the board;
 

•  institute more comprehensive financial reporting and disclosure compliance functions;
 

•  supplement our internal accounting, auditing and reporting function, including hiring additional staff with expertise in accounting and
financial reporting for a public company;

 

•  enhance and formalize closing procedures at the end of our accounting periods;
 

•  enhance our internal audit and tax functions;
 

•  enhance our investor relations function;
 

•  establish new internal policies, including those relating to disclosure controls and procedures; and
 

•  involve and retain to a greater degree outside counsel and accountants in the activities listed above.

We may not be successful in implementing these requirements and the significant commitment of resources required for implementing them
could adversely affect our business, financial condition and results of operations. In addition, if we fail to implement the requirements with
respect to our internal accounting and audit functions, our ability to report our results of operations on a timely and accurate basis could be
impaired and we could suffer adverse regulatory consequences or violate the Nasdaq rules. There could also be a negative reaction in the
financial markets due to a loss of investor confidence in us and the reliability of our financial statements.

The changes necessitated by becoming a public company require a significant commitment of resources and management oversight that has
increased and may continue to increase our costs and might place a strain on our systems and resources. As a result, our management’s
attention might be diverted from other business concerns. If we fail to maintain an effective internal control environment or to comply with the
numerous legal and regulatory requirements imposed on public companies, we could make material errors in, and be required to restate, our
financial statements. Any such restatement could result in a loss of public confidence in the reliability of our financial statements and
sanctions imposed on us by the SEC. In addition, the rules and regulations imposed on public companies are often subject to varying
interpretations and, as a result, their application in practice may evolve over time as new guidance is provided by regulatory and governing
bodies. This could result in continuing uncertainty regarding compliance matters and higher costs necessitated by ongoing revisions to
disclosure and governance practices.

We have broad discretion in the use of the net proceeds from this offering and may not use them effectively.

We cannot specify with certainty the particular uses of the net proceeds we will receive from this offering. Our management will have broad
discretion in the application of the net proceeds, including for any of the purposes
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described in the section titled “Use of proceeds” in this prospectus. Our management may spend a portion or all of the net proceeds from this
offering in ways that our stockholders may not desire or that may not yield a favorable return. The failure by our management to apply these
funds effectively could harm our business, financial condition, results of operations and prospects. Pending their use, we may invest the net
proceeds from this offering in a manner that does not produce income or that loses value.

We do not expect to pay any dividends for the foreseeable future. Investors in this offering may never obtain a return on their
investment.

You should not rely on an investment in our Class A common stock to provide dividend income. We do not anticipate that we will pay any
dividends to holders of our Class A common stock in the foreseeable future. Instead, we plan to retain any earnings to maintain and expand
our existing operations and fund our research and development programs. In addition, our Loan and Security Agreement contains, and any
future credit facility or financing we obtain may contain, terms prohibiting or limiting the amount of dividends that may be declared or paid on
our Class A common stock. Accordingly, investors must rely on sales of their Class A common stock after price appreciation, which may never
occur, as the only way to realize any return on their investment. As a result, investors seeking cash dividends should not purchase our
Class A common stock.

Delaware law and provisions in our amended and restated certificate of incorporation and amended and restated bylaws that will be
in effect prior to the closing of this offering might discourage, delay or prevent a change in control of our company or changes in
our management and, therefore, depress the trading price of our Class A common stock.

Our status as a Delaware corporation and the anti-takeover provisions of the Delaware General Corporation Law may discourage, delay or
prevent a change in control by prohibiting us from engaging in a business combination with an interested stockholder for a period of three
years after the person becomes an interested stockholder, even if a change of control would be beneficial to our existing stockholders. In
addition, our restated certificate of incorporation and restated bylaws contain provisions that may make the acquisition of our company more
difficult, including the following:
 

•  any transaction that would result in a change in control of our company requires the approval of a majority of our outstanding Class B
common stock voting as a separate class;

 

•  our multi-class common stock structure provides our holders of Class B common stock with the ability to significantly influence the outcome
of matters requiring stockholder approval, even if they own significantly less than a majority of the shares of our outstanding Class A
common stock and Class B common stock;

 

•  our board of directors will be classified into three classes of directors with staggered three-year terms and directors will only be able to be
removed from office for cause by the affirmative vote of holders of at least two-thirds of the voting power of our then outstanding capital
stock;

 

•  certain amendments to our amended and restated certificate of incorporation will require the approval of stockholders holding two-thirds of
the voting power of our then outstanding capital stock;

 

•  certain amendments to our amended and restated bylaws will require the approval of stockholders holding two-thirds of the voting power of
our then outstanding capital stock;

 

•  our stockholders will only be able to take action at a meeting of stockholders and will not be able to take action by written consent for any
matter;

 

•  our stockholders will be able to act by written consent only if the action is first recommended or approved by the board of directors;
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•  vacancies on our board of directors will be able to be filled only by our board of directors and not by stockholders;
 

•  only our chairman of the board of directors, chief executive officer or a majority of the board of directors are authorized to call a special
meeting of stockholders;

 

•  certain litigation against us can only be brought in Delaware;
 

•  our restated certificate of incorporation authorizes undesignated preferred stock, the terms of which may be established and shares of
which may be issued, without the approval of the holders of our capital stock; and

 

•  advance notice procedures apply for stockholders to nominate candidates for election as directors or to bring matters before an annual
meeting of stockholders.

These anti-takeover defenses could discourage, delay, or prevent a transaction involving a change in control of our company. These
provisions could also discourage proxy contests and make it more difficult for stockholders to elect directors of their choosing and to cause us
to take other corporate actions they desire, any of which, under certain circumstances, could limit the opportunity for our stockholders to
receive a premium for their shares of our capital stock and could also affect the price that some investors are willing to pay for our Class A
common stock.

Our amended and restated bylaws will designate a state or federal court located within the State of Delaware as the exclusive forum
for substantially all disputes between us and our stockholders, which could limit our stockholders’ ability to choose the judicial
forum for disputes with us or our directors, officers or employees.

Our amended and restated bylaws, which will become effective immediately prior to the completion of this offering, will provide that, unless we
consent in writing to the selection of an alternative forum, the sole and exclusive forum for the following types of actions or proceedings under
Delaware statutory or common law (i) any derivative action or proceeding brought on our behalf, (ii) any action asserting a claim of breach of
a fiduciary duty owed by any of our directors, officers or other employees to us or our stockholders, (iii) any action arising pursuant to any
provision of the Delaware General Corporation Law, our certificate of incorporation or our amended and restated bylaws or (iv) any other
action asserting a claim that is governed by the internal affairs doctrine shall be a state or federal court located within the State of Delaware,
in all cases subject to the court having jurisdiction over indispensable parties named as defendants. Nothing in our amended and restated
bylaws will preclude stockholders that assert claims under the Securities Act or the Exchange Act from bringing such claims in state or federal
court, subject to applicable law.

Any person or entity purchasing or otherwise acquiring any interest in any of our securities shall be deemed to have notice of and consented
to the foregoing forum selection provisions. These exclusive-forum provisions may limit a stockholder’s ability to bring a claim in a judicial
forum of its choosing for disputes with us or our directors, officers, or other employees, which may discourage lawsuits against us and our
directors, officers and other employees. If a court were to find either exclusive-forum provision in our amended and restated bylaws to be
inapplicable or unenforceable in an action, we may incur additional costs associated with resolving the dispute in other jurisdictions, which
could harm our results of operations.
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Special note regarding forward-looking statements
This prospectus contains forward-looking statements, particularly in the sections titled “Prospectus summary”, “Risk factors”, “Management’s
discussion and analysis of financial condition and results of operations” and “Business”. In some cases, you can identify these statements by
forward-looking words such as “anticipate”, “believe”, “continue”, “could”, “estimate”, “expect”, “intend”, “may”, “might”, “plan”, “potential”,
“predict”, “should”, “would” or “will”, the negative of these terms and other comparable terminology. These forward-looking statements, which
are subject to risks, uncertainties and assumptions about us, may include projections of our future financial performance, our future products,
our technology, our potential market opportunity, our anticipated growth strategies and anticipated trends in our business.

These statements are only predictions based on our current expectations and projections about future events and trends. There are important
factors that could cause our actual results, level of activity, performance or achievements to differ materially and adversely from the results,
level of activity, performance or achievements expressed or implied by the forward-looking statements, including those factors discussed in
the section titled “Risk factors”. You should specifically consider the numerous risks described in the section titled “Risk factors”. Moreover, we
operate in a competitive and rapidly changing environment. New risks emerge from time to time. It is not possible for our management to
predict all risks, nor can we assess the impact of all factors on our business or the extent to which any factor, or combination of factors, may
cause actual results to differ materially and adversely from those contained in any forward-looking statements we may make.

Although we believe the expectations reflected in the forward-looking statements are reasonable, we cannot guarantee future results, level of
activity, performance or achievements. These statements are inherently uncertain. Except to the extent required by law, we undertake no
obligation to update any of these forward-looking statements after the date of this prospectus to conform our prior statements to actual results
or revised expectations or to reflect new information or the occurrence of unanticipated events. Given these risks, uncertainties and
assumptions, you are cautioned not to place undue reliance on such forward-looking statements as predictions of future performance or
otherwise.
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Industry and market data
Unless otherwise indicated, information contained in this prospectus concerning our industry and the markets in which we operate, including
our general expectations and market position, market opportunity and market size, is based on information from various sources on
assumptions that we have made that are based on such information and other similar sources and on our knowledge of, and expectations
about, the markets for our products. This information involves a number of assumptions and limitations and you are cautioned not to give
undue weight to such estimates. While we believe the market position, market opportunity and market size information included in this
prospectus is generally reliable, such information is inherently imprecise. In addition, projections, assumptions and estimates of our future
performance and the future performance of the industry in which we operate is necessarily subject to a high degree of uncertainty and risk
due to a variety of factors, including those described in the section titled “Risk factors” and elsewhere in this prospectus. These and other
factors could cause results to differ materially from those expressed in the estimates made by independent third parties and by us.
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Use of proceeds
We estimate that the net proceeds to us from the issuance and the sale of shares of our Class A common stock in this offering will be
approximately $                , based on the assumed initial public offering price of $                per share, which is the midpoint of the price range
set forth on the cover page of this prospectus, and after deducting estimated underwriting discounts and commissions and estimated offering
expenses payable by us. If the underwriters exercise their option to purchase additional shares in full, we estimate that the net proceeds to us
would be approximately $                , after deducting estimated underwriting discounts and commissions and estimated offering expenses
payable by us.

Each $1.00 increase or decrease in the assumed initial public offering price of $                per share, which is the midpoint of the price range
set forth on the cover page of this prospectus, would increase or decrease, as applicable, the net proceeds that we receive from this offering
by approximately $                , assuming that the number of shares offered by us, as set forth on the cover page of this prospectus, remains
the same, and after deducting estimated underwriting discounts and commissions payable by us. Similarly, each increase or decrease of
1.0 million in the number of shares of our Class A common stock offered by us would increase or decrease, as applicable, the net proceeds
that we receive from this offering by approximately $                , assuming the assumed initial public offering price remains the same, and after
deducting estimated underwriting discounts and commissions payable by us.

The principal purposes of this offering are to increase our capitalization and financial flexibility, create a public market for our Class A common
stock and enable access to the public equity markets for us and our stockholders.

We intend to use the net proceeds from this offering for general corporate purposes, including working capital, operating expenses and capital
expenditures. Additionally, we may use a portion of the net proceeds we receive from this offering to acquire businesses, products or
technologies. However, we do not have agreements or commitments for any material acquisitions at this time.

The expected use of net proceeds from this offering represents our intentions based upon our present plans and business conditions. We
cannot predict with certainty all of the particular uses for the proceeds of this offering or the amounts that we will actually spend on the uses
set forth above. Accordingly, our management will have significant flexibility in applying the net proceeds of this offering. The timing and
amount of our actual expenditures will be based on many factors, including cash flows from operations and the anticipated growth of our
business. Pending the uses described above, we intend to invest the net proceeds from this offering in short-term, interest-bearing
obligations, investment-grade instruments, certificates of deposit or direct or guaranteed obligations of the United States government.
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Dividend policy
We have never declared or paid any cash dividends on our capital stock. We currently intend to retain any future earnings and do not expect
to pay any dividends in the foreseeable future. Any future determination to declare cash dividends will be made at the discretion of our board
of directors, subject to applicable laws, and will depend on a number of factors, including our financial condition, results of operations, capital
requirements, contractual restrictions, general business conditions and other factors that our board of directors may deem relevant. In
addition, the terms of our Loan and Security Agreement place certain limitations on the amount of cash dividends we can pay, even if no
amounts are currently outstanding.
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Capitalization
The following table sets forth our cash and cash equivalents, and capitalization as of June 30, 2019:
 

•  on an actual basis;
 

•  on a pro forma basis to reflect: (i) the filing and effectiveness of our amended and restated certificate of incorporation, (ii) the
reclassification of all outstanding shares of our Historical Class A common stock into Class B common stock and of our Historical Class B
common stock into Class A common stock and (iii) the automatic conversion of all shares of our Convertible Preferred Stock outstanding as
of June 30, 2019 into 67,704,278 shares of Class B common stock, in each case, prior to the closing of this offering and as described
under “Description of capital stock—Reclassification of common stock and conversion of Convertible Preferred Stock”; and

 

•  on a pro forma as adjusted basis to reflect: (i) the pro forma adjustments set forth above and (ii) the issuance and sale of                  shares
of Class A common stock by us in this offering at an assumed initial public offering price $                 per share, which is the midpoint of the
price range set forth on the cover page of this prospectus, after deducting estimated underwriting discounts and commissions and
estimated offering expenses payable by us.

The pro forma as adjusted information set forth in the table below is illustrative only and will be adjusted based on the actual initial public
offering price and other terms of this offering determined at pricing. This table should be read in conjunction with the sections titled “Selected
consolidated financial data” and “Management’s discussion and analysis of financial condition and results of operations” and our consolidated
financial statements and related notes included elsewhere in this prospectus.
 
   As of June 30, 2019  

(in thousands, except share and per share data)   Actual   Pro forma   
Pro forma as

adjusted(1) 
   (unaudited)   (unaudited)   (unaudited) 
Cash and cash equivalents   $ 56,034   $                 $               

    

 

    

 

    

 

Total debt, less current portion   $ 24,777   $                 $               
    

 
    

 
    

 

Convertible preferred stock, $0.00001 par value per share, 67,904,871 shares
authorized, 67,704,278 shares issued and outstanding, actual; no shares authorized,
issued or outstanding, pro forma and pro forma as adjusted    243,244    —      —   

Stockholders’ equity (deficit):           
Historical Class A common stock, $0.00001 par value per share, 75,955,000

shares authorized, 8,050,000 shares issued and outstanding, actual; no shares
authorized, issued or outstanding, pro forma and pro forma as adjusted(2)    1    —      —   

Historical Class B common stock, $0.00001 par value per share, 115,000,000
shares authorized, 8,095,382 shares issued and outstanding, actual; no shares
authorized, issued or outstanding, pro forma and pro forma as adjusted(3)    —      —      —   

Preferred stock, $0.00001 par value per share, no shares authorized, issued or
outstanding, actual; 100,000,000 shares authorized, and no shares issued or
outstanding, pro forma and pro forma as adjusted    —      —      —   
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   As of June 30, 2019  

(in thousands, except share and per share data)   Actual  Pro forma   
Pro forma as

adjusted(1) 
   (unaudited)  (unaudited)   (unaudited) 

Class A common stock, $0.00001 par value per share, no shares authorized,
issued or outstanding, actual; 1,000,000,000 shares authorized, and
            shares issued and outstanding pro forma and             shares issued
and outstanding pro forma as adjusted(2)    —      

Class B common stock, $0.00001 par value per share, no shares authorized,
issued or outstanding, actual; 100,000,000 shares authorized, and 75,754,278
shares issued and outstanding, pro forma and pro forma as adjusted(3)    —      

Additional paid-in capital    17,715    
Accumulated other comprehensive loss    (34)    
Accumulated deficit    (245,630)    

    
 

   
 

    
 

Total stockholders’ equity (deficit)    (227,948)    
    

 
   

 
    

 

Total capitalization   $ 40,073  $     $   
 

 

 

(1)  Each $1.00 increase or decrease in the assumed initial public offering price of $        per share, which is the midpoint of the price range set forth on the cover page of this
prospectus, would increase or decrease, as applicable, the amount of each of our pro forma as adjusted cash and cash equivalents, additional paid-in capital, total stockholders’
equity (deficit) and total capitalization by approximately $        , assuming that the number of shares offered by us, as set forth on the cover page of this prospectus, remains the
same and after deducting estimated underwriting discounts and commissions payable by us. Similarly, each increase or decrease of 1.0 million shares in the number of shares of
our Class A common stock offered by us would increase or decrease, as applicable, the amount of each of our pro forma as adjusted cash and cash equivalents, additional paid-in
capital, total stockholders’ equity (deficit) and total capitalization by approximately $        , assuming the assumed initial public offering price remains the same and after deducting
estimated underwriting discounts and commissions payable by us.

 

(2)  In connection with the reclassification of all outstanding shares of common stock, our Historical Class A common stock was reclassified into Class B common stock. See the
section titled “Description of capital stock—Reclassification of common stock and conversion of Convertible Preferred Stock”.

 

(3)  In connection with the reclassification of all outstanding shares of common stock, our Historical Class B common stock was reclassified into Class A common stock. See the
section titled “Description of capital stock—Reclassification of common stock and conversion of Convertible Preferred Stock”.

If the underwriters exercise their option to purchase additional shares in full, each of our pro forma as adjusted cash and cash equivalents,
additional paid-in capital, total stockholders’ equity (deficit), total capitalization and pro forma as adjusted shares of Class A common stock
outstanding as of June 30, 2019 would be $        million, $        million, $        million, $        million and        shares, respectively.

The number of shares of our Class A common stock and Class B common stock issued and outstanding, pro forma and pro forma as adjusted
in the table above is based on 8,095,382 shares of our Class A common stock and 75,754,278 shares of our Class B common stock
(including our Convertible Preferred Stock on an as-converted basis) outstanding as of June 30, 2019 and excludes:
 

•  15,634,182 shares of Class A common stock issuable upon exercise of stock options outstanding as of June 30, 2019, at a weighted-
average exercise price of $3.61 per share;

 

•  266,099 shares of Class of A common stock issuable upon exercise of warrants outstanding as of June 30, 2019, at a weighted-average
exercise price of $1.17 per share;

 

•  842,475 shares of Class A common stock issuable upon exercise of stock options granted after June 30, 2019, at a weighted-average
exercise price of $30.00 per share; and
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•  11,000,000 shares of Class A common stock to be reserved and available for future issuance under the Omnibus Incentive Plan, which will
become effective in connection with this offering, as more fully described in the section titled “Executive compensation—Equity incentive
plans”, including:

 

 •  1,323,858 shares of Class A common stock reserved for future grants under the 2012 Stock Plan, as of June 30, 2019, which will
be added to the shares reserved under our Omnibus Incentive Plan, plus

 

 •  any shares of Class A common stock issuable upon exercise of stock options outstanding under the 2012 Stock Plan that will be
added to our Omnibus Incentive Plan available reserve upon expiration or termination of such stock options, plus

 

 •  automatic increases in the number of shares of Class A common stock reserved for future grants pursuant to our Omnibus
Incentive Plan; plus

 

 
•  2,000,000 shares of Class A common stock to be reserved and available for future issuance under the ESPP, which will become

effective in connection with this offering, as well as automatic increases in the number of shares of Class A common stock
reserved for future issuance under the ESPP.
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Dilution
If you purchase shares of our Class A common stock in this offering, your ownership interest will be diluted to the extent of the difference
between the initial public offering price per share of our Class A common stock in this offering and the pro forma as adjusted net tangible book
value per share of our common stock immediately after this offering.

Our historical net tangible book value as of June 30, 2019 was $(228.5) million or $(14.16) per share of common stock. Our historical net
tangible book value per share represents our tangible assets, less liabilities and Convertible Preferred Stock, divided by the aggregate
number of shares of common stock outstanding as of June 30, 2019.

Our pro forma net tangible book value as of June 30, 2019 was $        million or $        per share of common stock. Our pro forma net tangible
book value per share represents our tangible assets, less liabilities and Convertible Preferred Stock, divided by the aggregate number of
shares of common stock outstanding as of June 30, 2019, after giving effect to: (i) the filing and effectiveness of our amended and restated
certificate of incorporation, (ii) the reclassification of all outstanding shares of our Historical Class A common stock into Class B common stock
and of our Historical Class B common stock into Class A common stock and (iii) the automatic conversion of all shares of our Convertible
Preferred Stock outstanding into 67,704,278 shares of Class B common stock, in each case, prior to the closing of the offering and as
described under “Description of capital stock—Reclassification of common stock and conversion of Convertible Preferred Stock”.

After giving effect to the issuance and sale of                shares of Class A common stock by us in this offering at an assumed initial public
offering price of $                per share, which is the midpoint of the price range set forth on the cover page of this prospectus, and after
deducting estimated underwriting discounts and commissions and estimated offering expenses payable by us, our pro forma as adjusted net
tangible book value as of June 30, 2019 would have been $                million or $                per share. This represents an immediate increase
in pro forma net tangible book value to existing stockholders of $                per share and an immediate dilution in pro forma net tangible book
value to new investors of $                per share. Dilution per share represents the difference between the price per share to be paid by new
investors for the shares of Class A common stock sold in this offering and the pro forma net tangible book value per share immediately after
this offering. The following table illustrates this per share dilution:
 

Assumed initial public offering price per share       $            
Historical net tangible book value per share as of June 30, 2019   $(14.16)  
Pro forma increase in net tangible book value per share as of June 30, 2019    
Pro forma net tangible book value per share as of June 30, 2019    
Increase in pro forma net tangible book value per share attributable to new investors purchasing shares of Class A

common stock in this offering    
    

 
 

Pro forma as adjusted net tangible book value per share    
     

 

Dilution per share to new investors participating in this offering    $   
  

Each $1.00 increase or decrease in the assumed initial public offering price of $        per share, which is the midpoint of the price range set
forth on the cover page of this prospectus, would increase or decrease, as applicable, our pro forma as adjusted net tangible book value per
share after this offering by $        per share and the dilution in pro forma net tangible book value per share to investors participating in this
offering by $        per share, assuming that the number of shares of Class A common stock offered by us, as set forth on the cover page of this
prospectus, remains the same, and after deducting estimated underwriting discounts and commissions and estimated offering expenses
payable by us. Similarly, each increase or decrease of 1.0 million
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shares in the number of shares of our Class A common stock offered by us would increase or decrease, as applicable, our pro forma as
adjusted net tangible book value per share after this offering by $        per share and the dilution in pro forma as adjusted net tangible book
value per share to investors participating in this offering by $        per share, assuming the assumed initial public offering price remains the
same, and after deducting estimated underwriting discounts and commissions and estimated offering expenses payable by us.

If the underwriters exercise their option to purchase additional shares in full, the pro forma as adjusted net tangible book value per share of
our Class A common stock after this offering would be $        per share and the dilution in pro forma net tangible book value per share to
investors in this offering would be $        per share of Class A common stock.

The following table sets forth, on a pro forma as adjusted basis, as of June 30, 2019, the number of shares of Class A common stock
purchased from us, the total consideration paid, or to be paid, and the average price per share paid, or to be paid, by existing stockholders
and by the new investors, at an assumed initial public offering price of $        per share, which is the midpoint of the price range set forth on
the cover page of this prospectus, before deducting estimated underwriting discounts and commissions and estimated offering expenses
payable by us:
 
    

  Shares purchased  Total consideration 

 
Weighted-average

price per share    Number   Percent  Amount   Percent 
Existing stockholders     %  $                  %  $                        
New investors        $   

   
 

    
 

   
 

    
 

 

Total     100%  $                  100%  
  

Each $1.00 increase or decrease in the assumed initial public offering price per share would increase or decrease, as applicable, the total
consideration paid by new investors, total consideration paid by all stockholders and the average price per share paid by all stockholder by
approximately $        million, $        million and $        , respectively, assuming that the number of shares of Class A common stock offered by
us, as set forth on the cover page of this prospectus, remains the same, after deducting estimated underwriting discounts and commissions
and estimated offering expenses payable by us. Similarly, each increase or decrease of 1.0 million shares in the number of shares of our
Class A common stock offered by us would increase or decrease, as applicable, the total consideration paid by new investors, total
consideration paid by all stockholders and the average price per share paid by all stockholders by approximately $        million, $        million
and $        , respectively, assuming an initial public offering price of $        per share, which is the midpoint of the price range set forth on the
cover page of this prospectus, after deducting estimated underwriting discounts and commissions and estimated offering expenses payable
by us.

The foregoing tables assume no exercise by the underwriters of their option to purchase additional shares and no exercise of outstanding
stock options or warrants after June 30, 2019. If the underwriters exercise their option to purchase additional shares in full, the number of
shares of Class A common stock held by our existing stockholders will represent approximately        % of the total number of shares of our
Class A common stock outstanding after this offering; and the number of shares held by new investors will represent approximately        % of
the total number of shares of our Class A common stock outstanding after this offering. In addition, to the extent any outstanding stock options
or warrants are exercised, investors participating in this offering will experience further dilution.

The foregoing tables and calculations (other than the historical net tangible book value calculation) are based on 8,095,382 shares of our
Class A common stock and 75,754,278 shares of our Class B common stock
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(including our Convertible Preferred Stock on an as-converted basis) outstanding as of June 30, 2019 and excludes:
 

•  15,634,182 shares of Class A common stock issuable upon exercise of stock options outstanding as of June 30, 2019, at a weighted-
average exercise price of $3.61 per share;

 

•  266,099 shares of Class of A common stock issuable upon exercise of warrants outstanding as of June 30, 2019, at a weighted-average
exercise price of $1.17 per share;

 

•  842,475 shares of Class A common stock issuable upon exercise of stock options granted after June 30, 2019, at a weighted-average
exercise price of $30.00 per share; and

 

•  11,000,000 shares of Class A common stock to be reserved and available for future issuance under the Omnibus Incentive Plan, which will
become effective in connection with this offering, as more fully described in the section titled “Executive compensation—Equity incentive
plans”, including:

 

 •  1,323,858 shares of Class A common stock reserved for future grants under the 2012 Stock Plan, as of June 30, 2019, which will
be added to the shares reserved under our Omnibus Incentive Plan, plus

 

 •  any shares of Class A common stock issuable upon exercise of stock options outstanding under the 2012 Stock Plan that will be
added to our Omnibus Incentive Plan available reserve upon expiration or termination of such stock options, plus

 

 •  automatic increases in the number of shares of Class A common stock reserved for future grants pursuant to our Omnibus
Incentive Plan; plus

 

 
•  2,000,000 shares of Class A common stock to be reserved and available for future issuance under the ESPP, which will become

effective in connection with this offering, as well as automatic increases in the number of shares of Class A common stock
reserved for future issuance under the ESPP.
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Selected consolidated financial data
The following tables present our selected consolidated financial data for the years and as of the dates indicated. We have derived the
selected consolidated statements of operations data for the years ended December 31, 2017 and 2018, and the selected consolidated
balance sheet data as of December 31, 2017 and 2018, from our audited consolidated financial statements and related notes included
elsewhere in this prospectus. We have derived the selected consolidated statements of operations data for the six months ended June 30,
2018 and 2019, and the selected consolidated balance sheet data as of June 30, 2019 from our unaudited consolidated interim financial
statements and related notes included elsewhere in this prospectus. Our unaudited consolidated interim financial statements were prepared in
accordance with generally accepted accounting principles in the United States (“GAAP”), on the same basis as our audited consolidated
financial statements and include, in the opinion of management, all adjustments, consisting of normal recurring adjustments, that are
necessary for the fair presentation of the financial information set forth in those financial statements. Our historical results are not necessarily
indicative of results that may be expected in the future. You should read the following selected consolidated financial data together with our
consolidated financial statements and related notes included elsewhere in this prospectus and the information in the section titled
“Management’s discussion and analysis of financial condition and results of operations”.
 
   

  Year ended December 31,  Six months ended June 30, 
(in thousands, except share and per share data)  2017  2018  2018  2019 
        (unaudited)  

Consolidated statements of operations data:     
Revenue  $ 71,085  $ 146,313  $ 59,152  $ 109,397 
Cost of revenue(1)   10,560   28,661   8,520   28,971 

   
 

Gross profit   60,525   117,652   50,632   80,426 
Operating expenses:     

Research and development(1)   32,164   47,537   23,372   32,999 
In-process research and development   —     62,363   6,206   —   
Selling, general and administrative(1)   46,736   87,936   41,920   59,464 
Accrued contingent liabilities   —     30,580   —     1,360 

   
 

Total operating expenses   78,900   228,416   71,498   93,823 
   

 

Loss from operations   (18,375)   (110,764)   (20,866)   (13,397) 
Other income (expense):     

Interest income   308   1,024   461   505 
Interest expense   (811)   (2,409)   (1,062)   (1,379) 
Other income (expense), net   137   (249)   (120)   (141) 

   
 

Total other income (expense)   (366)   (1,634)   (721)   (1,015) 
   

 

Loss before provision for income taxes  $ (18,741)  $ (112,398)  $ (21,587)  $ (14,412) 
Provision for income taxes   21   87   29   102 

   
 

Net loss  $ (18,762)  $ (112,485)  $ (21,616)  $ (14,514) 
   

 

Net loss per share attributable to common stockholders,
basic and diluted(2)  $ (1.62)  $ (8.40)  $ (1.66)  $ (0.96) 

   
 

Weighted-average shares used to compute net loss per
share attributable to common stockholders, basic and
diluted(2)   11,587,751   13,392,273   12,985,535   15,187,258 

   
 

Pro forma net loss per share attributable to common
stockholders, basic and diluted (unaudited)(2)   $ (1.45)   $ (0.18) 

    
 

    
 

Weighted-average shares used to compute pro forma net
loss per share attributable to common stockholders, basic
and diluted (unaudited)(2)    77,494,992    82,891,536 
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(1)  Includes stock-based compensation expense as follows:
 

   

   Year ended December 31,   Six months ended June 30, 
(in thousands)           2017           2018(1)           2018           2019 
           (unaudited)  
Cost of revenue   $ 44   $ 85   $ 36   $ 90 
Research and development    801    1,030    440    1,798 
Selling, general and administrative    816    1,543    530    2,496 

    
 

Total stock-based compensation expense   $ 1,661   $ 2,658   $ 1,006   $ 4,384 
  

 

(2)  See Note 2 and Note 11 to our consolidated financial statements included elsewhere in this prospectus for further details on the calculation of net loss per share attributable to
common stockholders, basic and diluted, the weighted-average shares used to compute net loss per share attributable to common stockholders, basic and diluted, and unaudited
pro forma information.

 
   

   As of December 31,  As of June 30, 
(in thousands)   2017  2018  2019 
         (unaudited)  

Consolidated balance sheet data:     
Cash and cash equivalents   $ 47,857  $ 65,080  $ 56,034 
Working capital(1)    45,966   73,874   63,999 
Total assets    75,609   124,310   155,594 
Total current liabilities    22,141   32,362   43,227 
Total liabilities    29,704   101,053   140,298 
Total convertible preferred stock    158,414   243,244   243,244 
Accumulated deficit    (118,631)   (231,116)   (245,630) 
Total stockholders’ equity (deficit)    (112,509)   (219,987)   (227,948) 
  

 

(1)  Working capital is calculated as current assets less current liabilities. See our consolidated financial statements and related notes included elsewhere in this prospectus for further
details regarding our current assets and current liabilities.
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Management’s discussion and analysis of financial condition and
results of operations
The following discussion and analysis of our financial condition and results of operations should be read in conjunction with the section titled
“Selected consolidated financial data” and the consolidated financial statements and related notes thereto included elsewhere in this
prospectus. This discussion contains forward-looking statements that involve risks and uncertainties. Factors that could cause or contribute to
such differences include those identified below and those in the section titled “Risk factors” and other parts of this prospectus. Our historical
results are not necessarily indicative of the results that may be expected for any future period.

Overview
We are a life sciences technology company focused on building innovative products and solutions to interrogate, understand and master
biological systems at resolution and scale that matches the complexity of biology. Our expanding suite of offerings leverages our cross-
functional expertise across biology, chemistry, software and hardware to provide a comprehensive, dynamic and high-resolution view of
complex biological systems. We have launched multiple products that enable researchers to understand and interrogate biological analytes in
their full biological context. Our commercial product portfolio leverages our Chromium instruments, which we refer to as “instruments”, and our
proprietary microfluidic chips, slides, reagents and other consumables for both our Visium and Chromium solutions, which we refer to as
“consumables”. We bundle our software with these products to guide customers through the workflow, from sample preparation through
analysis and visualization. Since launching our first product in mid-2015, and as of June 30, 2019, we have sold 1,284 instruments to
customers around the world, including 93 of the top 100 global research institutions by publications, and 13 of the top 15 global
pharmaceutical companies by 2018 revenue.

Our products cover a wide variety of applications and allow researchers to analyze biological systems at fundamental resolutions and on
massive scales, such as at the single cell level for millions of cells. Our Chromium instruments and Chromium consumables are designed to
work together exclusively. After buying a Chromium instrument, customers purchase consumables from us for use in their experiments.
Accordingly, as the installed base of our instruments grows, we expect recurring revenue from consumable sales to become an increasingly
important driver of our operating results. As such, our revenue growth is expected to outpace growth in our instrument placements as our
business develops. In addition to instrument and consumable sales, we derive revenue from post-warranty service contracts for our
Chromium instruments. For the year ended December 31, 2018, sales of our Chromium instruments accounted for 25% of our revenue, sales
of our consumables accounted for 74% of our revenue and sales of services accounted for 1% of our revenue. For the six months ended
June 30, 2019, sales of our Chromium instruments accounted for 14% of our revenue, sales of our consumables accounted for 84% of our
revenue and sales of services accounted for 2% of our revenue.

We currently serve thousands of researchers in approximately 40 countries. Our customers include a range of academic, government,
biopharmaceutical, biotechnology and other leading institutions around the globe. In both the year ended December 31, 2018 and the six
months ended June 30, 2019, approximately 70% of our direct sales revenue came from sales to academic institutions.

As of June 30, 2019, we employed a commercial team of over 190 employees, including more than 75 commissioned sales representatives,
many with Ph.D. degrees and many with significant industry experience. We follow a direct sales model in North America and certain regions
of Europe, representing the majority of our revenue. We sell our products through third-party distributors in Asia, certain regions of Europe,
South America, the Middle East and Africa. We currently sell our products for research use only. For the year ended December 31, 2018 and
six months ended June 30, 2019, sales within North America accounted for approximately 58% and 56% of our revenue, respectively.
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The following is our revenue for the last ten quarters, key 2018 achievements and a chronology of key
events since our inception

 

REVENUE KEY 2018 ACHIEVEMENTS REVENUE ($M) $12 $15 $19 $26 $27 $32 $37 $51 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 FY2017: $71M FY2018: $146M +$146M Revenue +500Instruments sold +1,000 Instruments installed base +100 Total issued patents worldwide KEY EVENTS Founded Acquired Epinomics and related IP for epigentics Acquired SpatialTranscriptomics and related IP for spatial analysis 2012 2015 2016 2017 2018 Sold First Product Linked Read Genome Sequencing Launched Chromium Instrument and Single CellGene Expression Launched Single Cell Immune Profiling Launched Single Cell DNA, Single Cell ATAC, Single Cell Gene Expression with Feature Barcoding and Single Cell ImmuneProfiling with Feature Barcoding

Revenue increased 106% to $146.3 million in the year ended December 31, 2018 as compared to $71.1 million in the prior year, and
increased 85% to $109.4 million for the six months ended June 30, 2019 as compared to $59.2 million for the six months ended June 30,
2018, primarily due to the adoption of our platform by customers as reflected by the doubling in size of our installed base to more than 1,000
instruments as of December 31, 2018 and more than 1,280 instruments as of June 30, 2019, and the associated consumables pull-through on
those instruments.

We focus a substantial portion of our resources on developing new products and solutions. Our research and development efforts are
centered around: improving the performance of our existing assays and software, developing new Chromium solutions such as multi-omics
solutions, developing our Visium platform, improving
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and developing new capabilities for our Chromium platform, developing combined software and workflows across multiple solutions and
investigating new technologies. We incurred research and development expenses of $32.2 and $47.5 million for the years ended
December 31, 2017 and 2018, respectively, and $23.4 million and $33.0 million for the six months ended June 30, 2018 and 2019,
respectively. We intend to continue to make significant investments in this area for the foreseeable future. In addition, in 2018, we made
acquisitions for an aggregate purchase price of $62.4 million. See the section titled “—Recent acquisitions”.

Our instrument manufacturing is contracted out to third-party contract manufacturers and we manufacture the majority of our consumable
products in-house, with a small amount of our components outsourced to key suppliers. We have designed our operating model to be capital
efficient and to scale efficiently as our product volumes grow.

To date, we have financed our operations primarily from the sale of our instruments and consumable products, the issuance and sale of our
convertible preferred stock and common stock and with issuances of debt. Since our inception in 2012, we have incurred net losses in each
year. Our net losses were $18.8 million and $112.5 million for the years ended December 31, 2017 and 2018, respectively, and $21.6 million
and $14.5 million for the six months ended June 30, 2018 and 2019, respectively. The $14.5 million net loss included a $15.9 million accrual
related to estimated royalties for ongoing litigation. The increase in our net loss for 2018 resulted substantially from charges of $62.4 million
associated with intellectual property acquisitions for research and development in addition to the litigation contingency accrual of
$38.0 million. The decrease in our net loss for the six months ended June 30, 2019 resulted primarily from increased revenue. As of June 30,
2019, we had an accumulated deficit of $245.6 million and cash and cash equivalents totaling $56.0 million. We expect to continue to incur
significant expenses for the foreseeable future and to incur operating losses in the near term. We expect our expenses will increase
substantially in connection with our ongoing activities, as we:
 

•  attract, hire and retain qualified personnel;
•  scale our technology platforms and introduce new products and services;
•  protect and defend our intellectual property;
•  acquire businesses or technologies; and
•  invest in processes, tools and infrastructure to support the growth of our business.

Recent acquisitions
Epinomics

In March 2018, we completed the acquisition of Epinomics Inc. (“Epinomics”), a privately-held company based in California, for an all cash
purchase price of $22.2 million. Epinomics’ patent portfolio includes foundational intellectual property and a worldwide exclusive license
relating to ATAC-seq, which supplements our existing patent portfolio and enables us to provide ATAC-seq solutions for single cell and other
epigenetic applications. All of our obligations under the Epinomics acquisition agreement have been fully performed.

Spatial Transcriptomics

In November 2018, we completed the acquisition of Spatial Transcriptomics Holding AB (“Spatial Transcriptomics”), a privately-held company
based in Stockholm, Sweden, for an all cash purchase price of $38.6 million. With the acquisition of Spatial Transcriptomics, we obtained
intellectual property relating to the spatial interrogation of biological analytes, which we believe will open up the possibilities for discoveries in
oncology, neuroscience and immunology, as well as in the broader area of biology. Pursuant to the Spatial Transcriptomics acquisition
agreement, we are obligated to make contingent payments to the sellers through December 31, 2022. Aside from this obligation, all of our
obligations under the Spatial Transcriptomics acquisition agreement have been fully performed. See “Business–Intellectual property” for more
information regarding our contingent payment obligations.
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Prognosys

In November 2018, we completed the acquisition of a worldwide exclusive license to foundational intellectual property relating to spatial
analysis technologies from Prognosys Biosciences, Inc. (“Prognosys”), for a combination of cash and common stock. All of our obligations
under the Prognosys license agreement have been fully performed.

Litigation developments and product transitions
Bio-Rad 2015 litigation

In November 2018, a jury found that we willfully infringed three patents exclusively licensed to Bio-Rad Laboratories, Inc. (“Bio-Rad”) and
awarded Bio-Rad approximately $24.0 million in damages. In response to this award, we established an accrual of $30.6 million in November
2018 which we recorded as an operating expense for the year ended December 31, 2018 and accrued an additional $1.4 million in the first
half of 2019 related to pre- and post-judgment interest, which we also recorded as an operating expense. In the fourth quarter of 2018, we
began recording an accrual for estimated royalties as cost of revenue. For the year ended December 31, 2018 and the six months ended
June 30, 2019 (unaudited), we accrued royalties of $7.4 million and $15.9 million, respectively. As of December 31, 2018 and June 30, 2019
(unaudited), we had accrued total amounts of $38 million and $55.3 million, respectively, related to this matter. This accrual is based on an
estimated royalty rate of 15% of worldwide sales of our Chromium instruments operating our GEM microfluidic chips and associated
consumables. Prior to the end of the first quarter of 2019, substantially all of our Chromium instruments and consumable sales utilized our
GEM microfluidic chips. In August 2019, the Court granted Bio-Rad a permanent injunction against our GEM microfluidic chips and associated
consumables that were found to infringe the Bio-Rad patents, which have historically constituted substantially all of our product sales.
However, under the injunction, we are permitted to continue to sell our GEM microfluidic chips and associated consumables for use with our
historical installed base of instruments provided that we pay a royalty of 15% into escrow on our net revenue related to such sales. We have
appealed the injunction to the Federal Circuit and expect that it will not take effect until the Federal Circuit rules on our request for a stay of
the injunction.

Neither the jury verdict nor the injunction relate to our Next GEM microfluidic chips based on our new proprietary design and associated
consumables which we launched in May 2019 for three of our single cell solutions — Single Cell Gene Expression, Single Cell Immune
Profiling and Single Cell ATAC. Unless the injunction relating to our GEM microfluidic chips is stayed, we will be unable to sell our Single Cell
CNV and Linked-Read solutions for use on our instruments unless and until we develop a Next GEM microfluidic chip for such solutions. We
believe that our Chromium solutions, when used with our Next GEM microfluidic chip, would not infringe the asserted Bio-Rad patents. We
plan to gradually phase out our GEM microfluidic chips and anticipate that our Chromium products utilizing our Next GEM microfluidic chips
will become an increasing percentage of our sales and will constitute substantially all of our Chromium sales by the end of 2020. We currently
expect that, by the end of the third quarter of 2019, all Chromium instruments that we sell will operate exclusively with our Next GEM
solutions. Until we are able to completely transition to our Next GEM microfluidic chip, our margins will be negatively impacted by any royalty
obligations that result from this litigation. Furthermore, we expect to incur increased research and development expenses in the near term and
increased inventory and other expenses related to the introduction of, and transition to, our Next GEM microfluidic chip. Depending upon the
ultimate outcome of our appeal, our accruals may prove insufficient to cover the actual damages awarded in the case. Conversely, should we
ultimately obtain a more favorable outcome in this litigation we may be able to reverse all or a portion of our litigation reserve and the related
accruals.
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International Trade Commission action

In a related but separate action, in September 2018, a judge of the U.S. International Trade Commission (“ITC”) found that our GEM
microfluidic chips infringed three Bio-Rad patents and recommended entry of an exclusion order against our GEM microfluidic chips which
would prevent importation of such chips into the United States and a cease and desist order that would prevent us from selling such imported
chips in the United States which have historically constituted substantially all of our product sales. The judge further found that our gel bead
manufacturing microfluidic chip does not infringe any asserted claims and that our Next GEM microfluidic chip does not infringe any asserted
claims. The judge’s recommendations are currently under review by the ITC, which is expected to issue a Final Determination in late
September 2019. The ITC’s Final Determination is subject to a 60-day presidential review period. In order to allow our customers to continue
their important research, we have dedicated significant resources to developing the capabilities to manufacture our microfluidic chips in the
United States. Prior to the second quarter of 2019, all of our microfluidic chips were manufactured outside of the United States. We expect our
United States manufacturing facilities to achieve volume production of certain of our GEM microfluidic chips accounting for the majority of our
United States consumable revenue beginning in the fourth quarter of 2019. We do not expect the transition to manufacturing our microfluidic
chips in the United States to have a material impact on our margins.

The timing of the incurrence of legal expenses relating to pending litigation is difficult to predict and the outcome of litigation is inherently
uncertain. If one or more legal matters were resolved against us in a reporting period for amounts in excess of management’s expectations,
our financial condition and operating results for that reporting period could be materially adversely affected. In addition, changes to the
scheduling of significant events, such as trial dates, for pending litigation can result in the incurrence of significant legal expenses during
periods in which such expenses were not expected, which could materially and adversely impact our results of operations for such reporting
period. Finally, the achievement of certain litigation milestones, outcomes or events could trigger the payment of contingent payments which
could significantly impact our financial results in any given period. Such events are inherently difficult to predict.

See the sections titled “Risk factors—Risks related to litigation and our intellectual property” and “Business—Legal proceedings” for more
information regarding these matters.

Key business metrics
We regularly review a number of operating and financial metrics, including the following key business metrics, to evaluate our business,
measure our performance, identify trends affecting our business, formulate financial projections and make strategic decisions. We believe that
the following metrics are representative of our current business; however, we anticipate these may change or may be substituted for
additional or different metrics as our business grows and as we introduce new products.

Instrument installed base
 
   

   As of December 31,   As of June 30, 
        2017       2018         2018         2019 
Instrument installed base    491    1,021    701    1,284 
  

Our products are sold to academic, government, biopharmaceutical, biotechnology and other leading institutions around the globe. Our
Chromium Controller instrument is user installable and does not require in-person training. We expect our Chromium Connect instrument to
require installation and we expect to offer in-person training in its use. We believe the instrument installed base is one of the indicators of our
ability to drive customer adoption of our products.

We define the instrument installed base as the cumulative number of Chromium instruments sold since inception.
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Consumable pull-through per instrument
 
   

   
Year ended

December 31,   
Six months ended

June 30, 
(in thousands)               2017               2018   2018   2019 
Consumable pull-through per instrument   $ 140   $ 148   $ 72   $ 81 
  

Our consumables portfolio includes proprietary microfluidic chips, slides, reagents and other consumables for both our Visium and Chromium
solutions. Our Chromium instruments and Chromium consumables are designed to work together exclusively. This Chromium closed-system
model generates recurring revenue from each instrument we sell. We believe that quarterly consumable pull-through per instrument is an
indicator of our ability to generate future consumable revenue and the rate of customer adoption of our new applications.

We define consumable pull-through per instrument as the total consumables revenue in the given quarter divided by the average instrument
installed base during that quarter. We calculate the average instrument installed base for a given quarter using the instrument installed base
as of the last day of the prior quarter and the instrument installed base as of the last day of the given quarter. We also calculate a year-to-date
consumable pull-through per instrument figure by summing the quarterly pull-through for the quarters in a given year. The figures in the table
above represent the year-to-date consumable pull-through per instrument for the years ended December 31, 2017 and 2018 and the six
months ended June 30, 2018 and 2019.

Key factors affecting our performance
We believe that our financial performance has been and in the foreseeable future will continue to be primarily driven by the following factors.
While each of these factors presents significant opportunities for our business, they also pose important challenges that we must successfully
address in order to sustain our growth and improve our results of operations. Our ability to successfully address the factors below is subject to
various risks and uncertainties, including those described under the heading “Risk factors”.

Instrument sales

Our financial performance has largely been driven by, and in the future will continue to be impacted by, the rate of sales of our Chromium
instruments. Management focuses on instrument sales as an indicator of current business success and a leading indicator of likely future
sales of consumables. We expect our instrument sales to continue to grow as we increase penetration in our existing markets and expand
into, or offer new features and solutions that appeal to, new markets.

We plan to grow our instrument sales in the coming years through multiple strategies including expanding our sales efforts globally and
continuing to enhance the underlying technology and applications for life sciences research. As part of this strategy and in an effort to
increase the rate of sales of our instruments, we increased our sales force by 144% from January 1, 2018 through June 30, 2019, with 78
commissionable sales representatives as of June 30, 2019. We regularly solicit feedback from our customers and focus our research and
development efforts on enhancing the Chromium Controller instrument and enabling its ability to use additional applications that address their
needs, which we believe in turn helps to drive additional sales of our instruments and consumables. We are developing our Chromium
Connect instrument, which is an automated version of our current Chromium Controller instrument, with a targeted release in 2020. We
believe the automated features of the Chromium Connect will increase our addressable market by increasing utilization by biopharmaceutical
customers.

Our sales process varies considerably depending upon the type of customer to whom we are selling. Our sales process with small
laboratories and individual researchers is often short, and in some cases, we receive
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purchase orders from these customers in under a month. Our sales process with other institutions can be longer with most customers
submitting purchase orders within six months. Given the variability of our sales cycle, we have in the past experienced, and likely will in the
future experience, fluctuations in our instrument sales on a period-to-period basis.

Recurring consumable revenue

We regularly assess trends relating to recurring consumable revenue based on our product offerings, our customer base and our
understanding of how our customers use our products. There may be quarterly variability in our consumable revenue and in the relative
revenue contribution of our product offerings. For example, while revenue generated from sales of our Single Cell Gene Expression
consumables accounted for approximately half of our revenue for each of the years ended December 31, 2017 and 2018 and for the six
months ended June 30, 2019, we expect the revenue contribution from these and other consumable products to vary on a quarterly basis due
to, among other factors, our introduction of enhanced features and additional solutions. Funding cycles of our customers vary leading to
seasonality in their consumables order patterns. For example, a significant portion of our current customers are reliant on government funding
and research grants. Our current customer base, a portion of which have budget cycles that typically expire at year end, exhibits seasonality
resulting in a higher consumable pull-through per instrument in the fourth quarter relative to the first three quarters of the year. As our
instrument installed base expands, consumables revenue on an absolute basis is expected to increase and over time should be an
increasingly important contributor to our revenue.

Our current customer base includes customers who purchase consumables for use on a shared or centralized instrument. We refer to
customers who purchase consumables but do not own an instrument as “halo users”. For each of the years ended December 31, 2017 and
2018 and for the six months ended June 30, 2019, halo users represented approximately half of our revenue from sales of consumables. Halo
users, as well as the future introduction of consumables that may not use instruments, such as our recently announced Visium solution, or
Chromium instruments that are expected to use a greater amount of consumables, such as our Chromium Connect instrument, could reduce
the utility of this metric and make it difficult to compare consumable pull-through per instrument metrics over time.

We expect our annual consumable pull-through per instrument to be relatively stable as the instrument installed base increases. Our
expansion into new markets with less experienced users could adversely impact average pull-through, but we expect the introduction of our
Visium products as well as the release of new products and applications for our Chromium instruments to increase consumable pull-through
per instrument and offset these declines. We will initially report our Visium product revenue as part of consumable revenue and include it in
the average pull-through per instrument calculation. Even though Visium is not processed through a Chromium instrument, we will sell the
product primarily to Chromium instrument users and view it as pull-through from a business perspective.

Revenue mix and gross margin

Our revenue is derived from sales of our instruments, consumables and service. There will be fluctuations in mix between instruments and
consumables from period to period. Over time, as our instrument installed base grows and our Visium products are introduced, we expect
consumables revenue to constitute a larger percentage of revenue. In addition, our margins are higher for those instruments and
consumables that we sell directly to customers as compared to those that we sell through distributors. While we expect the mix of direct sales
as compared to sales through distributors to remain relatively constant in the near term, we are currently evaluating increasing our direct sales
capabilities in certain geographies.

From the fourth quarter of 2016 to the first quarter of 2019, we offered two versions of the Chromium Controller, one at a $125,000 list price
with firmware that enabled the use of all our Chromium consumables and another at a
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$75,000 list price with firmware that enabled the use of only our Single Cell Chromium consumables. Beginning in the first quarter of 2019, we
standardized our instrument offering on the fully-enabled Chromium Controller with a list price of $75,000 and as a result our Chromium
Controller average selling price decreased in the first half of 2019 from those realized in 2017 and 2018. The list prices of our consumables
vary by solution. Future instrument and consumable selling prices and gross margins may fluctuate due to a variety of factors, including the
introduction by others of competing products and solutions or the attempted integration by third-parties of capabilities similar to ours into their
existing products, such as sequencers. We aim to mitigate downward pressure on our average selling prices by increasing the value
proposition offered by our instruments and consumables, primarily by, for example, expanding the applications for our instruments and
increasing the quantity and quality of data that can be obtained using our consumables.

In the near term, we expect our expansion of manufacturing, warehousing and product distribution facilities, and the litigation described above
under “—Litigation developments and product transitions”, to have the greatest impact on our margins. In addition to the impact of competing
products entering the market, the future margin profiles of our instruments and consumables will depend upon the outcome of such litigation,
any royalties we are required to pay and the royalty rates and products to which such royalties apply.

Continued investment in growth

Our significant revenue growth has been driven by rapid innovation towards novel solutions that command price premiums and quick adoption
of our solutions by our customer base. In 2018 alone, we introduced six new products or updates to existing products. We intend to continue
to make focused investments to increase revenue and scale operations to support the growth of our business and therefore expect expenses
in this area to increase. We have invested, and will continue to invest, significantly in our manufacturing capabilities and commercial
infrastructure. The transition to our new Pleasanton global headquarters and research and development center in 2019 will help us achieve
these goals in the near term by providing additional manufacturing, research and development and general office space. We plan to further
invest in research and development as we hire employees with the necessary scientific and technical backgrounds to enhance our existing
products and help us bring new products to market, and expect to incur additional research and development expenses and higher stock-
based compensation expenses as a result. We also plan to invest in sales and marketing activities, expect to incur additional general and
administrative expenses and to have higher stock-based compensation expenses as we support our growth and our transition to becoming a
publicly traded company. As cost of revenue, operating expenses and capital expenditures fluctuate over time, we may experience short-term,
negative impacts to our results of operations and cash flows, but we are undertaking such investments in the belief that they will contribute to
long-term growth.

Acquisitions of key technologies

We have made, and intend to continue to make, investments that meet management’s criteria to expand or add key technologies that we
believe will facilitate the commercialization of new products in the future. Such investments could take the form of an asset acquisition, the
acquisition of a business or the exclusive or non-exclusive license of patented technology. Any such acquisitions we make may affect our
future financial results. For example, our acquisitions of Spatial Transcriptomics and Epinomics were largely comprised of purchases of
intellectual property which were expensed as in-process research and development in the quarter during which such acquisitions occurred.
While we have not previously entered into material joint-development, partnership or joint-venture agreements, we may in the future decide to
do so and any such arrangements may limit our rights and the commercial opportunities of any jointly-developed technology.
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Components of results of operations
Revenue

We generate virtually all of our revenue through the sale of our instruments and consumables to customers. We also generate a small portion
of our revenue from instrument service agreements which relate to extended warranties. Our revenue is subject to fluctuation based on the
foreign currency in which our products are sold, principally for sales denominated in the euro.

Revenue from consumables is largely driven by the size of our instrument installed base and the volume of consumables sold per instrument.
Our instruments and consumables are generally sold without the right of return. Revenue is recognized as instruments and consumables are
shipped. Revenue is recognized net of any sales incentive, distributor rebates and commissions and any taxes collected from customers.
Some of our recently announced products, such as our Chromium Connect instrument, may result in our recognizing revenue with respect to
such products upon installation rather than upon shipment. Instrument service agreements are typically entered into for a one-year term, with
the coverage period beginning after the expiration of the standard one-year warranty period. Revenue from the sale of instrument service
agreements are recognized ratably over the coverage period.

Cost of revenue, gross profit and gross margin

Cost of revenue.    Cost of revenue primarily consists of manufacturing costs incurred in the production process including personnel and
related costs, costs of component materials, labor and overhead, packaging and delivery costs and allocated costs including facilities and
information technology. We plan to hire additional employees as well as expand our manufacturing, warehousing and product distribution
facilities, including increasing manufacturing automation to support our growth. In addition, cost of revenue includes royalty costs for licensed
technologies included in our products, warranty costs, provisions for slow-moving and obsolete inventory and personnel and related costs and
component costs incurred in connection with our obligations under our instrument service agreements. Beginning with the three months
ended December 31, 2018, we began recording royalty accruals relating to sales of our GEM microfluidic chips and associated consumables,
which are the subject of the Bio-Rad litigation, as cost of revenue. We expect cost of revenue to increase in absolute dollars in future periods.

Gross profit/gross margin.    Gross profit is calculated as revenue less cost of revenue. Gross margin is gross profit expressed as a
percentage of revenue. Our gross profit in future periods will depend on a variety of factors, including: market conditions that may impact our
pricing; sales mix changes among consumables, instruments and services; product mix changes between established products and new
products; excess and obsolete inventories; royalties; our cost structure for manufacturing operations relative to volume; and product warranty
obligations. We expect an increase in absolute dollars of both revenue and cost of revenue; however, we expect gross margins to remain
relatively constant in the near term as result of the royalty accrual related to litigation. As we transition customers to our Next GEM microfluidic
chips, we expect our gross margins to increase from these levels, as the percentage of our revenue attributable to our Next GEM microfluidic
chips increases. Further developments in our litigation with Bio-Rad could have a material impact on our gross margins in the near term and
potentially beyond. See the section titled “—Litigation developments and product transitions”.

Operating expenses

Research and development.    Research and development expense primarily consists of personnel and related costs, independent contractor
costs, laboratory supplies, equipment maintenance prototype and materials expenses, amortization of developed technology and intangibles
and allocated costs including facilities and information technology.
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We plan to continue to invest in our research and development efforts, including hiring additional employees, to enhance existing products
and develop new products. We expect allocated facilities costs to increase in the periods following the transition to our global headquarters
and research and development center in Pleasanton, California in July 2019 and the expected implementation of a new enterprise resource
planning system in 2020. We expect research and development expense will increase in absolute dollars in future periods and vary from
period to period as a percentage of revenue.

In-process research and development.    In-process research and development consists of costs incurred to acquire intellectual property for
research and development. We expect these costs to be recognized only in periods during which we complete an acquisition of assets
comprised in whole or part of intellectual property for research and development. While we periodically evaluate acquisitions of this nature
from time to time, we have no definitive agreements currently in place to acquire additional intellectual property for research and development.

Selling, general and administrative.    Selling, general and administrative expense primarily consists of costs related to the selling and
marketing of our products, including sales incentives and advertising expenses and costs associated with our finance, accounting, legal
(excluding accrued contingent liabilities), human resources and administrative personnel. Related costs associated with these functions, such
as attorney and accounting fees, recruiting services, administrative services, insurance, public relations and communication activities,
marketing programs and trade show appearances, travel, customer service costs and allocated costs including facilities and information
technology, are also included in selling, general and administrative expenses.

We expect to incur additional selling, general and administrative expenses due to continued investment in our sales, marketing and customer
service efforts to support the anticipated growth of our business. We also expect increased infrastructure costs, as well as increased costs for
accounting, human resources, legal, insurance, investor relations and other costs associated with becoming a public company. We expect to
continue our hiring, in the United States as well as internationally, in all these areas in line with the continued growth of our business. We also
expect allocated facilities costs to increase in the periods following the transition to our global headquarters and research and development
center in Pleasanton, California in July 2019 and allocated information technology costs to increase following the expected implementation of
a new enterprise resource planning system in 2020. We expect selling, general and administrative expenses to vary from period to period as
a percentage of revenue, increase in absolute dollars in future periods and decrease as a percentage of revenue.

We expect our stock-based compensation expense allocated to cost of revenue, research and development expenses and selling, general
and administrative expenses to increase in absolute dollars.

Accrued contingent liabilities

Accrued contingent liabilities is comprised of changes in our litigation reserve, primarily relating to our litigation with Bio-Rad. The litigation
reserve currently consists of accruals we make for our estimated losses in these pending legal proceedings. We record a liability when it is
probable that a loss has been incurred and the amount is reasonably estimable, the determination of which requires significant judgment.
Changes in the reserve are made as we change our estimates or make payments in damages or settlement. In 2018, we took a $30.6 million
charge to reflect our best estimate of loss in resolving our ongoing disputes. In the six months ended June 30, 2019, we recorded an
additional $1.4 million charge related to additional pre- and post- judgment interest. Beginning with the three months ended December 31,
2018, we began recording an accrual for estimated royalties as cost of revenue. For the year ended December 31, 2018 and the six months
ended June 30, 2019 (unaudited), we accrued royalties of $7.4 million and $15.9 million, respectively. As of December 31, 2018 and June 30,
2019 (unaudited), we had accrued total amounts of $38 million and
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$55.3 million, respectively, related to this matter. Should we ultimately obtain a more favorable outcome in this litigation any reversal of the
accrual related to the litigation would be reflected as a change to this item in the period in which it occurs. Any reversal for amounts recorded
as estimated royalty accruals would be credited to our cost of revenue in such period. See the section titled “—Litigation developments and
product transactions”.

Interest income

Interest income consists of interest earned on our cash and cash equivalents which are invested in bank deposit and in money market funds.

Interest expense

Interest expense consists of interest on our outstanding debt. See the section titled “—Contractual obligations and commitments”.

Other income (expense), net

Other income (expense), net primarily consists of realized and unrealized gains and losses related to foreign exchange rate remeasurements
recorded from consolidating our foreign subsidiaries each period-end.

Provision for income taxes

Our provision for income taxes consists primarily of foreign taxes and state minimum taxes in the United States. As we expand the scale and
scope of our international business activities, any changes in the United States and foreign taxation of such activities may increase our overall
provision for income taxes in the future.

As of December 31, 2018, we had federal net operating loss carryforwards (“NOLs”) of approximately $116.1 million and federal tax credit
carryforwards of approximately $8.3 million. Our federal NOLs generated after January 1, 2018, which total $5.5 million, are carried forward
indefinitely, while all of our other federal NOLs expire beginning in 2032. As of December 31, 2018, we had state NOLs of approximately
$93.5 million, which expire beginning in 2032. In addition, we had state tax credit carryforwards of approximately $7.9 million, which do not
expire. Our ability to utilize such carryforwards for income tax savings is subject to certain conditions and may be subject to certain limitations
in the future due to ownership changes, if any, as defined by rules enacted with the Tax Cuts and Jobs Act of 2017. As such, there can be no
assurance that we will be able to utilize such carryforwards. We have experienced a history of losses and a lack of future taxable income
would adversely affect our ability to utilize these NOLs and research and development credit carryforwards. We currently maintain a full
valuation allowance against these tax assets.

Under Sections 382 and 383 of the Internal Revenue Code of 1986, as amended (the “Code”), if a corporation undergoes an “ownership
change”, the corporation’s ability to use its pre-change net operating loss carryforwards and other pre-change attributes, such as research tax
credits, to offset its post-change income may be limited. In general, an “ownership change” will occur if there is a cumulative change in our
ownership by “5% shareholders” that exceeds 50 percentage points over a rolling three-year period. Similar rules may apply under state tax
laws. We completed a study in early 2019 to determine whether an ownership change had occurred under Section 382 or 383 of the Code as
of December 31, 2018, and we determined at that time that an ownership change occurred in 2013. As a result, our net operating losses
generated through November 1, 2013 may be subject to limitation under Section 382 of the Code. The amount of pre-change loss
carryforwards which may be subject to this limitation is $4.8 million. Our ability to use net operating loss carry forwards, research and
development credit carryforwards and other tax attributes to reduce future taxable income and liabilities may be subject to limitations based
on the ownership change in 2013, possible changes since the completion of the study or as a result of this offering. As a result, if we earn net
taxable income, our ability to use our pre-change net operating loss carryforwards or other pre-change tax attributes to offset United States
federal
 

83

Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 211 of 835 PageID #: 1696



9/8/2019 S-1

https://www.sec.gov/Archives/edgar/data/1770787/000119312519224368/d737378ds1.htm 90/238

Table of Contents

and state taxable income may still be subject to limitations, which could potentially result in increased future tax liability to us.

Results of operations

The results of operations presented below should be reviewed in conjunction with the consolidated financial statements and related notes
included elsewhere in this prospectus. The following table sets forth our consolidated results of operations data for the periods presented:
 
   

   Year ended December 31,  Six months ended June 30, 
(in thousands)               2017              2018              2018              2019 
         (unaudited)  
Revenue   $ 71,085  $ 146,313  $ 59,152  $ 109,397 
Cost of revenue(1)    10,560   28,661   8,520   28,971 

    
 

Gross profit    60,525   117,652   50,632   80,426 
Operating expenses:      

Research and development(1)    32,164   47,537   23,372   32,999 
In-process research and development    —     62,363   6,206   —   
Selling, general and administrative(1)    46,736   87,936   41,920   59,464 
Accrued contingent liabilities    —     30,580   —     1,360 

    
 

Total operating expenses    78,900   228,416   71,498   93,823 
    

 

Loss from operations    (18,375)   (110,764)   (20,866)   (13,397) 
Other income (expense):      

Interest income    308   1,024   461   505 
Interest expense    (811)   (2,409)   (1,062)   (1,379) 
Other income (expense), net    137   (249)   (120)   (141) 

    
 

Total other income (expense)    (366)   (1,634)   (721)   (1,015) 
    

 

Loss before provision for income taxes   $ (18,741)  $ (112,398)  $ (21,587)  $ (14,412) 
Provision for income taxes    21   87   29   102 

    
 

Net loss   $ (18,762)  $ (112,485)  $ (21,616)  $ (14,514) 
  

 

(1)  Includes stock-based compensation expense as follows:
 

   

   Year ended December 31,   Six months ended June 30, 
(in thousands)           2017           2018           2018           2019 
           (unaudited)  
Cost of revenue   $ 44   $ 85   $ 36   $ 90 
Research and development    801    1,030    440    1,798 
Selling, general and administrative    816    1,543    530    2,496 

    
 

Total stock-based compensation expense   $ 1,661   $ 2,658   $ 1,006   $ 4,384 
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The following table sets forth our consolidated results of operations data as a percentage of revenue for the periods presented:
 
   

   Year ended December 31,   Six months ended June 30, 
                  2017           2018               2018               2019 
           (unaudited)  
Revenue    100.0%     100.0%     100.0%     100.0%  
Cost of revenue(1)    14.9%     19.6%     14.4%     26.5%  

    
 

Gross profit    85.1%     80.4%     85.6%     73.5%  
Operating expenses:         

Research and development(1)    45.3%     32.5%     39.5%     30.2%  
In-process research and development    —       42.6%     10.5%     —    
Selling, general and administrative(1)    65.7%     60.1%     70.9%     54.4%  
Accrued contingent liabilities    —       20.9%     —       1.2%  

    
 

Total operating expenses    111.0%     156.1%     120.9%     85.8%  
    

 

Loss from operations    (25.9)%    (75.7)%    (35.3)%    (12.3)% 
    

 

Other income (expense):         
Interest income    0.4%     0.7%     0.8%     0.5%  
Interest expense    (1.1)%    (1.6)%    (1.8)%    (1.3)% 
Other income (expense), net    0.2%     (0.2)%    (0.2)%    (0.1)% 

    
 

Total other income (expense)    (0.5)%    (1.1)%    (1.2)%    (0.9)% 
    

 

Loss before provision for income taxes    (26.4)%    (76.8)%    (36.5)%    (13.2)% 
Provision for income taxes    0%     0.1%     0%     0.1%  

    
 

Net loss    (26.4)%    (76.9)%    (36.5)%    (13.3)% 
  

 

(1)  Includes stock-based compensation expense as follows:
 

   

   Year ended December 31,   Six months ended June 30, 
            2017           2018     2018     2019 
           (unaudited)  
Cost of revenue    0.1%    0.1%    0.1%    0.1% 
Research and development    1.1%    0.7%    0.7%    1.6% 
Selling, general and administrative    1.1%    1.0%    0.9%    2.3% 

    
 

Total stock-based compensation expense    2.3%    1.8%    1.7%    4.0% 
  

Comparison of six months ended June 30, 2018 and 2019

Revenue
 
   

   Six months ended June 30,   Change 
(dollars in thousands)              2018              2019   $   % 
   (unaudited)          
Revenue   $ 59,152   $ 109,397   $50,245    85% 
  

Revenue increased $50.2 million, or 85%, for the six months ended June 30, 2019 as compared to the six months ended June 30, 2018. The
increase was driven primarily by an increase in consumables revenue. Consumables revenue increased $49.9 million, or 117%, to $92.4
million for the six months ended June 30, 2019 as compared to the six months ended June 30, 2018. $39.5 million of the increase in
consumables revenue was due to growth in the instrument installed base and $10.4 million of the increase was due to increased pull-through
per instrument driven by new product introductions and updates to existing products.
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Instrument revenue decreased $0.7 million, or 5%, for the six months ended June 30, 2019 as compared to the six months ended June 30,
2018 due to lower average selling prices, partially offset by higher volumes of instruments sold. The number of instruments sold during the six
months ended June 30, 2019 was 263 units, an increase of 25% as compared to the prior year, resulting in an ending installed base of 1,284
instruments. The Chromium Controller average selling price decreased by 24% from the six months ended June 30, 2018, contributing to the
$0.7 million decrease in instruments revenue. The first quarter list price reduction for our fully-enabled Chromium Controller and various
discount incentives to drive product adoption contributed to a $4.7 million decrease in revenue which was largely offset by $4.0 million of
incremental unit sales.

Cost of revenue, gross profit and gross margin
 
   

   Six months ended June 30,   Change 
(dollars in thousands)           2018           2019   $   % 
   (unaudited)          
Cost of revenue   $ 8,520   $ 28,971   $20,451    240% 
Gross profit   $ 50,632   $ 80,426   $29,794    59% 
Gross margin    86%    74%     
  

Cost of revenue increased $20.5 million, or 240%, in the six months ended June 30, 2019 as compared to the six months ended June 30,
2018. In addition to higher cost of sales in line with revenue growth, the increase was primarily due to additional accrued royalties of
$15.9 million related to the judgment in the Bio-Rad litigation.

Gross profit increased $29.8 million, or 59%, for the six months ended June 30, 2019 as compared to the six months ended June 30, 2018,
primarily due to increased revenue partially offset by additional accrued royalties. Gross margin percentage decreased by 12 points for the six
months ended June 30, 2019 as compared to the six months ended June 30, 2018, driven almost exclusively by higher accrued royalties in
the six months ended June 30, 2019.

Operating expenses
 
   

   Six months ended June 30,   Change 
(dollars in thousands)           2018           2019   $  % 
   (unaudited)         
Research and development   $ 23,372   $ 32,999   $ 9,627   41% 
In-process research and development    6,206    —     (6,206)   N/M
Selling, general and administrative    41,920    59,464    17,544   42% 
Accrued contingent liabilities    —      1,360    1,360   N/M 

    
 

Total operating expenses   $ 71,498   $ 93,823   $22,325   31% 
  

N/M: result not meaningful.

Research and development expense increased $9.6 million, or 41%, for the six months ended June 30, 2019 as compared to the six months
ended June 30, 2018. The increase was primarily driven by an increase in personnel expenses of $5.8 million and laboratory materials and
supplies expenses of $2.1 million, which were attributable to an increase in headcount and expenses supporting our continued research and
development efforts to enhance our existing products and develop new products.

In-process research and development expense for the six months ended June 30, 2018 relates to intellectual property we purchased in
connection with our acquisition of Epinomics. There were no similar purchases in the six months ended June 30, 2019. See the section titled
“—Recent acquisitions”.
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Selling, general and administrative expenses increased $17.5 million, or 42%, for the six months ended June 30, 2019 as compared to the six
months ended June 30, 2018. The increase in expenses was primarily driven by an increase in personnel expenses of $12.8 million to
support our future sales growth and the overall expansion of our operations and increased allocated costs of $4.0 million for facilities with the
transition to our global headquarters.

Accrued contingent liabilities consisted of $1.4 million of expenses for pre- and post-judgment interest relating to the litigation with Bio-Rad,
for which we established an accrual in November 2018. There was no similar accrual in the six months ended June 30, 2018.

Other income (expense), net
 
   

   Six months ended June 30,  Change 
(dollars in thousands)           2018          2019  $      % 
   (unaudited)        
Interest income   $ 461  $ 505  $ 44   10% 
Interest expense    (1,062)   (1,379)   (317)   30% 
Other income (expense), net    (120)   (141)   (21)   18% 

    
 

Total other income (expense), net   $ (721)  $ (1,015)  $ (294)   41% 
  

Interest income increased $44,000, or 10%, for the six months ended June 30, 2019 as compared to the six months ended June 30, 2018.
The increase was driven primarily by higher cash and cash-equivalent balances in interest bearing accounts along with increased yields on
such balances.

Interest expense increased $0.3 million, or 30%, for the six months ended June 30, 2019 as compared to the six months ended June 30,
2018. The increase was driven primarily by higher outstanding term loan borrowings in 2018 following the refinancing of our previous loan and
security agreement in February 2018 and increased interest rates.

The change in other income (expense), net during the six months ended June 30, 2019 was driven by realized and unrealized losses from
foreign currency rate measurement fluctuations. Foreign currency losses increased compared to the six months ended June 30, 2018 as a
result of the overall strengthening of the U.S. dollar when compared to the foreign currencies in which we operate.

Comparison of years ended December 31, 2017 and 2018

Revenue
 
   

   Year ended December 31,   Change 
(dollars in thousands)               2017           2018   $   % 
Revenue   $ 71,085   $ 146,313   $75,228    106% 
  

Revenue increased $75.2 million, or 106%, for the year ended December 31, 2018 as compared to the prior year. The increase was driven
primarily by an increase in consumables revenue. Consumables revenue increased $61.3 million, or 133%, to $107.5 million for the year
ended December 31, 2018 as compared to the prior year. $54.9 million of the increase in consumables revenue was due to growth in the
instrument installed base and $6.4 million of the increase was due to increased pull-through per instrument driven by new product
introductions and updates to existing products.

Instrument revenue increased $12.1 million, or 49%, for the year ended December 31, 2018 as compared to the prior year due to higher
volumes of instruments sold, partially offset by lower average selling prices. The number
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of instruments sold during the year ended December 31, 2018 was 530 units, an increase of 74% as compared to the prior year, resulting in
an ending installed base of 1,021 instruments. The Chromium Controller average selling price decreased by 14% from the prior year,
contributing to the $6.0 million decrease in instruments revenue. The incremental discounts offered to drive product adoption resulted in
$4.4 million of this decrease in instrument revenue and the shift towards the version of the Chromium Controller with firmware that enabled
the use of only our Single Cell Chromium Consumables, which was offered at a lower price than the fully-enabled version, resulted in
$1.6 million of this decrease in instrument revenue.

Cost of revenue, gross profit and gross margin
 
   

   Year ended December 31,   Change 
(dollars in thousands)               2017               2018   $   % 
Cost of revenue   $ 10,560   $ 28,661   $18,101    171% 
Gross profit   $ 60,525   $ 117,652   $57,127    94% 
Gross margin    85%    80%     
  

Cost of revenue increased $18.1 million, or 171%, for the year ended December 31, 2018 as compared to the prior year. In addition to higher
cost of sales in line with revenue growth, the increase was primarily due to additional royalties of $7.4 million related to the Bio-Rad litigation
which we began accruing in the fourth quarter of 2018, higher inventory reserves of $1.2 million as we transitioned to newer versions of our
products and higher warranty-related expenses of $1.2 million.

Gross profit increased $57.1 million, or 94%, for the year ended December 31, 2018 as compared to the prior year, primarily due to increased
revenue partially offset by additional accrued royalties. Gross margin percentage decreased by 5 points for the year ended December 31,
2018 as compared to the prior year, driven primarily by accrued royalties in the fourth quarter of 2018.

Operating expenses
 
   

   Year ended December 31,   Change 
(dollars in thousands)               2017               2018   $   % 
Research and development   $ 32,164   $ 47,537   $ 15,373    48% 
In-process research and development    —      62,363    62,363    —   
Selling, general and administrative    46,736    87,936    41,200    88% 
Accrued contingent liabilities    —      30,580    30,580    —   

    
 

Total operating expenses   $ 78,900   $ 228,416   $149,516    190% 
  

Research and development expense increased $15.4 million, or 48%, for the year ended December 31, 2018 as compared to the prior year.
The increase was primarily driven by an increase in personnel expenses of $7.8 million and laboratory materials and supplies expenses of
$4.4 million, which were attributable to an increase in headcount and expenses supporting our continued research and development efforts to
enhance our existing products and develop new products.

In-process research and development expense relates to intellectual property we purchased in 2018 in connection with our acquisitions of
Spatial Transcriptomics and Epinomics and our acquisition of an exclusive license to certain intellectual property from Prognosys, in each
case to be used as part of our research and development efforts to enhance our existing products and develop new products. There were no
similar purchases in 2017. See the section titled “—Recent acquisitions”.

Selling, general and administrative expenses increased $41.2 million, or 88%, for the year ended December 31, 2018 as compared to the
prior year. The increase in expenses was primarily driven by an increase in personnel
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expenses of $15.0 million to support our sales growth and the overall expansion of our operations and increased outside legal fees of
$16.5 million.

Accrued contingent liabilities consisted of $30.6 million of expenses relating to the litigation with Bio-Rad, for which we established an accrual
in November 2018. There was no similar accrual in 2017.

Other income (expense), net
 
   

   Year ended December 31,  Change 
(dollars in thousands)           2017          2018  $          % 
Interest income   $ 308  $ 1,024  $ 716   N/M 
Interest expense    (811)   (2,409)   (1,598)   N/M 
Other income (expense), net    137   (249)   (386)   N/M 

    
 

Total other income (expense), net   $ (366)  $ (1,634)  $(1,268)   N/M 
  

N/M: result not meaningful.

Interest income increased $0.7 million for the year ended December 31, 2018 as compared to the prior year. The increase was driven
primarily by higher cash and cash-equivalent balances in interest bearing accounts along with increased yields on such balances.

Interest expense increased $1.6 million for the year ended December 31, 2018 as compared to the prior year. The increase was driven
primarily by higher outstanding term loan borrowings in 2018 following the refinancing of our previous loan and security agreement in
February 2018 and increased interest rates.

The change in other income (expense), net during the year ended December 31, 2018 was driven by realized and unrealized losses from
foreign currency rate measurement fluctuations. Foreign currency losses increased compared to the prior year as a result of the overall
strengthening of the U.S. dollar when compared to the foreign currencies in which we operate.

Quarterly results of operations

The following tables set forth our selected unaudited quarterly statements of operations data for each of the ten quarters in the period ended
June 30, 2019. The information for each of these quarters has been prepared in accordance with GAAP, on the same basis as our audited
consolidated financial statements and include, in the opinion of management, all adjustments, consisting of normal recurring adjustments, that
are necessary for the fair presentation of the results of operations for these periods. This data should be read in conjunction with the
consolidated financial statements and related notes included elsewhere in this prospectus. These quarterly results of operations are not
necessarily indicative of the results we may achieve in any future period.
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The following table sets forth our selected unaudited quarterly consolidated statements of operations data for the periods presented:
 
  

  Three months ended 

(in thousands)  
Mar. 31,

2017  
June 30,

2017  
Sept. 30,

2017  
Dec. 31,

2017  
Mar. 31,

2018  
June 30,

2018  
Sept. 30,

2018  
Dec. 31,

2018  
Mar. 31,

2019  
June 30,

2019 
  (unaudited)  
Revenue  $ 12,020  $ 14,901  $ 18,541  $ 25,623  $ 27,408  $ 31,744  $ 36,607  $ 50,554  $ 53,578  $ 55,819 
Cost of revenue(1)   1,997   2,112   2,601   3,850   3,970   4,550   5,241   14,900   13,965   15,006 

   
 

Gross profit   10,023   12,789   15,940   21,773   23,438   27,194   31,366   35,654   39,613   40,813 
Operating expenses:           

Research and development(1)   7,218   7,338   8,077   9,531   11,928   11,444   11,085   13,080   14,965   18,034 
In-process research and development   —     —     —     —     6,206   —     16,104   40,053   —     —   
Selling, general and administrative(1)   8,920   9,174   12,294   16,348   20,720   21,200   19,110   26,906   26,893   32,571 
Accrued contingent liabilities   —     —     —     —     —     —     —     30,580   790   570 

   
 

Total operating expenses   16,138   16,512   20,371   25,879   38,854   32,644   46,299   110,619   42,648   51,175 
   

 

Loss from operations   (6,115)   (3,723)   (4,431)   (4,106)   (15,416)   (5,450)   (14,933)   (74,965)   (3,035)   (10,362) 
Other income (expense):           

Interest income   30   74   96   108   122   339   294   269   263   242 
Interest expense   (193)   (199)   (209)   (210)   (428)   (634)   (659)   (688)   (684)   (695) 
Other income (expense), net   (7)   95   10   39   42   (162)   (31)   (98)   (146)   5 

   
 

Total other income (expense)   (170)   (30)   (103)   (63)   (264)   (457)   (396)   (517)   (567)   (448) 
   

 

Loss before provision for income taxes  $ (6,285)  $ (3,753)  $ (4,534)  $ (4,169)  $ (15,680)  $ (5,907)  $ (15,329)  $ (75,482)  $ (3,602)  $ (10,810) 
Provision for income taxes   —     —     7   14   13   16   16   42   34   68 

   
 

Net loss  $ (6,285)  $ (3,753)  $ (4,541)  $ (4,183)  $ (15,693)  $ (5,923)  $ (15,345)  $ (75,524)  $ (3,636)  $ (10,878) 
  

 

(1)  Includes stock-based compensation expense as follows:
 

  

  Three months ended 

(in thousands)  
Mar. 31,

2017  
June 30,

2017  
Sept. 30,

2017  
Dec. 31,

2017  
Mar. 31,

2018  
June 30,

2018  
Sept. 30,

2018  
Dec. 31,

2018  
Mar. 31,

2019  
June 30,

2019 
  (unaudited)  
Cost of revenue  $ 11  $ 11  $ 11  $ 11  $ 16  $ 20  $ 27  $ 22  $ 32  $ 58 
Research and development   204   184   184   229   214   226   230   360   507   1,291 
Selling, general and administrative   174   196   197   249   258   272   332   681   820   1,676 

   
 

Total stock-based compensation expense  $ 389  $ 391  $ 392  $ 489  $ 488  $ 518  $ 589  $ 1,063  $ 1,359  $ 3,025 
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The following table sets forth our consolidated results of operations data as a percentage of revenue for the periods presented:
 
  

  Three months ended 

(in thousands)  
Mar. 31,

2017  
June 30,

2017  
Sept. 30,

2017  
Dec. 31,

2017  
Mar. 31,

2018  
June 30,

2018  
Sept. 30,

2018  
Dec. 31,

2018  
Mar. 31,

2019  
June 30,

2019 
  (unaudited)  
Revenue   100.0%    100.0%    100.0%    100.0%    100.0%    100.0%    100.0%    100.0%    100.0%    100.0%  
Cost of revenue   16.6%    14.2%    14.0%    15.0%    14.5%    14.3%    14.3%    29.5%    26.1%    26.9%  

   
 

Gross profit   83.4%    85.8%    86.0%    85.0%    85.5%    85.7%    85.7%    70.5%    73.9%    73.1%  
Operating expenses:           

Research and development   60.0%    49.2%    43.6%    37.2%    43.5%    36.1%    30.3%    25.9%    27.9%    32.3%  
In-process research and development   —      —      —      —      22.6%    —      44.0%    79.2%    —      —    
Selling, general and administrative   74.3%    61.6%    66.3%    63.8%    75.6%    66.8%    52.2%    53.2%    50.2%    58.4%  
Accrued contingent liabilities   —      —      —      —      —      —      —      60.5%    1.5%    1.0%  

   
 

Total operating expenses   134.3%    110.8%    109.9%    101.0%    141.7%    102.9%    126.5%    218.8%    79.6%    91.7%  
   

 

Loss from operations   (50.9)%   (25.0)%   (23.9)%   (16.0)%   (56.2)%   (17.2)%   (40.8)%   (148.3)%   (5.7)%   (18.6)% 
Other income (expense):           

Interest income   0.3%    0.5%    0.5%    0.4%    0.4%    1.1%    0.8%    0.5%    0.5%    0.4%  
Interest expense   (1.6)%   (1.3)%   (1.1)%   (0.8)%   (1.6)%   (2.0)%   (1.8)%   (1.4)%   (1.3)%   (1.2)% 
Other income (expense), net   (0.1)%   0.6%    0.1%    0.2%    0.2%    (0.5)%   (0.1)%   (0.1)%   (0.3)%   —    

   
 

Total other income (expense)   (1.4)%   (0.2)%   (0.5)%   (0.2)%   (1.0)%   (1.4)%   (1.1)%   (1.0)%   (1.1)%   (0.8)% 
   

 

Loss before provision for income taxes   (52.3)%   (25.2)%   (24.4)%   (16.2)%   (57.2)%   (18.6)%   (41.9)%   (149.3)%   (6.8)%   (19.4)% 
Provision for income taxes   —      —      0.1%    0.1%    —      0.1%    —      0.1%    0.1%    0.1%  

   
 

Net loss   (52.3)%   (25.2)%   (24.5)%   (16.3)%   (57.2)%   (18.7)%   (41.9)%   (149.4)%   (6.9)%   (19.5)% 
  

Quarterly trends

Revenue

Our quarterly revenue increased for all periods presented primarily due to an increase in consumables revenue resulting from growth of the
instrument installed base and higher consumable pull-through per instrument. The revenue for the increase in instrument unit volumes was
partially offset by a decrease in the average instrument selling price.

Cost of revenue

Our quarterly cost of revenue increased for all periods presented, except for the first quarter of 2019, primarily due to an increase in volume of
sales. The first quarter of 2019 had lower excess and obsolete inventory and lower warranty reserves. Commencing in the fourth quarter of
2018 and continuing in the first and second quarters of 2019, cost of revenue as a percentage of revenue was higher than in prior periods as
a result of additional royalties related to the judgment in the Bio-Rad litigation.

Operating expenses

Our quarterly research and development expenses increased for all periods presented, except for the second and third quarters of 2018,
primarily due to increases in personnel expenses and laboratory materials and supplies which were attributable to an increase in headcount
and expenses supporting our continued research and development efforts to enhance our existing products and develop new products.

Our in-process research and development expense consisted of expenses incurred in the first, third and fourth quarters of 2018 related to
intellectual property we purchased in connection with our acquisitions of Spatial Transcriptomics and Epinomics and our acquisition of an
exclusive license to certain intellectual property from Prognosys, respectively. There were no acquisitions of in-process research and
development in other quarters in 2017 or 2018.
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Our selling, general and administrative expenses increased for all periods presented, except for the third quarter of 2018, primarily due to
increases in outside legal fees and increases in personnel expenses driven by increases in headcount. The decrease in selling general and
administrative expenses from the second quarter of 2018 to the third quarter of 2018 was primarily driven by lower outside legal fees during
the third quarter due to the timing of litigation matters. Beginning in the fourth quarter of 2018, we also incurred higher consulting and
professional expenses.

Our accrued contingent liabilities consisted of $30.6 million of expenses relating to the litigation with Bio-Rad, for which we established an
accrual in the fourth quarter of 2018. There was no similar expense accrual in 2017 or in prior quarters in 2018. An additional $0.8 million and
$0.6 million was recorded in the first and second quarter of 2019, respectively, related to pre- and post- judgment interest.

Liquidity and capital resources
As of June 30, 2019, we had approximately $56.0 million in cash and cash equivalents which were primarily held in U.S. bank deposit
accounts and money market funds, $26.8 million in accounts receivable and an accumulated deficit of $245.6 million. Approximately
$5.0 million of cash, which serves as collateral for an outstanding letter of credit, was classified as noncurrent restricted cash as of June 30,
2019. Since our inception, we have generated negative cash flows from operations.

We have asked the U.S. District Court for the District of Delaware to allow us to post a bond for approximately $35 million in connection with
our litigation with Bio-Rad. We expect that prior to posting the bond, we will be required to deposit cash as collateral in a segregated cash
account in an amount between $30 and $35 million. The collateral will be held until conclusion of the appeal.

We currently anticipate placing cash in escrow each quarter of an amount equal to 15% of net sales of our GEM microfluidic chips and
associated consumables subsequent to the effective date of the injunction, which is anticipated to be August 28, 2019. The amounts will be
held until conclusion of the appeal.

We currently anticipate making aggregate capital expenditures of between approximately $45.0 million and $55.0 million during the next 18
months, which includes the construction costs of our global expansion and for equipment to be used for manufacturing and research and
development. Our future capital requirements will depend on many factors including our revenue growth rate, research and development
efforts, the timing and extent of additional capital expenditures to invest in existing and new facilities, the expansion of sales and marketing
and international activities, the timing of capital expenditures relating to our planned implementation of a new enterprise resource planning
system and the introduction of new products. We have and may in the future enter into arrangements to acquire or invest in businesses,
services and technologies, including intellectual property rights, and any such acquisitions or investments could significantly increase our
capital needs.

We believe that our existing cash and cash equivalents, cash generated from sales of our products and either, or a combination of, the
deferral of anticipated capital expenditures or partially borrowing under our existing credit agreements will be sufficient to meet our anticipated
cash needs for the next 12 months. However, our liquidity assumptions may prove to be incorrect, and we could exhaust our available
financial resources sooner than we currently expect. We intend to partially borrow under our existing revolving line of credit for our operations.
Other than such borrowing, we do not anticipate that we will need to raise additional financing in the future to fund our operations. In the event
that additional financing is required, we may not be able to raise it on terms acceptable to us or at all. If we raise additional funds through the
issuance of additional debt or equity securities, it could result in dilution to our existing stockholders, increased fixed payment obligations, and
the existence of securities with rights that may be senior to those of our common stock. If we incur
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indebtedness, we could become subject to covenants that would restrict our operations and impair our competitiveness. Further, if we elect to
borrow up to an additional $20.0 million of term loans under the Loan and Security Agreement, we will be obligated to issue warrants to
purchase 133,000 shares of our Class A common stock at an exercise price of $1.62 per share to the lender thereof. If we are unable to raise
additional capital when desired, our business, results of operations and financial condition would be adversely affected. We are subject to all
the risks typically related to the development of new products and we may encounter unforeseen expenses, difficulties, complications, delays
and other unknown factors that may adversely affect our business.

Sources of liquidity

Since our inception, we have generated negative cash flows from operations and have financed our operations and capital expenditures
primarily through non-registered sales of convertible preferred stock and common stock and issuances of debt. Through June 30, 2019, we
have raised a total of $243.2 million from the sale of convertible preferred stock, net of costs associated with such financings.

Silicon Valley Bank Loan and Security Agreement

We are party to a Second Amended and Restated Loan and Security Agreement, dated February 9, 2018, with Silicon Valley Bank (as
amended, restated or supplemented from time to time, the “Loan and Security Agreement”), under which (i) $30.0 million of term loan
borrowings were outstanding, (ii) no borrowings were outstanding under the $25.0 million revolving line of credit and (iii) up to $20.0 million of
additional term loan borrowings, which, subject to certain conditions, are available to be drawn before December 31, 2019, in each case as of
June 30, 2019. We are obligated to issue warrants to purchase 133,000 shares of our Class A common stock, at an exercise price of $1.62
per share to the lender if we elect to borrow the additional term loan referred to in the preceding sentence. We currently intend to partially
draw under our revolving line of credit, prior to the consummation of this offering, in order to provide us with additional liquidity in connection
with our operations.

Borrowings under the term loan mature on December 1, 2022 and accrue interest at a floating rate equal to the greater of The Wall Street
Journal prime rate plus 2.0% or 6.25% per annum. Monthly payments of interest are due on the term loan through December 31, 2019, after
which equal monthly installments of principal and interest are due. The revolving line of credit terminates on December 1, 2022 and the
amount available under the revolving line of credit is based on 80% of eligible receivables and is subject to a borrowing base calculation. As
of June 30, 2019, our revolving line of credit was $25.0 million. Borrowings under the revolving line of credit accrue interest at a floating rate
equal to the greater of The Wall Street Journal prime rate plus 0.25% or 4.5% per annum. Borrowings under the revolving line of credit are
repayable monthly. As of June 30, 2019, the borrowings under the term loan accrued interest at a rate of 7.50% per annum and the interest
rate applicable to borrowings under the revolving line of credit would have been 5.75% per annum.

The Loan and Security Agreement contains affirmative and negative covenants, including a covenant requiring us to maintain minimum
revenue equal to at least 70% of projected revenue for the applicable periods through and including December 31, 2020 and covenants that
restrict, among other things, our ability to dispose of assets, change our business, management, ownership or business locations, enter into
mergers or acquisitions, incur additional indebtedness or encumber any of our assets. Because the minimum revenue requirements referred
to above are based on the revenue forecasts we provide to the lender, our inability to accurately forecast our revenue for future periods could
result in a failure to comply with this covenant, which would be an event of default under the Loan and Security Agreement. We were in
compliance with all covenants under the Loan and Security Agreement as of June 30, 2019 and remain in compliance with such covenants as
of the date of the registration statement of which this prospectus forms a part.
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Cash flow summary

The following table sets forth our cash flows for the periods presented:
 
   

   Year ended December 31,  Six months ended June 30, 
(in thousands)               2017              2018              2018              2019 
         (unaudited)  

Net cash provided by (used in):      
Operating activities   $ (10,699)  $ (76,409)  $ (20,226)  $ 13,401 
Investing activities    (3,756)   (6,709)   (3,261)   (22,508) 
Financing activities    20,583   105,367   69,078   59 

Effect of exchange rates on cash, cash equivalents and
restricted cash    (14)   (18)   11   2 

    
 

Net increase in cash, cash equivalents and restricted cash   $ 6,114  $ 22,231  $ 45,602  $ (9,046) 
  

Operating activities

The net cash provided by operating activities of $13.4 million in the six months ended June 30, 2019 was due primarily to a net loss of $14.5
million with adjustments for stock-based compensation expense of $4.4 million and depreciation and amortization of $2.2 million. The inflow
from operating assets and liabilities was primarily due to an increase in accrued contingent liabilities of $17.3 million, an increase in
noncurrent deferred rent of $11.7 million and an increase in accrued expenses and other current liabilities of $3.0 million partially offset by an
increase in tenant allowances receivable of $6.5 million, an increase in inventory of $3.8 million and an increase in prepaid expenses and
other assets of $1.2 million.

The net cash used in operating activities of $20.2 million in the six months ended June 30, 2018 was due primarily to a net loss of $21.6
million with adjustments for depreciation and amortization of $2.2 million and stock-based compensation expense of $1.0 million. The outflow
from operating assets and liabilities was primarily due to an increase in accounts receivable of $4.0 million, an increase in inventory of $1.6
million, a decrease in accrued compensation and other related benefits of $1.3 million, an increase in prepaid expenses and other current
assets and other assets of $0.4 million, and a decrease in accrued expenses and other current liabilities of $0.4 million, partially offset by an
increase in accounts payable of $5.1 million and an increase in deferred revenue of $0.7 million.

The net cash used in operating activities of $76.4 million in the year ended December 31, 2018 was due primarily to a net loss of
$112.5 million with adjustments for depreciation and amortization of $3.9 million and stock-based compensation expense of $2.7 million. The
inflow from operating assets and liabilities was primarily due to the establishment of an accrual for contingent liabilities of $38.0 million, an
increase in noncurrent deferred rent of $3.3 million, an increase in accounts payable of $2.6 million, an increase in accrued compensation and
other related benefits of $2.6 million, an increase in accrued expenses and other current liabilities of $1.7 million and an increase in deferred
revenue of $1.7 million, partially offset by an increase in accounts receivable of $14.7 million, an increase in inventory of $3.7 million, and
increase in tenant allowances receivable of $1.5 million and an increase in prepaid expenses and other current assets of $1.0 million.

The net cash used in operating activities of $10.7 million in the year ended December 31, 2017 was due primarily to a net loss of $18.8 million
with adjustments for depreciation and amortization of $4.3 million and stock-based compensation expense of $1.7 million. The inflow from
operating assets and liabilities was primarily due to an increase in accrued compensation and other related benefits of $3.5 million, an
increase in accounts payable of $3.0 million, an increase in accrued expenses and other current liabilities of $1.8 million, and an
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increase in deferred revenue of $1.3 million, partially offset by an increase in accounts receivable of $5.1 million, an increase in inventory of
$2.0 million and an increase in prepaid expenses and other current assets of $0.7 million.

The increase in cash used for operating activities in the year ended December 31, 2018 as compared to the prior year is primarily due to
$60.8 million in cash paid for the acquisition of intellectual property to be used in research and development efforts to enhance existing
products and develop new products.

Investing activities

The net cash used in investing activities of $22.5 million in the six months ended June 30, 2019 was due to purchases of property and
equipment of $22.5 million.

The net cash used in investing activities of $3.3 million in the six months ended June 30, 2018 was due to purchases of property and
equipment of $3.3 million.

The net cash used in investing activities of $6.7 million in the year ended December 31, 2018 was due to purchases of property and
equipment of $6.3 million and the purchase of intangible assets of $0.4 million.

The net cash used in investing activities of $3.8 million in the year ended December 31, 2017 was due to purchases of property and
equipment of $3.8 million.

Financing activities

The net cash provided by financing activities of $0.1 million in the six months ended June 30, 2019 was primarily from proceeds of $2.0 million
from the issuance of common stock from the exercise of stock options, primarily offset by payments of deferred financing costs of $1.9 million.

The net cash provided by financing activities of $69.1 million in the six months ended June 30, 2018 was primarily from proceeds from the
issuance of convertible preferred stock, net of issuance costs, of $49.9 million, proceeds from additional borrowings of $19.5 million and
proceeds of $0.5 million from the issuance of common stock from the exercise of stock options, partially offset by payments of debt
obligations of $0.7 million.

The net cash provided by financing activities of $105.4 million in the year ended December 31, 2018 was primarily from proceeds from the
issuance of convertible preferred stock, net of issuance costs, of $84.8 million, net proceeds from additional borrowings of $19.5 million, and
proceeds of $1.8 million from the issuance of common stock from the exercise of stock options, partially offset by payments on debt
obligations of $0.7 million.

The net cash provided by financing activities of $20.6 million in the year ended December 31, 2017 was primarily from proceeds from the
issuance of convertible preferred stock, net of issuance costs, of $20.0 million and proceeds of $1.1 million from the issuance of common
stock from the exercise of stock options, partially offset by payments of capital lease obligation of $0.4 million.

Concentrations of credit risk

As of December 31, 2017 and 2018 and June 30, 2019, no single customer, including distributors, represented 10% or more of our accounts
receivable balance. There was no single customer, including distributors, that individually exceeded 10% of our revenue during each of the
years ended December 31, 2017 or 2018 or for the six months ended June 30, 2019.
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Contractual obligations and commitments
The following table summarizes our commitments to settle contractual obligations as of December 31, 2018:
 
  

   Payments due by period 

(in thousands)   Total   
Less than

1 year   
1 – 3

years   
3 – 5

years   
More than

5 years 
Debt obligations, including interest(1)   $ 37,028   $ 6,495   $19,809   $10,724   $ —   
Lease commitments(2)    66,059    2,847    12,595    11,905    38,712 
Other obligations(3)    8,083    1,754    1,929    1,100    3,300 

    
 

Total   $111,170   $ 11,096   $34,333   $23,729   $ 42,012 
  

 

(1)  As of June 30, 2019, the outstanding principal balance of our term loan under our Loan and Security Agreement was $ 29.7 million. Monthly payments of interest are due under the
term loan through December 31, 2019, with equal monthly installments of principal and interest due for thirty-six months thereafter. We have an option to borrow an additional
$20.0 million of term loans before January 1, 2020. An end of term payment of $1.8 million, which is due to the lender upon maturity in 2022, prepayment or acceleration of the
term loan, is reflected as additional interest expense over the term of the loan. Borrowings under the term loan may be prepaid, subject to a prepayment penalty. See Note 5 to our
consolidated financial statements included elsewhere in this prospectus for more information regarding the terms of the Loan and Security Agreement. In June 2019, our loan and
security agreement was amended to extend our option to borrow an additional $20.0 million as a term loan through December 31, 2019. Monthly payments of interest are due
through December 31, 2019, with monthly installments of principal and interest due for 36 months thereafter. As a result, annual payments due on the term loan decreased by
approximately $4.2 million in 2019 and increased by $1.7 million, $1.6 million and $1.5 million in 2020, 2021 and 2022, respectively. This amendment is not reflected in the table
above.

 

(2)  We have entered into various non-cancelable leases for certain offices with contractual lease periods expiring between 2019 and 2029. As of December 31, 2018, we had an
unused letter of credit in the amount of $5.0 million outstanding associated with the lease of our new Pleasanton global headquarters and research and development center.

 

(3)  Other obligations include purchase obligations, prepaid services and royalties. Purchase obligations relate to our contract manufacturer which manufacturers our instruments and
makes advance purchases of components based on our sales forecasts and the placement of purchase orders by us. To the extent components are purchased by the contract
manufacturer on our behalf and cannot be used by the contract manufacturer’s other customers, we are obligated to purchase such components. In addition, certain supplier
agreements require us to make minimum annual purchases under the agreements. To date, we have met the minimum purchase commitments. Prepaid services includes
subscription software services for which we have entered into non-cancelable arrangements. Royalties include minimum commitments for license arrangements. In 2019, we
entered into additional purchase commitment for professional services for $0.7 million which is not reflected in the table above.

Off-balance sheet arrangements

We did not have during the periods presented, and we do not currently have, any off-balance sheet financing arrangements or any
relationships with unconsolidated entities or financial partnerships, including entities sometimes referred to as structured finance or special
purpose entities, that were established for the purpose of facilitating off-balance sheet arrangements or other contractually narrow or limited
purposes.

Qualitative and quantitative disclosures about market risk
We are exposed to market risks in the ordinary course of our business. Market risk represents the risk of loss that may impact our financial
position due to adverse changes in financial market prices and rates. Our market risk exposure is primarily the result of fluctuations in foreign
currency exchange rates.

Interest rate risk

As of December 31, 2018, we had cash and cash equivalents of $65.1 million, which consisted primarily of bank deposits and money market
funds. Our historical interest income has not fluctuated significantly. A hypothetical 10% change in interest rates would have not had a
material impact on our financial statements included in this prospectus. We do not enter into investments for trading or speculative purposes
and have not used any derivative financial instruments to manage our interest rate risk exposure.
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Foreign currency exchange risk

Our reporting currency is the U.S. dollar and the functional currency of each of our subsidiaries is either its local currency or the U.S. dollar
depending on the circumstances. Historically, most of our revenue has been denominated in U.S. dollars, although we have sold our products
and services in local currency outside of the United States, principally the euro. For the year ended December 31, 2018 and for the six
months ended June 30, 2019, approximately 16% and 14%, respectively, of our sales were denominated in currencies other than U.S. dollars.
Our expenses are generally denominated in the currencies in which our operations are located, which is primarily in the United States. As our
operations in countries outside of the United States grow, our results of operations and cash flows will be subject to fluctuations due to
changes in foreign currency exchange rates, which could harm our business in the future. For example, if the value of the U.S. dollar
increases relative to foreign currencies, in the absence of a corresponding change in local currency prices, our revenue could be adversely
affected as we convert revenue from local currencies to U.S. dollars. In addition, because we conduct business in currencies other than U.S.
dollars, but report our results of operations in U.S. dollars, we also face remeasurement exposure to fluctuations in currency exchange rates,
which could hinder our ability to predict our future results and earnings and could materially impact our results of operations. We do not
currently maintain a program to hedge exposures to non-U.S. dollar currencies. We do not believe that an immediate 10% increase or
decrease in the relative value of the U.S. dollar to other currencies would have a material effect on our operating results.

Critical accounting policies and estimates
Our consolidated financial statements and the related notes thereto included elsewhere in this prospectus are prepared in accordance with
GAAP. The preparation of consolidated financial statements also requires us to make estimates and assumptions that affect the reported
amounts of assets, liabilities, revenue, costs and expenses and related disclosures. We base our estimates on historical experience and on
various other assumptions that we believe to be reasonable under the circumstances. Actual results could differ significantly from our
estimates. To the extent that there are differences between our estimates and actual results, our future financial statement presentation,
financial condition, results of operations and cash flows will be affected.

We believe that the accounting policies described below involve a significant degree of judgment and complexity. Accordingly, we believe
these are the most critical to aid in fully understanding and evaluating our consolidated financial condition and results of operations. For
further information, see Note 2 of the notes to our consolidated financial statements included elsewhere in this prospectus.

Revenue recognition

We generate revenue from sales of our products and services. Our products consist of instruments and consumables, including proprietary
microfluidic chips, slides, reagents and other consumables for both our Visium and Chromium solutions. We also generate a small portion of
our revenue from instrument service agreements which relate to extended warranties.

Effective January 1, 2019, we adopted Accounting Standards Codification (“ASC”) Topic 606, Revenue from Contracts with Customers, using
the modified retrospective transition method. The cumulative effect of initially adopting ASC Topic 606 was immaterial.

The revenue recognition accounting policy described below relates to revenue transactions from January 1, 2019 and onward, which are
accounted for in accordance with ASC Topic 606—Revenue from Contracts with Customers.

We recognize revenue when control of the products and services is transferred to our customers in an amount that reflects the consideration
we expect to receive from our customers in exchange for those products and services. This process involves identifying the contract with a
customer, determining the performance
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obligations in the contract, determining the contract price, allocating the contract price to the distinct performance obligations in the contract,
and recognizing revenue when the performance obligations have been satisfied. A performance obligation is considered distinct from other
obligations in a contract when it provides a benefit to the customer either on its own or together with other resources that are readily available
to the customer and is separately identified in the contract. We consider a performance obligation satisfied once we have transferred control
of a good or service to the customer, meaning the customer has the ability to use and obtain the benefit of the good or service.

Revenue from product sales is recognized when control of the product is transferred, which is generally upon shipment to the customer. In
instances where right of payment or transfer of title is contingent upon the customer’s acceptance of the product, revenue is deferred until all
acceptance criteria have been met. Instrument service agreements, which relate to extended warranties, are typically entered into for one-
year terms, following the expiration of the standard one-year warranty period. Revenue for extended warranties is recognized ratably over the
term of the extended warranty period as a stand ready performance obligation. Revenue is recorded net of discounts, distributor commissions
and sales taxes collected on behalf of governmental authorities. Customers are invoiced generally upon shipment, or upon order for services,
and payment is typically due within 45 days. Cash received from customers in advance of product shipment or providing services is recorded
as a contract liability. Our contracts with our customer generally do not include rights of return or a significant financing component.

We regularly enter into contracts that include various combinations of products and services which are generally distinct and accounted for as
separate performance obligations. The transaction price is allocated to each performance obligation in proportion to its standalone selling
price. We determine standalone selling price using average selling prices with consideration of current market conditions. If the product or
service has no history of sales or if the sales volume is not sufficient, we rely upon prices set by management, adjusted for applicable
discounts.

The revenue recognition accounting policy described below relates to revenue transactions prior to January 1, 2019, which are accounted for
in accordance with ASC Topic 605—Revenue Recognition.

We recognize revenue when persuasive evidence of an arrangement exists, delivery has occurred or services have been rendered, the price
to the customer is fixed or determinable and collectability is reasonably assured. We assess collectability based on factors such as the
customer’s creditworthiness and past collection history, if applicable. If collection is not reasonably assured, revenue recognition is deferred
until receipt of payment. We also assess whether a price is fixed or determinable by, among other things, reviewing contractual terms and
conditions related to payment. Delivery occurs when there is a transfer of title and risk of loss passes to the customer.

Certain of our sales arrangements involve the delivery of multiple products and services within contractually binding arrangements. Multiple-
deliverable sales transactions typically consist of the sale and delivery of one or more instruments and consumables together and may include
an instrument service agreement.

For sales arrangements that include multiple deliverables, we use the stated contractual price for the instrument service agreements, if and
when sold, and allocate the remaining contract consideration at the inception of the contract to the other units of accounting based upon their
relative selling price. We may use our best estimate of selling price for individual deliverables when vendor specific objective evidence or
third-party evidence is unavailable. A delivered item is considered to be a separate unit of accounting when it has value to the customer on a
stand-alone basis.

Our products, other than instrument service agreements, are typically delivered together or within a short time frame, generally within one to
three months of the contract date. Instrument service agreements are typically
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entered into for a one-year term, following the expiration of the standard one-year warranty period. Our products are generally sold without the
right of return. Amounts received before revenue recognition criteria are met are classified in the balance sheets as deferred revenue.

Contract costs

Beginning January 1, 2019, sales commissions earned by our sales force are considered incremental and recoverable costs of obtaining a
contract with a customer. Sale commissions related to the sale of extended warranties are deferred and amortized on a straight-line basis
over the service term, which is typically greater than one year from the contract date. Amortization of deferred commissions is included in
sales and marketing expenses.

Inventory

Inventory is recorded at the lower of cost, determined on a first-in, first-out basis, or net realizable value. We use judgment to analyze and
determine if the composition of its inventory is obsolete, slow-moving or unsalable and frequently reviews such determinations. We write down
specifically identified unusable, obsolete, slow-moving or known unsalable inventory in the period that it is first recognized by using a number
of factors including product expiration dates, open and unfulfilled orders and sales forecasts. Any write-down of its inventory to net realizable
value establishes a new cost basis and will be maintained even if certain circumstances suggest that the inventory is recoverable in
subsequent periods. Costs associated with the write-down of inventory are recorded to cost of revenue on our consolidated statements of
operations. We make assumptions about future demand, market conditions and the release of new products that may supersede old ones.
However, if actual market conditions are less favorable than anticipated, additional inventory write-downs could be required.

Stock-based compensation

We estimate the fair value of share-based payment awards granted to employees and directors on the grant date using the Black-Scholes
option-pricing model. The fair value of share-based payment awards is recognized as compensation expense on a straight-line basis over the
requisite service period in which the awards are expected to vest, which is generally four years, and forfeitures are recognized as they occur.
Share-based payment awards that include both a service condition and a performance condition are considered expected to vest when the
performance condition is probable of being met.

The Black-Scholes model considers several variables and assumptions in estimating the fair value of stock-based awards. These variables
include the per share fair value of the underlying common stock, exercise price, expected term, risk-free interest rate, expected annual
dividend yield and expected stock price volatility over the expected term. For all stock options granted, we calculated the expected term using
the simplified method for “plain vanilla” stock option awards. We have no publicly available stock information. Therefore, we have used the
historical volatility of the stock price of similar publicly traded peer companies. The risk-free interest rate is based on the yield available on
U.S. Treasury zero-coupon issues similar in duration to the expected term of the equity-settled award.

Equity instruments granted to nonemployees are valued using the Black-Scholes option pricing model and are subject to periodic revaluation
over their vesting terms. Nonemployee stock-based compensation is recognized over the related performance period, which is generally the
vesting term of the awards.

Common stock valuation

There has been no public market for our common stock to date. As such, the estimated fair value of our common stock and underlying stock
options has been determined at each grant date by our board of directors,
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with input from management, based on the information known to us on the grant date and upon a review of any recent events and their
potential impact on the estimated per share fair value of our common stock. As part of these fair value determinations, our board of directors
obtained and considered valuation reports prepared by a third-party valuation firm in accordance with the guidance outlined in the American
Institute of Certified Public Accountants Technical Practice Aid, Valuation of Privately-Held-Company Equity Securities Issued as
Compensation.

Beginning December 31, 2018, in contemplation of an initial public offering, in determining the fair value of our common stock, we estimated
the enterprise value of our business using the hybrid approach. The hybrid method is a probability-weighted expected return method
(“PWERM”), which utilizes the probability of discrete exit scenarios and the probability of the remaining private scenario. The common stock
value is based on the probability-weighted present value of expected future investment returns considering each of the possible outcomes
available, as well as the rights of each class of stock. The future value of the common stock under each outcome is discounted back to the
valuation date at an appropriate risk-adjusted discount rate and probability weighted to arrive at an indication of value for the common stock.
We estimated the enterprise value of our business for the exit scenario using the market approach. Under the market approach, a group of
guideline publicly-traded companies with financial and operating characteristics similar to our company are selected and valuation multiples
based on the guideline public companies’ financial information and market data are calculated. Based on the observed valuation multiples
from our guideline public company universe, an appropriate multiple was selected to apply to our historical and forecasted revenue results.
We estimated the enterprise value of the business under the remaining private scenario by reference to the closest round of equity financing
preceding the date of the valuation using the option pricing method (“OPM”). The OPM treats common stock and preferred stock as call
options on the total equity value of a company, with exercise prices based on the value thresholds at which the allocation among the various
holders of a company’s securities changes. Under this method, the common stock has value only if the funds available for distribution to
stockholders exceeded the value of the preferred stock liquidation preferences at the time of the liquidity event. A discount for lack of
marketability (“DLOM”) of the common stock is then applied to arrive at an indication of value for the common stock. A DLOM is meant to
account for the lack of marketability of a stock that is not traded on public exchanges.

Based on our early stage of development and other relevant factors, we determined that a hybrid approach of the OPM and the PWERM
methods was the most appropriate method for allocating our enterprise. Previously, we estimated the enterprise value of our business either
by reference to the closest round of equity financing preceding the date of the valuation using the OPM (by “backsolving” the implied
enterprise value based on the price paid for each new preferred security sold), by the market approach, or by the income approach.

In addition to considering the results of these third-party valuation reports, our board of directors used assumptions based on various
objective and subjective factors, combined with management judgement, to determine the fair value of our common stock as of each grant
date, including:
 

•  the prices at which we sold shares of preferred stock and the superior rights and preferences of the preferred stock relative to our common
stock at the time of each grant;

 

•  external market conditions affecting the life sciences research and development industry and trends within the industry;
 

•  our stage of development and business strategy;
 

•  our financial condition and operating results, including our levels of available capital resources and forecasted results;
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•  developments in our business;
 

•  the progress of our research and development efforts;
 

•  equity market conditions affecting comparable public companies;
 

•  general United States market conditions and the lack of marketability of our common stock; and
 

•  for purposes of determining our stock-based compensation expense for option grants in 2019, we re-evaluated the grant date fair value of
our common stock solely for accounting purposes based on external market factors and progress in and input related to this offering
through August 19, 2019.

Application of these approaches involves the use of estimates, judgement and assumptions that are highly complex and subjective, such as
those regarding our expected future revenue, expenses and future cash flows, discount rates, market multiples, the selection of comparable
companies and the probability of possible future events. Changes in any or all of these estimates and assumptions or the relationships
between those assumptions impact our valuations as of each valuation date and may have a material impact on the valuation of our common
stock. For valuations after the completion of this initial public offering, our board of directors will determine the fair value of each share of
underlying common stock-based on the closing price of our Class A common stock as reported on the date of grant.

As of June 30, 2019, based on the assumed initial public offering price per share of $        , which is the midpoint of the price range set forth
on the cover page of this prospectus, the aggregate intrinsic value of our outstanding stock options, was $         million, with $         million
related to vested stock options. As of June 30, 2019, we had $39.2 million of unrecognized stock-based compensation which is expected to
be recognized over a weighted-average period of approximately 3.4 years. In addition, subsequent to June 30, 2019, we granted options to
purchase 845,475 shares of our common stock that vest over four years.

Accrued contingent liabilities

We have been and are currently involved in various legal proceedings, the outcomes of which are not within our complete control or may not
be known for prolonged periods of time. Management is required to assess the probability of loss and amount of such loss, if any, in preparing
our consolidated financial statements. We evaluate the likelihood of a potential loss from legal proceedings to which we are a party. We record
a liability for such claims when a loss is deemed probable and the amount can be reasonably estimated. Significant judgment may be required
in the determination of both probability and whether an exposure is reasonably estimable. Our judgments are subjective based on the status
of the legal proceedings, the merits of our defenses and consultation with in-house and outside legal counsel. As additional information
becomes available, we reassess the potential liability related to pending claims and may revise our estimates. Due to the inherent
uncertainties of the legal processes in the multiple jurisdictions in which we operate, our judgments may be materially different than the actual
outcomes, which could have material adverse effects on our business, financial conditions and results of operations.

Acquisitions of intellectual property

We evaluate acquisitions of assets and other similar transactions to assess whether or not the transaction should be accounted for as a
business combination or asset acquisition by first applying a screen to determine if substantially all of the fair value of the gross assets
acquired is concentrated in a single identifiable asset or group of similar identifiable assets. If the screen is met, the transaction is accounted
for as an asset acquisition. If the screen is not met, further determination is required as to whether or not we have acquired inputs and
processes that have the ability to create outputs, which would meet the requirements of a business.
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We account for an asset acquisition under Accounting Standards Codification, Business Combinations Topic 805, Subtopic 50, which requires
the acquiring entity in an asset acquisition to recognize net assets based on the cost to the acquiring entity on a relative fair value basis,
which includes transaction costs in addition to consideration given. Goodwill is not recognized in an asset acquisition and any excess
consideration transferred over the fair value of the net assets acquired is allocated to the non-monetary identifiable assets based on relative
fair values. In-process research and development expenses are expensed as incurred provided there is no alternative future use.

Contingent consideration payments in asset acquisitions are recognized when the contingency is resolved and the consideration is paid or
becomes payable (unless the contingent consideration meets the definition of a derivative, in which case the amount becomes part of the
basis in the asset acquired). Upon recognition of the contingent consideration payment, the amount is included in the cost of the acquired
asset or group of assets.

JOBS Act accounting election

We are an emerging growth company, as defined in the JOBS Act. Under the JOBS Act, emerging growth companies can delay adopting new
or revised accounting standards issued subsequent to the enactment of the JOBS Act until such time as those standards apply to private
companies. We have elected to use this extended transition period for complying with new or revised accounting standards that have different
effective dates for public and private companies until the earlier of the date we (i) are no longer an emerging growth company or
(ii) affirmatively and irrevocably opt out of the extended transition period provided in the JOBS Act. As a result, our financial statements may
not be comparable to companies that comply with new or revised accounting pronouncements as of public company effective dates.

Recent accounting pronouncements and recently adopted accounting standards

See Note 2 to our consolidated financial statements included elsewhere in this prospectus for more information.
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Business
Mission
Our mission is to accelerate the mastery of biology to advance human health.

Overview
We are a life science technology company building products to interrogate, understand and master biology. Our integrated solutions include
instruments, consumables and software for analyzing biological systems at a resolution and scale that matches the complexity of biology. We
have built deep expertise across diverse disciplines including chemistry, biology, hardware and software. Innovations in all of these areas
have enabled our rapidly expanding suite of products, which allow our customers to interrogate biological systems at previously inaccessible
resolution and scale. Our products have enabled researchers to make fundamental discoveries across multiple areas of biology, including
oncology, immunology and neuroscience, and have helped empower the single cell revolution hailed by Science magazine as the 2018
‘Breakthrough of the Year’. Since launching our first product in mid-2015 through June 30, 2019, we have sold 1,284 instruments to
researchers around the world, including 93 of the top 100 global research institutions as ranked by Nature in 2018 based on publications, and
13 of the top 15 global pharmaceutical companies by 2018 revenue. We believe that this represents the very beginning of our penetration into
multiple large markets. We expect that 10x will power a “Century of Biology”, in which many of humanity’s most pressing health challenges will
be solved by precision diagnostics, targeted therapies and cures to currently intractable diseases.

The “10x” in our name refers to our focus on opportunities with the greatest potential for exponential advances and impact. We believe that
the scientific and medical community currently understands only a tiny fraction of the full complexity of biology. The key to advancing human
health lies in accelerating this understanding. The human body consists of over 40 trillion cells, each with a genome of 3 billion DNA base
pairs and a unique epigenetic program regulating the transcription of tens of thousands of different RNAs, which are then translated into tens
of thousands of different proteins. Progress in the life sciences will require the ability to measure biological systems in a much more
comprehensive fashion and to experiment on biological systems at fundamental resolutions and massive scales, which are inaccessible with
existing technologies. We believe that our technologies overcome these limitations, unlocking fundamental biological insights essential for
advancing human health.

Resolution and scale are the imperatives underlying our technologies and products. Our Chromium and recently announced Visium product
lines provide this resolution and scale along distinct but complementary dimensions of biology. Our Chromium products enable high
throughput analysis of individual biological components, such as up to millions of single cells. They use our precisely engineered reagent
delivery system to divide a sample into individual components in up to a million or more partitions, enabling large numbers of parallel micro-
reactions. In this manner, a large population of cells can be segregated into partitions and analyzed on a cell by cell basis. Our Visium
products, the first of which we expect to launch in late 2019, will enable analysis of biological molecules within their spatial context, providing
the locations of analytes that give insight into higher order biological structure and function. Our Visium platform will use high density DNA
arrays with DNA sequences that encode the physical locations of biological analytes within a sample, such as a tissue section. Our products
utilize our sensitive and robust molecular assays to convert biological analytes into detectable signals, enabling researchers to obtain vast
amounts of information about diverse biological analytes together with their single cell and spatial context. Finally, we provide highly
sophisticated and scalable software for analyzing the raw data researchers generate and presenting it in a form that is readily understood by
biologists.
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Our product portfolio consists of multiple integrated solutions that include instruments, consumables and software. These solutions guide
customers through the workflow from sample preparation to sequencing on third-party sequencers that are commonly available in research
settings to subsequent analysis and visualization.
 

Each of our solutions is designed to interrogate a major class of biological information that is impactful to researchers:
 

•  Our single cell solutions, all of which run on our Chromium instruments, include:
 
 •  Single Cell Gene Expression solution for measuring gene activity on a cell-by-cell basis;
 
 •  Single Cell Immune Profiling solution for measuring the activity of immune cells and their targets;
 
 •  Single Cell ATAC solution for measuring epigenetics, including the physical organization of DNA; and
 
 •  Single Cell CNV solution for measuring cellular heterogeneity through DNA changes such as copy number variation.
 

•  Our upcoming Visium solution will measure the spatial gene expression patterns across a tissue sample.

Our Feature Barcoding technology, which is currently compatible with our Single Cell Gene Expression and Immune Profiling solutions, allows
researchers to simultaneously measure multiple analytes, such as protein and RNA, within the same set of cells or tissues.

Collectively, our solutions enable researchers to interrogate, understand and master biology at the appropriate resolution and scale.

We believe our solutions, which enable a comprehensive view of biology, target numerous market opportunities across the more than
$50 billion global life sciences research tools market. We view much of this total market opportunity as ultimately accessible to us due to our
ability to answer a broad diversity of biological questions. Based on the capabilities of our current solutions, and focusing solely on cases
where our current solutions offer alternative or complementary approaches to existing tools, we believe, based on our internal estimates, we
could access approximately $13 billion of the global life sciences research tools market. We believe we can further drive growth across our
current and adjacent markets by improving or enabling new uses and applications of existing tools and technologies, as our solutions allow
researchers to answer questions that may be impractical or impossible to address using existing tools.
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As of June 30, 2019, we employed a commercial team of over 190 employees, many of whom hold Ph.D. degrees, who help drive adoption of
our products and support our vision. We prioritize creating a superior user experience from pre-sales to onboarding through the generation of
novel publishable discoveries, which drive awareness and adoption of our products. We have a scalable, multi-channel commercial
infrastructure including a direct sales force in North America and certain regions of Europe and distribution partners in Asia, certain regions of
Europe, South America, the Middle East and Africa that drives our customer growth. This is supplemented with an extensive and highly
specialized customer service infrastructure with Ph.D.-level specialists. We currently have customers in approximately 40 countries.

Our revenue was $71.1 million and $146.3 million for 2017 and 2018, respectively, representing an annual growth rate of 106%, and $59.2
million and $109.4 million for the six months ended June 30, 2018 and 2019, respectively, representing an annual growth rate of 85%. We
generated net losses of $18.8 million and $112.5 million for 2017 and 2018. Our 2018 net loss resulted substantially from charges of $62.4
million associated with intellectual property acquisitions for research and development in addition to the litigation contingency accrual of $38.0
million which was recorded in the fourth quarter of 2018. We generated net losses of $21.6 million and $14.5 million for the six months ended
June 30, 2018 and 2019, respectively. The $14.5 million net loss included a $15.9 million accrual for estimated royalties related to ongoing
litigation.

The complexity of biology
Biology is staggeringly complex. The cell is the basic, fundamental organizational unit of all biological organisms. A human being starts from a
single cell, which divides into over 40 trillion cells–such as blood cells, skin cells, muscle cells, bone cells, stem cells and neurons–to create
the tissues that enable all necessary functions in the human body. These cells utilize the basic building blocks of DNA, RNA and protein,
configured in cell-specific ways.

DNA, the hereditary material of living organisms, is the foundation for a series of biological processes that form the basis for biology and how
cells function. DNA is transcribed into messenger RNA (“mRNA”) in a process referred to as transcription or, alternatively, gene expression.
Information from the mRNA molecules is then translated into protein in a process called translation. Each gene has the ability to create
multiple different mRNAs, resulting in the production of over 100,000 different mRNAs from about 30,000 genes. The complete collection of all
of the DNA, mRNA and proteins are called the genome, transcriptome or gene expression profile, and the proteome, respectively. The
epigenome includes molecular configurations and chemical DNA modifications that affect how genes are regulated. The genome, epigenome,
transcriptome and proteome can be distinct for each of the trillions of cells in the human body and collectively constitute a rich architecture of
biology.

Industry direction
The 20th century discovery of DNA, RNA, protein and the basic molecular and cellular mechanisms of their function paved early foundations
for humanity to understand our own biology. In the early 2000s, the study of biology shifted from focusing on individual genes and their
products to a more global level of characterizing the full collection of DNA, RNA and proteins and how they interact, giving rise to the field of
genomics. Genomics is a broad, highly interdisciplinary field that approaches the study of biology at a system-wide level. We believe that
genomics-based approaches will encompass much of biology and medical applications in the coming decades.

The Human Genome Project, which was completed in 2003, determined a reference sequence of the three billion nucleotides of the human
genome as a composite over several individuals. This reference sequence
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provided an initial “parts list” of genes, enabling researchers to begin understanding human biology at a global molecular level.

The subsequent two decades of genomic research in many ways have been defined by genome-wide association studies (“GWAS”) and
large-scale sequencing of individuals and populations. The goal was to compile all of the genetic variants in human populations and to link
those variants to different conditions, traits and diseases. These associations would serve to generate clues and hypotheses that can be
tested by subsequent experimentation to understand the detailed biology of each gene and variant.

Both of these efforts have provided substantial value and have been foundational in enabling multiple new research and clinical applications.
However, much of the initial promise of the Human Genome Project and subsequent GWAS projects remains unfulfilled. We believe this is
ultimately due to the tremendous underlying complexity of biology. The human genome project provided a list of parts and subsequent GWAS
projects looked for statistical links between these parts and various diseases and traits. Going forward we need to understand the biological
function of each gene and all the molecular and cellular networks they encode. Genomics needs to expand from its focus on the genome and
statistical associations to the study of biology more broadly.

This presents an enormous challenge because of the limited capabilities of existing tools for accessing biology at the molecular and cellular
level. Some of these limitations are:
 

•  Average, or “bulk”, measurements obscure underlying differences between different biological units, such as individual cells;
 

•  Low throughput prevents requisite sampling of the underlying complexity—for example, when only a few hundred cells can be evaluated at
a time;

 

•  Limited number of biological analytes are interrogated, giving a myopic view of only a few biological processes;
 

•  Limited ability for multi-omic interrogation;
 

•  Inefficient use of sample to generate a signal of sufficient strength to analyze the biological molecules of interest; and
 

•  Inadequate bioinformatics and software tools.

We believe technologies that address these limitations will serve large and unmet market needs by providing a better understanding of
molecular and cellular function, the origin of disease and how to improve of treatment.

Measure the full complexity of biology.    A major need is for an in-depth cataloguing of biological complexity. This will involve going from a
basic biological parts list to a detailed map of exactly how all of these parts are used and interact in both healthy and disease states.
Researchers and clinicians need to characterize every cell in the human body, to understand how cell-to-cell variations in genomes,
epigenomes, transcriptomes and proteomes give rise to function or dysfunction. They also need to characterize every tissue at a full
molecular and cellular level, including how cells are arranged together into spatial patterns that affect function, give rise to disease, or impact
treatment. For example, in the context of cancer biology, many tumors consist of a heterogeneous population of healthy and cancerous cells,
the latter of which may consist of genetically distinct subpopulations that are susceptible to different therapeutics. Furthermore, different
spatial patterns of cancer antigens may require different treatment approaches. Without being able to see cells and molecules in their spatial
context it is difficult to fully understand tumor resistance and how cells interact with one another within the tumor microenvironment and
enable targeted therapies.
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Massively parallelize experimentation.    Mastering biology will require moving beyond the cataloguing of biological complexity and into
performing experiments to understand the impact of active changes to biological systems. We believe technologies that enable measurement
of massively parallel perturbation and the impact of these perturbations will be important for accelerating biological and medical discovery. For
example, an unmet goal of researchers has been to compile all of the genetic variations in human populations and link those variations to
different conditions, traits and diseases. Linking these variations to disease requires the analysis of the impact of these variations within
different systems, alone and in various combinations. Technologies that enable these variations to be created in arbitrary combinations within
various biological contexts and the impact of these combinations measured in a massively parallel fashion will highly accelerate this work. In
another example, a longstanding need of researchers has been to predict the interactions between immune cells and the target molecules
they can recognize. The human body can make over a trillion different immune cells that are collectively capable of recognizing and mounting
a response to nearly any conceivable antigen. We believe that understanding, and ultimately harnessing, this targeting will require
technologies that can enable the massively parallel screening of interactions between a set of recognizing immune cells and a set of synthetic
antigen target molecules.

We believe technologies that address these needs will redefine biological discovery and power a Century of Biology in which many of
humanity’s most pressing health challenges will be solved by precision diagnostics, targeted therapies and cures to currently intractable
diseases.

Our solutions
We have built and commercialized multiple product lines that allow researchers to interrogate, understand and master biological systems at a
resolution and scale commensurate with the complexity of biology. We believe that our products overcome the limitations of existing tools. Our
vision, discipline and multidisciplinary approach have allowed us to continuously innovate to develop the platforms, molecular assays and
software that underlie our solutions.

Our technological imperatives: resolution and scale

Resolution and Scale are the imperatives that underlie our products and technology. First, our solutions enable understanding biology at the
right level of biological resolution, such as at the level of the single cell or at high spatial resolution of tissues and organs. Second, we believe
that high resolution tools only become truly powerful when they are built into technologies with tremendous scale. Measuring individual cells,
spatial portions of tissues, or molecular interactions in small numbers is insufficient. Our products enable measuring and manipulating up to
millions of single cells or thousands of tissue sample positions. Thus, our products provide the appropriate levels of both resolution and scale
in a manner that allows researchers to easily sift through the complexity to access the underlying biology.

Our platforms, molecular assays and software

Our Chromium platform, recently announced Visium platform, molecular assays and software constitute the building blocks of our integrated
solutions. These shared building blocks allow us to rapidly build and improve our solutions for studying biology at the appropriate resolution
and scale:

Our Chromium platform enables high-throughput analysis of individual biological components. It is a precisely engineered reagent delivery
system that divides a sample into individual components in up to a million or more partitions, enabling large numbers of parallel micro-
reactions. In this manner, for example, the individual single cells of a large population of cells can be segregated so that each cell resides in
its own partition. Each partition then behaves as a micro-scale reaction vessel in which its contents are barcoded with a DNA sequence that
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specifically identifies those contents as being distinct from the contents of other partitions. Once biological material in each partition is
barcoded, they can then be pooled and sequenced together. Finally, the barcode sequences can be used to easily tease apart information
originating from different partitions. Our paradigm of partitioning and barcoding gives researchers the ability to measure many discrete
biological materials and/or perform many different experiments in parallel, providing tremendous resolution and scale.

We have leveraged our Chromium platform to create a suite of solutions that measure biological analytes at the resolution of the single cell,
the most fundamental organizational unit of biology. We believe that, in this sense, all of biology is single cell biology and that our single cell
solutions can enhance and sharpen a wide array of scientific work in genetics, developmental biology, molecular biology and cell biology.

Our Visium platform is being designed to identify where biological components are located and how they are arranged with respect to each
other, otherwise referred to as “spatial analysis”. Our spatial platform will use high density DNA arrays which will have DNA barcode
sequences that will encode the physical location of biological analytes within a sample, such as a tissue section. This should allow the spatial
location of the analytes to be “read out” using sequencing to constitute a visual map of the analytes across the sample. Similarly to
partitioning, spatial barcoding should gain tremendous power with large numbers of probes on an array, providing high resolution visualize
patterns across biological tissues.

Our molecular assays are used with our Chromium platform, and with our planned Visium platform, to provide sensitive and robust
biochemistries that convert minute amounts of biological analytes into detectable signals. We have created a wide variety of proprietary
assays compatible with our platforms for measuring the genome, epigenome, transcriptome and proteome. For example:
 

•  Our GEM-RT assay is a highly sensitive technique for detecting mRNA molecules that are in low abundance in single cells. Less sensitive
methods easily miss low abundance mRNA molecules, resulting in loss of information about the activities of many important genes that are
detectable using our assay.

 

•  Our ATAC-seq assay can be used to determine whether particular genes are active or dormant on a system-wide basis and is
tremendously useful in studying gene regulation.

 

•  Our Feature Barcoding assay allows simultaneous multi-omic interrogation of different classes of biological analytes in a sample. Feature
Barcoding is highly versatile and can be customized to analyze many different classes of analytes for a wide variety of applications.

Our software is essential to our mission of accelerating the mastery of biology. Since it enables new levels of resolution and scale, our
platforms and molecular assays produce entirely new types of data and at much larger scales than previously achievable. To that end, we
have developed sophisticated and scalable software that completes our solutions which we provide to researchers free of charge. Our
analysis software transforms large amounts of raw data into usable results, giving researchers user friendly tools to dynamically explore these
results. As larger and larger amounts of biological data are generated with greater ease, we believe that software tools will become
increasingly critical for progress in biology.

Since our founding, we have committed to making software engineering and computational biology world-class, core internal competencies.
We believe this deep investment distinguishes us from our competition and is worthwhile because it:
 

•  Removes barriers to adoption.    With our software, our customers can immediately begin making sense of their experimental data. Without
it, they would be forced to develop their own software or wait for the community to do so, slowing down adoption of our products by months
or even years;

 
108

Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 236 of 835 PageID #: 1721



9/8/2019 S-1

https://www.sec.gov/Archives/edgar/data/1770787/000119312519224368/d737378ds1.htm 115/238

Table of Contents

•  Accelerates pull-through.    Easy-to-use, efficient software helps our customers analyze their data and complete their experiments and
studies faster, enabling them to move on to their next experimental questions sooner;

 

•  Increases scale.    Reliable, scalable software helps to remove analysis as a bottleneck as our customers plan larger and more ambitious
experimental designs;

 

•  Expands the user base.    While early adopters are more likely to have access to bioinformatics expertise, our software enables a broader
range of customers to take advantage of our solutions;

 

•  Enables better understanding of our customers’ needs.    By supplying analysis software for our customers, we gain much greater insight
into their use cases, helping us to design future products that best meet their needs; and

 

•  Enhances and accelerates product development.    The software we ship to customers is the same software we use to develop and
optimize our platforms and chemistry. This aligns us closely with the needs of our customers and reduces our time-to-market.

Our product development approach

The success of our products is founded on how we approach product development. Our employees are deeply scientifically oriented, having
the relevant scientific expertise embedded not only within research and development, but also within the management team and throughout
the company. We are ambitious and focus on fundamentals. We strive to solve big challenges to enable new fundamental biology and to build
technological capabilities with potential for exponential impact. We work closely with our customers, many of whom are thought leaders in
genomics and medicine, to identify future frontiers and unmet needs. Once we identify the correct opportunities, we have the discipline to
focus on execution and have a track record of bringing successful products to market. Since 2015, we have launched solutions in six major
application areas, including significant version upgrades, which are supported by the launches of two instruments and a continuous stream of
software releases.

Multidisciplinary collaboration and technological innovation are central to our product development process. We have built teams with deep
expertise across diverse disciplines including chemistry, molecular biology, microfluidics, hardware, computational biology and software
engineering. This multidisciplinary expertise forms the basis of our innovation engine, which allows us to introduce new products at a rapid
pace as well as continuously launch improved versions of our existing products.

Our solutions enable our customers to focus on biology by providing them with intuitive user interfaces and software. Our products guide
customers through the workflow, from preparing samples, to reading sample information on a third-party sequencer, through analyzing and
visualizing this information, to make obtaining biological answers as easy as possible. Our workflows operate with existing sequencers that
are widely available in research settings.

Our market opportunity
According to industry sources, the worldwide life sciences research tools market totaled more than $50 billion in 2017. Our diverse products
and solutions allow biologists to interrogate and understand biological systems at exceptional resolution and scale. Our focus on enabling a
comprehensive view of biology, and not narrowly focused on a particular analyte such as DNA alone, has produced products which we
believe have broad applications and target numerous market opportunities across different areas of life sciences research. Because we
provide solutions to answer a broad diversity of biological questions, we view much of this total market as ultimately accessible to us.
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Markets in which our current solutions offer alternative or complementary approaches to existing tools represented a total market opportunity
of approximately $13 billion of the more than $50 billion global life sciences research tools market in 2017. This $13 billion market includes
flow cytometry, next generation sequencing, laboratory automation, microscopy and sample preparation, among other tools. In many
cases, our current solutions offer alternative approaches to existing tools, where the advantages of our solutions can provide more precise
answers to existing biological questions than existing tools and technologies. Our tools may also complement, enhance and enable new
applications of these technologies. Within this market, and more broadly within the entire life science research tools market, we believe we will
compete for research spending and capture increasing share of research budgets as our solutions deliver new capabilities, enable new
applications and lead to new discoveries. We also expect to enter additional markets in the future that will further expand our market
opportunity.

We believe a strong benchmark of the potential adoption of our solutions is the installed base of real-time polymerase chain reaction
(“RT-PCR”) units, which is approximately 50,000 units globally. We also believe, based on industry sources, that there are over 15,000 next
generation sequencers installed globally. While owners of next-generation sequencing instruments are one of several potential constituencies
for buying our solutions, many of our customers do not own a sequencer and, as our installed base has grown, many of our customers have
purchased multiple Chromium instruments. We believe that our market opportunity for placements of our instruments is meaningfully larger
than the installed base of next generation sequencers.

Growth of our market opportunity is also driven by a broad and increasing range of applications for our solutions. Our solutions can be used
in many different applications, including basic biology, oncology and immuno-oncology, genetic disease, neurological disease, autoimmunity,
infectious disease, the human microbiome and many others. As we enter the “Century of Biology”, we believe that the mastery of biology will
create advances and benefits for a broad and growing range of industries including broader segments of the healthcare industry and beyond.

Our competitive strengths
We believe our continued growth will be driven by the following competitive strengths:

Our position as a leader in a large and growing market.    Since launching our first product in mid-2015 through June 30, 2019, we have
sold 1,284 instruments and we serve thousands of researchers globally. We have fostered deep relationships with many key opinion leaders
and as of June 30, 2019, our customers included 93 of the top 100 global research institutions by publications, and 13 of the top 15 global
pharmaceutical companies by 2018 revenue. Our products are entrenched within our customers’ workflow and a significant portion of them
utilize more than one of our solutions. Our technologies have become a vital tool for biological research. To date, more than 500 peer-
reviewed articles have been published based on data generated using our products, with more than 200 of these published in 2018 and more
than 200 published so far in 2019. Our position as a leader in this market allows us to form deep partnerships with our customers who help us
stay on the frontiers of biology, giving us insight on industry needs that inform our product strategy and providing us with a strong competitive
advantage.

Our proprietary technologies.    Through multiple years of development, acquisition and licensing, we have amassed a core set of
technologies that form the foundation of our growing suite of products and solutions. These technologies, including instruments, assays and
software, combine a diverse set of disciplines, including chemistry, molecular biology, microfluidics, hardware, computational biology and
software engineering. Our technologies underlie features and performance that differentiate our products from the competition. Further, many
of these technological elements can be utilized across multiple products, enabling us to leverage our existing infrastructure and investment
when building future products, increasing the speed of product
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development and product performance. As of June 30, 2019, worldwide we owned or exclusively licensed over 175 issued or allowed patents
and 470 pending patent applications. We also license additional patents on a non-exclusive and/or territory restricted basis. Our intellectual
property portfolio includes foundational patents in single cell analysis, epigenomics, spatial analysis and multi-omics.

Our rigorous product development processes and scalable infrastructure.    We have implemented a rigorous and systematic product
development process by which our vision can be efficiently translated into commercial products. We develop our products over a set of
defined phases delineated by validating multifunctional reviews, which ensure our teams remain focused on quality, efficiency and profitability.
This process allows many highly focused teams to execute on separate product development efforts in parallel while drawing effectively on
the resources and capabilities of the company. We have also built extensive technological and operational infrastructure to support the
efficient execution of these teams. This infrastructure includes multiple technological investments across a range of areas, including custom
barcoded gel bead production, microfluidic chip manufacturing, scalable high-performance computation and automated software
productization and testing tools. This infrastructure can be drawn on to develop new products and improved versions of our existing products
with high quality at a rapid pace.

Our customer experience and broad commercial reach.    We believe in providing our customers with a high-quality experience from start
to finish: starting with a collection of validated methods for preparation of samples to be run on our systems and ending with extensive
software to aid in analysis and visualization of the data generated. We have also built comprehensive product testing and quality control into
our culture and processes to help guarantee the performance of our products in customer hands. As of June 30, 2019, we employed a
commercial team of over 190 full time employees. This includes an extensive and highly specialized customer service infrastructure with
technical specialists covering multiple areas of expertise, including both experimental biology and software. Many members of our sales and
customer service teams have a Ph.D. degree in the relevant scientific field. Both our sales and customer service teams help ensure our
customers have a positive experience with our products.

Our experienced multidisciplinary team.    At 10x, our success begins with our people. We have built a multidisciplinary team with expertise
across a diverse set of areas such as chemistry, molecular biology, microfluidics, hardware, computational biology and software engineering
who are committed to identifying and addressing problems at the forefront of biology. We have supplemented our diverse technical
experience by assembling an operational team with expertise in manufacturing, legal, sales, marketing, customer service and finance. We
believe this confluence of talent from multiple disciplines at 10x allows us to stay ahead of our competitors by identifying highly impactful
opportunities and building products and solutions that address these opportunities.

Our growth strategy
Our growth strategy includes the following key elements:

Develop critical enabling technologies.    Just as our past success is attributable to our innovative technologies, we believe that our future
growth will be driven in large part by our significant continued investment in research and development. We aim to build new platforms,
consumables and software that further our goals of interrogating, understanding and mastering biological systems at the needed resolution
and scale. We prioritize innovations that meet large unmet market needs, such as measuring novel biological analytes with key functional
impact at the single cell or spatial level. We expect that these investments in research and development will allow us to increase our
penetration of our accessible market.

Expand the installed base of our Chromium instruments.    Since our commercial launch in mid-2015 through June 30, 2019, we have
placed 1,284 instruments and serve thousands of researchers globally. Utilizing our
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multi-channel sales and distribution, we will continue to engage with researchers to increase our installed base of Chromium instruments. We
will target new customers in addition to expanding the number of instruments within institutions that have already recognized the significant
value of our technology. A portion of our current laboratory customers do not yet own a Chromium instrument, but rather gain access to one of
our instruments through an adjacent lab or core facility within the institution. These customers are substantial and easily accessible and
therefore represents an opportunity for future instrument sales. We also intend to expand our existing geographic reach, both directly and
through distributors.

Strengthen use and adoption of our consumables.    Our instruments are designed to be used exclusively with our consumables. This
closed system generates recurring revenue from consumables tied to each instrument we sell. We plan to drive wider adoption of our
products within the workflows of our existing customers. For example, although most of the biopharmaceutical companies using our products
use them at multiple sites, we believe that as our applications are increasingly incorporated into the validation steps in the drug development
process, the amount of our consumables used will grow. We have built a dedicated global strategic sales, marketing and business
development team to support the adoption cycle by biopharmaceutical companies. The launch of our Chromium Connect instrument next year
is also aimed at driving higher consumable revenue growth, as the fully automated workflow will reduce bottlenecks caused by manual
processes. We also plan to demonstrate new applications using our current solutions, including applications making synergistic use of
multiple solutions.

Identify the most relevant technologies, create or acquire such technologies and develop them into new products.    Over the years,
we have developed, acquired and licensed a core set of technologies and associated intellectual property across a broad range of emerging
areas within biology and life sciences. The ability to identify these core technologies and capabilities has complemented our internal product
development process and enhanced the foundation of our growing suite of products and solutions. We will continue to identify and acquire or
license foundational technologies and intellectual property that accelerate the development of new products or complement our existing
products and technologies. For instance, we acquired Epinomics and Spatial Transcriptomics in 2018, obtaining technology and intellectual
property that formed the foundation of our ATAC-seq assay and spatial platform, respectively.

Promote our platforms as the standard for single and spatial cell analysis.    We believe many key opinion leaders have recognized our
Chromium platform as the standard for single cell analysis. One of our strategies is to broaden this recognition and promote the breadth of
scientific achievements enabled by our products. To date, more than 500 peer-reviewed articles have been published using data generated by
our portfolio of Chromium solutions. We also plan to highlight successful instances where our recently announced Visium platform is used to
analyze biological samples within their spatial context. Further research and discoveries will unfold as our solutions are utilized as the global
standard.
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Our products and technology
Our products are integrated solutions comprised of instruments, consumables and software. They are built with our expertise in chemistry,
molecular biology, microfluidics, hardware, computational biology and software engineering. Our products begin with a researcher’s sample
(such as a collection of thousands to millions of cells) and perform high-throughput barcoding to construct libraries that are compatible with
standard sequencers. Our proprietary software then provides turn-key analysis pipelines and intuitive visualization tools that allow researchers
to easily interpret the biological data from the samples. A summary of our solutions is as follows:
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Our Chromium Platform

Our Chromium platform, which includes our Chromium Controllers, microfluidic chips and related consumables, enables high-throughput
analysis of individual biological components. It is a precisely engineered reagent delivery system that divides a sample into individual
components in up to a million or more partitions, enabling large numbers of parallel micro-reactions. The Chromium platform can be used to
partition not only single cells, but also other biological materials such as cell nuclei and DNA molecules. The large numbers of partitions
generated using our Chromium products can be used for analyzing samples at high resolutions and at large scales. We pair a partitioned
sample with our proprietary gel beads bearing barcodes that allow researchers to uniquely identify the contents of each partition and
distinguish them from contents of other partitions. We refer to the partitions that are generated on our Chromium platform as “GEMs”, which
stands for Gel beads in EMulsion. We collectively refer to our partitioning and barcoding technologies as our GemCode technology.
 

Our Chromium Controller and microfluidic chips.    All of our Chromium consumables run on our Chromium Controller instrument. We have
designed our instrument to be widely accessible to researchers with a list price of $75,000 and a form factor that easily fits on a standard
laboratory bench. Our Chromium Controller operates exclusively with our microfluidic chips, which are highly engineered single-use devices
that process sample and reagents. During our Chromium workflows, the researcher loads sample onto the microfluidic chip along with our
proprietary gel beads and oils. The loaded chip is inserted into the Chromium Controller, which facilitates the generation of GEMs that contain
sample and gel beads. We plan to launch the Chromium Connect next year, a high-throughput version of our Chromium instrument that
incorporates liquid handling robotics to automate our workflow.
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Our Gel Beads.    Within each GEM, the sample is co-encapsulated with one of our proprietary gel beads which are designed to contain a
unique, identifying DNA barcode for subsequent sequencing and analysis. Our gel beads, which we manufacture in-house using proprietary
methods, incorporate barcoded DNA molecules that are designed to react with the sample inside each GEM. The GEMs act as individual
reaction vessels to generate barcoded molecules. We have developed various molecular assays that can be used to perform barcoding
reactions with different types of biological analytes—for example, our proprietary GEM-RT assay incorporates sequences of mRNA into
barcoded molecules. Once those barcoded molecules are generated inside individual GEMs, the GEMs can be broken and their contents
pooled to generate libraries that can be analyzed by widely available third-party sequencers. Critically, because different GEMs have different
DNA barcodes, each sequencing read can be traced back to its GEM of origin, allowing identification of the biological source or context of the
contents of the GEM. This barcoding paradigm enables multiplexing across very large numbers of cells or other biological material.

Key GemCode advantages.    Our GemCode technology has a number of technological advantages over alternative tools. For example, our
gel beads are composed of proprietary materials that permit their incorporation into GEMs at high efficiency. This efficiency increases the
number of partitions that include one and only one barcoded gel bead and avoids loss of information from samples that are not paired with
barcodes. Furthermore, the chemical structure of our gel beads allows them to not only encapsulate hundreds of millions of copies of DNA
barcode oligonucleotides, but also permit their controlled release at precise times during our workflow. Similarly, our microfluidic chips are
engineered to highly precise dimensions and consist of materials that optimize the partitioning of biological materials into GEMs. Such
features enable our Chromium platform to provide a combination of superior performance characteristics for single cell analyses:
 

•  High cell throughput:    How many cells can be measured at once? Measuring more cells with resolution allows researchers to look for rare
cells in a population. If a disease-causing cell occurs in only 1 in 10,000 cells in a sample, then measuring just 1,000 cells will be unlikely to
find a single copy of the disease-causing cell. Our Single Cell Gene Expression and Immune Profiling solutions, on the other hand, have
cell throughputs of up to 80,000 cells per run using one microfluidic chip which increases the likelihood of finding a copy of the disease-
causing cell.

 

•  High cell capture rate: What fraction of the researcher’s sample cells are measured rather than lost? A high cell capture rate is important in
many cases where researchers start with only a limited number of rare cells, such as a tumor biopsy from a patient. Our Single Cell Gene
Expression and Immune Profiling solutions, for
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 example, have typical cell capture rates of about 65%, which is significantly higher than those achieved by many competing solutions.
 

•  Low doublet rate: How often do researchers avoid doublets—artifacts where two or more cells are read as one? Doublets result in loss of
cell information, inaccurate information, and wasted sequencing. Researchers seek products with low doublet rates. Our Single Cell Gene
Expression and Immune Profiling solutions, for example, have doublet rates of less than 1% per 1,000 cells.

Our Chromium platform currently provides researchers with solutions in five major application areas:

Single Cell Gene Expression

Our Chromium Single Cell Gene Expression solution provides customers with the ability to measure the transcriptome of single cells,
revealing gene activity and networks on a cell-by-cell basis. This approach enables customers to identify and characterize rare cell types in a
population of cells, characterize cell populations without prior knowledge of cell subtypes or cell markers, define novel cell types and cell
states, discover new biomarkers for specific cell populations and analyze and understand cellular heterogeneity and its effects on biological
systems.

For this solution, customers run their samples of interest on the Chromium Controller to generate GEMs containing single cells and prepare
single cell libraries using our reagents. Researchers can sequence these single cell libraries on compatible third-party sequencers, analyze
their data using our Cell Ranger analysis pipeline software and visualize their data using our Loupe Cell Browser software. The browser
displays a visual representation of the data in which cells having similar gene expression profiles are colored and clustered together.
Researchers can explore their data by cluster or gene(s) of interest to derive biological meaning from the visualizations. The following
visualization is an example showing single cell profiling of approximately 10,000 mouse brain cells that reveals multiple types of neurons.
 

 
t-SNE projection of approximately 10,000 mouse brain cells derived from the combined cortex, hippocampus and ventricular zones of embryonic day 18 brain tissue. Major
subpopulations were identified based on gene markers that are enriched in each class.
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Our Single Cell Gene Expression solution uses our proprietary biochemistry, GEM-RT to capture mRNA molecules with high sensitivity.
Sensitivity is the number of different mRNA transcripts that can be detected. Higher sensitivities are required to detect mRNA molecules that
are present in low abundance in a cell. Our latest version of this solution uses a new GEM-RT biochemistry that now has an increased
sensitivity of up to 8,500 unique transcripts per cell.

Furthermore, our Single Cell Gene Expression solution can be used with our Feature Barcoding technology to simultaneously measure
multiple analytes in the same cells. Our Feature Barcoding is highly customizable, allowing our customers to add a barcode to any biological
feature they want to analyze in conjunction with gene expression and other biological data. Feature Barcoding can currently be used to:
 

•  Measure cell surface proteins simultaneously with gene expression, giving a far fuller picture of the states of single cells that includes the
transcriptional profile inside the cells as well as the proteins on the outside of the cells; and

 

•  Measure a set of CRISPR genetic perturbations that have been applied to a cell simultaneously with the resulting changes to gene
expression and/or surface protein characterization, allowing users to interrogate the impact of actively perturbing many different aspects of
a biological system in a massively parallel fashion.

Our Single Cell Gene Expression solution, along with our other single cell solutions, are currently used by the Human Cell Atlas (“HCA”). The
HCA is an international consortium of prominent genomics researchers that has emerged as the first and largest project aiming to develop
reference maps for all cell types in all tissues of the human body. In 2017, we announced a collaboration with the HCA to enable pilot
research projects. Under the terms of this collaboration, we provide members of the Human Cell Atlas consortium with discounts on our
instruments and consumables. Sales to members of the Human Cell Atlas consortium accounted for less than 10% of our revenue for the
year ended December 31, 2018. To our knowledge, none of our competitors have similar arrangements with the Human Cell Atlas. Our
collaboration agreement with the Human Cell Atlas can be terminated at any time by either party. In much the same way that the standardized
reference human genome generated by the Human Genome Project in 2003 paved the way for significant leaps in genomics, we believe that
creation of a standardized reference of human cell types is critical for future advances. We believe that our partnership with the HCA is a
recognition of the quality of our products and may accelerate their adoption by the wider research community.

To date, more than 350 peer-reviewed scientific publications have been published using data generated by our Single Cell Gene Expression
solution with the top research areas being developmental biology, immunology and oncology. This body of work is already yielding insights
into diseases. For example, in 2018 researchers used our solution to identify all of the cell types present in the mouse trachea. They found the
seven previously known lung cell types, but also found evidence for an eighth rare cell type that was previously unknown. This rare cellular
population, comprising less than 1% of all lung cells in both mouse and human, was found to express more than 50% of the lung Cftr protein.
Loss of Cftr protein in humans is known to cause cystic fibrosis, a relatively common inherited disorder for which carrier screening is routinely
performed. Although the gene underlying cystic fibrosis has been known for nearly 30 years, the cells that may be most critical to
understanding the progression of disease were unknown until single cell expression analysis became available.

Single Cell Immune Profiling

Our Chromium Single Cell Immune Profiling solution is used to study the immune system, which is the body’s natural diagnostic and
therapeutic system. The immune system has a vast network of T-cells and B-cells that recognize pathogens using receptor molecules that
bind to foreign molecules, or antigens. T-cells and B-cells can generate an immense diversity of receptors that are each specific to a different
potential antigen, making it possible for the human body to recognize nearly any conceivable antigen. Our Single Cell Immune Profiling
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solution enables researchers to study these receptor molecules at the single cell level in conjunction with the transcriptome of the immune
cell. Through this, researchers can measure both the T-cell or B-cell receptors while also determining whether the cell has been activated to
attack its target or is quiescent and waiting for a threat to emerge. Importantly, because our analysis is performed at the single cell level, we
obtain information regarding the pairing of the sequences of the alpha and beta chains of T-cell receptors or the heavy and light chains of
B-cell receptors. This paired receptor information is unavailable from traditional bulk approaches for analyzing immune cells and is critical as it
is the pair of receptors that defines the targets of each immune cell. By enabling paired immune receptor and transcriptome analysis in
massive numbers of immune cells, our Single Cell Immune Profiling solution sheds insight on the clonality, diversity and cellular context of the
immune repertoire.

The workflow of this solution, which is similar to that of the Single Cell Gene Expression solution, utilizes our Chromium Controller to generate
GEMs, followed by single cell library preparation and sequencing. In contrast to Gene Expression, our Single Cell Immune Profiling solution
uses a different biochemistry that obtains sequence information from the 5’ end of mRNA molecules, rather than their 3’ end. This
biochemistry allows researchers to capture the more information-rich regions of immune receptor transcripts. Our Single Cell Immune Profiling
solution also includes a step of enriching for immune receptor transcripts using specific primers to create an immune-specific library that can
be sequenced separately from gene expression. We have also developed specialized pipelines within our Cell Ranger software and a
specialized visualization software, Loupe V(D)J Browser, for visualizing the paired immune receptor information derived from this product.
This software allows researchers to identify cell type clusters based on gene expression and then layer T-cell and/or B-cell receptor sequence
diversity directly onto that visualization, enabling users to easily derive biological meaning from these two different data types. The following
visualization is an example showing the simultaneous assessment of paired immune cell receptor information and gene expression in
colorectal cancer cells.
 

 
Overlay of gene expression and lg clonotypes for colorectal cancer cells visualized using Loupe Cell Browser. Light blue dots indicate an lg clonotype call. Dark blue dots show the
location of the most prevalent lg clonotype in the plasma cell cluster, with the table outlining the gene calls for the heavy (H) and lambda l light chain. The paired H and l chain V(D)J
sequences are shown to the right and corresponding V(D)J nucleotides are color-coded (5’UTR: gray, V: red, D: yellow, J: green, C: purple).

Feature Barcoding can be used in combination with our Single Cell Immune Profiling solution, adding significant multi-omic functionality.
Importantly, this functionality allows users to determine the antigen that is bound by
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immune cells simultaneously with their gene expression. This capability allows researchers to determine both the receptor sequences of
individual immune cells as well as an antigen that the receptor targets and makes this analysis practical to perform for millions of immune
cells. We believe that the capability to understand immune receptor-antigen interactions at a high-throughput single cell level is tremendously
valuable for elucidating the rules of immune cell targeting and can be used to understand disease and identify leads for immunotherapies.

We believe our technology can assist researchers in constructing an immune map of receptor-antigen targeting rules. Such a map would
allow for the prediction of the antigens recognized by a given receptor, or conversely, the prediction of receptors that bind to a given antigen.
Due to the large number of potential receptor sequences and the large number of possible antigens, researchers previously assumed that
computational prediction of the cognate antigen from receptor sequence alone would be impractical. However, recent work demonstrated that
T-cell receptor sequences that recognize the same antigen shared enough sequence features that a computational prediction framework for
mapping T-cell receptors to antigens is feasible. We believe that our Single Cell Immune Profiling Solution combined with Feature Barcoding
will enable extending this work at far higher scales.

As a proof of concept for the immune map, we presented at the Advances of Genomes, Biology and Technology (“AGBT”) meeting in
February 2019 results from a single experiment utilizing our Single Cell Immune Profiling Solution on approximately 200,000 T-cells from four
individuals and 44 feature-barcoded antigens to identify T-cell receptor-antigen pairs. This experiment, which took place over approximately
one week, generated a paired receptor-antigen dataset six times larger than the collection of all previously published receptor-antigen
pairings. This leap was made possible by the tremendous resolution and scale with which the immune system can be analyzed using our
solutions.

Single Cell ATAC

Our Chromium Single Cell ATAC solution enables customers to understand the epigenetic state—including how the genome and its
surroundings are modified to “open” and “closed” states, affecting how genes are regulated—in up to millions of cells. While our Single Cell
Gene Expression solution answers the “what” of what makes two cells different from each other, our Single Cell ATAC solution answers the
“how”. These two products are highly complementary and can be used as a powerful combination to understand both the cause and effect of
gene regulation.

ATAC-seq stands for “Assay for Transposase Accessible Chromatin using sequencing”. This technique uses an engineered transposase
enzyme to insert nucleic acids tags into the genome while also excising the tagged sequences from its surroundings. ATAC-seq is based on
the fact that the transposase enzyme will preferentially tag and excise regions of the genome that have an “open” chromatin state that is
unimpeded by proteins bound to genomic DNA. The tagged sequences can be sequenced to infer genomic regions of increased chromatin
accessibility as well as map regions that are bound by transcription factor proteins responsible for regulating gene expression. ATAC–seq was
pioneered by researchers at Stanford University and is exclusively licensed to us. ATAC-seq has now become an important tool in epigenetics
and genome-regulation research.
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Our Single Cell ATAC solution uses the ATAC-seq assay in conjunction with our Chromium platform to create a product for high-throughput
epigenetic interrogation at single cell resolution. In the workflow, users treat cell nuclei with transposase enzyme and then use our Chromium
Controller to encapsulate these nuclei in GEMs. The tagged sequences from the nuclei are barcoded inside GEMs and then processed to
generate sequencing libraries. Sequencing reads are analyzed using our Cell Ranger ATAC software, and visualized using our Loupe Cell
Browser, which has been especially configured to display epigenetic data. The following visualization is an example of plots showing open
chromatin around genes that are specifically associated with certain cell types.
 

 
Open chromatin signals around marker genes are specifically associated with the cell type of expression. Plots show aggregate chromatin accessibility profiles for each cluster at
several marker gene loci.

Though we only launched this product in October 2018, our Single Cell ATAC solution has already been adopted by a number of key opinion
leaders. In one example, researchers used a combination of single cell transcriptome profiling and single cell ATAC-seq to identify enhancer
elements that mark specific sub-classes of cells in the mouse brain. Once these elements are identified they can be targeted in order to
generate mice with specific cell types labeled or perturbed at a level of specificity not usually achievable using gene expression alone. The
ability to specifically target new cell types of interest allows in-depth investigations of the functions of those targeted cells.

Single Cell Copy Number Variation (CNV)

Our Chromium Single Cell CNV solution enables the measurement of DNA changes—specifically changes in the number of copies of DNA
segments—on a genome-wide basis at single cell resolution. This product is particularly useful for cancer research. Tumor cells frequently
mutate and change such that a single “tumor” is actually comprised of many different types of tumor cells having different DNA mutations.
This tumor heterogeneity allows different tumor cell types to evolve separately and respond differently to treatments. Our Single Cell CNV
solution product enables researchers to systematically measure genomic differences between cells, providing information that is crucial in
understanding how cancers evolve and can provide valuable insights into cancer treatment.

Our Single Cell CNV solution leverages a two-step process in which we first encapsulate cellular contents into cell beads, which are
composed of a synthetic material that renders the genomic contents of individual cells accessible to our assays’ biochemistries. Once cell
beads are formed, they are encapsulated into GEMs along with barcoded gel beads and undergo a reaction to generate barcoded sequencing
libraries. Our Single Cell CNV solution has a cell throughput of up to 20,000 cells per run, cell capture rates of approximately 15% and doublet
rates of less than 1% per 1,000 cells. Sequencing data is analyzed using our Cell Ranger DNA pipelines software, and visualized using our
Loupe scDNA Browser, which offers intuitive visualization of DNA copy
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number changes along each human chromosome in the genome. The following visualization is an example of the detection of rare clones of a
cell population having a particular DNA copy number variation.
 

 
Left: Heatmap showing the CNV profiles of 569 cells after 1% spike-in of MKN-45 cells (cancer cell line) into a BJ diploid cell line sample. The CNV profiles primarily correspond to the
diploid cell line, while the bottom region of the heatmap corresponds to the MKN-45 cells.
Right: Enlargement of the bottom region of the heatmap highlighting the heterogeneous, non-diploid CNV profiles of the MKN-45 cells and an amplification in chromosome 7 of the
diploid cell line, demonstrating that cell lines may not always be homogeneous.

This product, which became widely available in the third quarter of 2018, is yielding insights into disease states. For example, in a study
undertaken by a major research university utilizing our products, gastric cancer samples were subjected to both single cell gene expression
profiling and single cell CNV profiling. This combined approach allowed the direct comparison of sub-clonal structure revealed by DNA and
RNA profiling. This study revealed that the use of both assays provided a more complete picture of the structure of the different cancerous
and non-cancerous cells in their sample. This solution provides more resolution to researchers, enabling them to better understand the
variations between the DNA in cloned cells.

For information relating to limitations on our ability to sell our Single Cell CNV solution, see the section titled “Risk factors—Risks related to
litigation and our intellectual property—We are involved in significant litigation which has consumed significant resources and management
time and adverse resolution of these lawsuits could require us to pay significant damages, and prevent us from selling our products, which
would severely adversely impact our business, financial condition or results of operations”.

Our Visium platform

We are designing our Visium platform to enable researchers to understand the spatial positions of biological analytes within tissues at high
resolution. Such spatial analysis can be critically important in understanding tissue function in both healthy and disease states. For example,
in the context of neurobiology, neuronal degeneration in the substantia nigra, an area of the brain associated with movement, results in
Parkinson’s disease, while degeneration of upper and lower motor neurons results in amyotrophic lateral sclerosis, or Lou Gehrig’s disease.
In the context of cancer treatment, the knowledge of whether T-cells have infiltrated inside of a tumor, rather than merely surrounding the
tumor, is an important prognostic indicator. Understanding the spatial relationship of the biological analytes in tissues may hold the key to
unlocking the underlying causes and identifying cures for such diseases.

Our Visium products will be based on technology that we acquired from Spatial Transcriptomics in 2018. Spatial Transcriptomics utilized
arrays having specialized probes on their surfaces that are encoded with the spatial position of the probe. In the Visium product workflow, a
tissue sample will be placed onto the array. Reagents will be added by the user to create barcoded molecules from these probes and the
biological material in the tissues. This barcoded material will encode the spatial information that was contained in the probes. Users will
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then pool the material from the array and follow a protocol to create libraries of molecules that can be sequenced using a standard sequencer.
After sequencing, analysis software will assign each sequencing read to its spatial position of origin. Collectively, the spatially defined reads
will provide a visual depiction of the locations and patterns of large numbers of biological analytes simultaneously in the tissue sample.

The Spatial Transcriptomics product performed spatial analysis of mRNAs using arrays that had 1,000 probes with distances of approximately
200 microns between probes. This product was used to identify heterogeneity in metastatic melanoma and to demonstrate that there was
significantly more heterogeneity than could be predicted by manual pathology annotation. In an independent study of mouse and human
amyotrophic lateral sclerosis samples researchers were able to observe changes in RNA expression over the disease course, while
preserving the understanding of those changes in the spatial context. This allowed them to visualize the key changes that occur in brain
regions before and during neuronal degeneration.

We are developing our Visium solution for spatial gene expression analysis, which we expect to launch in late 2019. Our Visium gene
expression product is expected to have significant improvements over the Spatial Transcriptomics product, including increased spatial
resolution, increase gene sensitivity, a simpler workflow and fully developed analysis and visualization software. Past this launch, we intend to
continuously innovate to provide enhanced resolution, performance, throughput and efficiency. We also intend to develop additional Visium
spatial products using our other assays which, analogously to the Chromium platform, allows spatial interrogation of a broader range of
biological analytes including DNA, immune molecules, epigenetics and protein.
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Our analysis and visualization software

Our software is a fundamental part of our integrated solutions and is comprised of two parts, analysis and visualization. Our analysis pipeline
software tools, including Cell Ranger, Long Ranger and Supernova, take raw sequencing data as input and transform them into biologically
meaningful results. Customers can further analyze these results in their own or third-party tools, or take them into our Loupe family of
visualization software tools, which allow users to draw insights using an intuitive user interface without writing code. Our analysis and
visualization software is generally available to researchers free of charge, so as to accelerate the adoption of our products and software as a
standard for genome and single cell analysis.
 

Since our launch, we have shipped almost 50 major releases of our software. We believe that the main factors that differentiate our software
include:
 

•  Ease of installation and use.    Much of the software typically used in bioinformatics analysis requires substantial programming expertise
to use and even just to install. We invest substantial effort in making our
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 software both easy to install and use, so researchers can focus on their experiments rather than installation requirements.
 

•  Advanced algorithms and methods.    Our software makes the latest analytical methods easily accessible to researchers and we are
constantly working to improve our software’s ability to realize the maximum value and benefit of the data produced by our chemistries and
platforms.

 

•  Scalable from workstation to cluster to cloud.    A robust, common architecture underlying our software tools gives researchers
maximum flexibility to run our software on-premises on individual workstations or servers, on large high-performance compute clusters and
in private and public clouds.

Peer-reviewed scientific publications using our products
To date, more than 500 peer-reviewed articles have been published based on data generated using our products. More than 90 of these
articles were published in three of the most highly-regarded journals: Cell, Nature and Science. Underscoring the reach of our products, these
publications cover a wide range of research and applied areas from cell biology to genetic health to neuroscience with the top three areas of
publication being developmental biology, immunology and cancer research.
 
   

Research area   Number of articles   Percentage 
Developmental Biology    112    17% 
Immunology    88    14% 
Cancer Research    72    11% 
Computational Method    62    10% 
Neuroscience    51    8% 
Genome Assembly    41    6% 
Cell Biology    37    6% 
Other    33    5% 
Assay Method    31    5% 
Cell Atlas    31    5% 
Genetic Health    29    5% 
Microbiology    13    2% 
Population Genetics    13    2% 
Agrigenomics    11    2% 
Conservation Biology    10    2% 
Reproductive Biology    7    1% 
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We have seen robust quarter-over-quarter growth in the number of publications commensurate with our commercial growth and success:
 

These publications describe, for example, the use of our products to:
 

•  Construct a molecular map of cellular differentiation during early development in mice;
 

•  Understand kidney tumors by studying cell types and compositions in malignant versus normal cells;
 

•  Track patients with aggressive skin cancer undergoing immunotherapy to understand how the body develops resistance to immunotherapy;
 

•  Understand why multiple myeloma, a cancer originating from plasma cells, is symptomatic or asymptomatic depending on underlying cell
types, and identify rare circulating tumor cells as a potential early diagnostic indicator;

 

•  Demonstrate that transcriptional diversity in cutaneous T cell lymphomas can be used to predict disease stage and guide treatment;
 

•  Identify non-essential genes in humans;
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•  Identify structural rearrangements in cancer; and
 

•  Study the microbiome.

Research and development
Our research and development teams have designed and developed our proprietary products using an interdisciplinary approach that
combines expertise across the fields of chemistry, molecular biology, microfluidics, hardware, computational biology and software engineering.
Our research and development groups work together in cross-functional project teams; an approach that has been key to our success to date.
Our research and development teams are currently located in our headquarters in Pleasanton, California and in Stockholm, Sweden.

The overarching goals of our research and development programs are to continue to bring new technologies to market that address the most
pressing questions in biology and to provide exponential advances in human health. To this end, we plan to focus our research and
development efforts on the following areas:

Improve the performance of our existing solutions.    We plan to improve our existing assays and software. These improvements may provide
increased sensitivity to capture greater amounts of signal from biological analytes, broader types of biological samples that can be
interrogated with our solutions and larger amounts of biological information that can be obtained using our software.

Develop new solutions for our Chromium platform.    We plan to expand the range of solutions that are available on our Chromium platform to
allow researchers access to new types of biological information. For example, we are planning to develop additional multi-omics solutions on
our Chromium platform for simultaneous interrogation of different classes of analytes.

Develop our Visium platform.    We plan to introduce a product that offers high spatial resolution, high sensitivity, efficient workflow and
analysis and visualization software. We are working to develop new technologies for our Visium platform that will further enhance the spatial
resolution, usability and automation of our platform.

Improve and develop new capabilities for our Chromium instruments.    We plan to develop new capabilities that would improve the usability
and increase the performance of our Chromium instruments by increasing automation, throughput, workflow visibility or troubleshooting
capabilities.

Develop combined software and workflows across multiple solutions.    We plan to develop workflows that enable users to run multiple assays
on the same biological samples and software that simultaneously analyzes the data generated from these multiple assays. We plan to do this
for key solution combinations where the information obtained from the two solutions is highly complementary.

Investigate new technologies.    We will seek to both develop and acquire new technologies that could be additive to or complementary with
our current portfolio.

Our research and development costs were $32.2 million and $47.5 million for the years ended December 31, 2017 and 2018, respectively,
and $23.3 million and $33.0 million for the six months ended June 30, 2018 and 2019, respectively. In-process research and development
costs, consisting of costs incurred to acquire intellectual property for research and development were $62.4 million for the year ended
December 31, 2018 and $0 for the six months ended June 30, 2019. As of June 30, 2019, we employed 192 employees in research and
development. Looking forward, we will continue to invest in efforts to support the ongoing development of our instruments, consumables and
software, as well as enhance the overall performance of our solutions.
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Commercial
Commercial team

We began the full launch of our first product in mid-2015 and have sold thousands of products globally. Our customers primarily include
academic, government, biopharmaceutical, biotechnology and other institutions focused on life sciences research. We sell our products
primarily through our own direct sales force in North America and certain regions of Europe. As of June 30, 2019, our commercial
organization consisted of 192 full time employees, including 78 commissioned sales representatives, many with Ph.D. degrees and many with
significant industry experience. We sell our products through third-party distributors in Asia, certain regions of Europe, South America, the
Middle East and Africa. We have sold products in approximately 40 countries.

For both the year ended December 31, 2018 and the six months ended June 30, 2019, no single customer, including distributors, represented
greater than 10% of our business. For both the year ended December 31, 2018 and the six months ended June 30, 2019, sales to academic
institutions represented approximately 70% of our direct sales revenue. We expect that sales to biopharmaceutical companies will represent a
growing proportion of our revenue in the future.

Commercial strategy

Our products are integrated solutions comprised of instruments, consumables and software. We aim to drive customer adoption and the
installed base of our Chromium instruments which then forms a base of users who drive revenue by purchasing our consumables. Our
products are designed to be easy to install and use without the need for extensive training.

Our customers primarily include academic, government, biopharmaceutical, biotechnology and other institutions. Our strategy typically
involves targeting key opinion leaders during the initial phase of our product launches, after which we aim to expand adoption of our products
across a broader base of customers. As our customer base has grown, we have been able to leverage our larger installed base of
instruments to accelerate the adoption of new solutions. Approximately half of our customers purchased our consumables relating to more
than one of our solutions in both the year ended December 31, 2018 and the six months ended June 30, 2019.

Our commercial strategy focuses on ensuring our customers are successful with our products. These successes often result in publications
which can drive increased public awareness and further market adoption. Since our first product launch in 2015, there have been more than
500 publications by researchers using data generated by our products.

Our direct sales and marketing efforts are targeted at the principal investigators, research scientists, department heads, research laboratory
directors and core facility directors at leading academic institutions, biopharmaceutical companies and publicly and privately-funded research
institutions who control the buying decision. Due to the pricing of our instruments and consumables, the buying decision is typically made by
the principal investigator rather than by committee or department chair, which we believe simplifies the purchasing decision and has helped
accelerate adoption of our products. The sales cycle of our Chromium Controller instrument is typically between four and six months.

We also target researchers who do not own their own Chromium Controller instrument, but who have access to one, which we refer to as
“halo users”. By sharing one instrument across groups within an institution, multiple halo users are able to utilize the instrument for their own
research and experiments, contributing meaningfully to consumable pull-through on just one instrument. Halo users help drive consumable
revenue and utilization of our consumable products and may become future purchasers of a Chromium instrument.
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The use of our products requires the access to, but not necessarily the ownership of a third-party next-generation sequencer, since
sequencers are often accessible as a shared resource. This broadens our target customer base beyond those who own a next-generation
sequencer.

We increase awareness of our products among our target customers through direct sales calls, trade shows, seminars, academic
conferences, web presence, social media and other forms of internet marketing. We supplement these traditional marketing efforts by
fostering an active online community of users of our products consisting of communities, forums and blogs with internally generated and user-
generated content. We also provide education and training resources, both online and in person.

Suppliers and manufacturing
Consumables

The majority of our consumable products are manufactured in-house at our facilities in Pleasanton, California. These manufacturing
operations include: gel bead generation, surfactant synthesis and emulsion oil formulation, reagent formulation and tube filling, microfluidic
chip manufacturing, kit assembly and packaging as well as analytical and functional quality control testing. We achieved ISO 9001:2015
certification in the fourth quarter of 2017, which covers design, development, manufacturing, distribution, service and sales.

We obtain some components of our consumables from third-party suppliers. While some of these components are sourced from a single
supplier, we have qualified second sources for several of our critical reagents, including microfluidic chips, arrays and oligonucleotides. We
believe that having dual sources for our components helps reduce the risk of a production delay caused by a disruption in the supply of a
critical component. For further discussion of the risks relating to our third-party suppliers, see the section titled “Risk factors—Risks related to
our business and industry—We are dependent on single source and sole source suppliers for some of the components and materials used in
our products and the loss of any of these suppliers could harm our business”.

Instruments

We outsource manufacturing for our Chromium Controller to two qualified contract manufacturers. These manufacturers have represented to
us that they each maintain ISO 9001 and ISO 13485 certification. Our recently announced Chromium Connect will include an automated
workflow liquid handling robot which will be manufactured by our partner.

Employees
As of June 30, 2019, we had 500 employees, including 192 in research and development, 192 in sales, marketing, support and business
development, 74 in general and administrative and 42 in manufacturing. None of our United States employees are represented by a labor
union or covered under a collective bargaining agreement and we consider our relationship with our employees to be positive. As of June 30,
2019, 426 of our employees were employed in the United States and 74 were employed outside the United States.

Facilities
Our corporate headquarters, research and development facilities and manufacturing and distribution centers are located in Pleasanton,
California, where we lease approximately 200,000 square feet of space under leases expiring between December 2020 and September 2029.
These leases include our global headquarters and research and development center occupying approximately 150,000 square feet in
Pleasanton, California. We do not own any real property and believe that our current facilities, together with our global headquarters and
research and development center, are sufficient to meet our ongoing needs and that, if we require additional space, we will be able to obtain
additional facilities on commercially reasonable terms.
 

128

Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 256 of 835 PageID #: 1741



9/8/2019 S-1

https://www.sec.gov/Archives/edgar/data/1770787/000119312519224368/d737378ds1.htm 135/238

Table of Contents

Competition
The life sciences market is highly competitive. There are other companies, both established and early-stage, that have indicated that they are
designing, manufacturing and marketing products for, among other things, genomics analysis, single cell analysis and spatial analysis. These
companies include Becton, Dickinson and Company, Bio-Rad Laboratories, Inc. and Nanostring Technologies, Inc., each of which has
products that compete to varying degrees with some but not all of our product solutions, as well as a number of other emerging and
established companies. Some of these companies may have substantially greater financial and other resources than us, including larger
research and development staff or more established marketing and sales forces. Other competitors are in the process of developing novel
technologies for the life sciences market which may lead to products that rival or replace our products.

However, we believe we are substantially differentiated from our competitors for many reasons, including our position as a leader in a large
and growing market, proprietary technologies, rigorous product development processes and scalable infrastructure, customer experience and
multidisciplinary teams. We believe our customers favor our products and company because of these differentiators.

For further discussion of the risks we face relating to competition, see the section titled “Risk factors—Risks related to our business and
industry—The life sciences technology market is highly competitive. If we fail to compete effectively, our business and operating results will
suffer”.

Government regulation
The development, testing, manufacturing, marketing, post-market surveillance, distribution, advertising and labeling of certain of medical
devices are subject to regulation in the United States by the Center for Devices and Radiological Health of the U.S. Food and Drug
Administration (“FDA”) under the Federal Food, Drug, and Cosmetic Act (“FDC Act”) and comparable state and international agencies. A
medical device is an instrument, apparatus, implement, machine, contrivance, implant, in vitro reagent or other similar or related article,
including any component part or accessory, which is (1) intended for use in the diagnosis of disease or other conditions, or in the cure,
mitigation, treatment, or prevention of disease, in man or other animals, or (2) intended to affect the structure or any function of the body of
man or other animals and which does not achieve any of its primary intended purposes through chemical action within or on the body of man
or other animals and which is not dependent upon being metabolized for the achievement of any of its primary intended purposes. Medical
devices to be commercially distributed in the United States must receive from the FDA either clearance of a premarket notification, known as
510(k), or premarket approval pursuant to the FDC Act prior to marketing, unless subject to an exemption. None of our products are currently
medical devices and all of our products are currently designed “For Research Use Only. Not for use in diagnostic procedures” (“RUO”)
products, as they are not meant for clinical applications. RUO products are not regulated as medical devices and are therefore not subject to
the regulatory requirements enforced by the FDA. The products must bear the statement: “For Research Use Only. Not for Use in Diagnostic
Procedures”. RUO products cannot make any claims related to safety, effectiveness or diagnostic utility and they cannot be intended for
human clinical diagnostic use. In November 2013, the FDA issued a final guidance on products labeled RUO, which, among other things,
reaffirmed that a company may not make any clinical or diagnostic claims about an RUO product. The FDA will also evaluate the totality of the
circumstances to determine if the product is intended for diagnostic purposes. If FDA were to determine, based on the totality of
circumstances, that our products labeled and marketed for RUO are intended for diagnostic purposes, they would be considered medical
devices that will require clearance or approval prior to commercialization. Further, sales of devices for diagnostic purposes may subject us to
additional healthcare regulation. We continue to monitor the changing legal and regulatory landscape to ensure our compliance with any
applicable rules, laws and regulations.
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For further discussion of the risks we face relating to regulation, see the section titled “Risk factors—Risks related to our business and
industry—Our products could become subject to government regulation and the regulatory approval and maintenance process for such
products may be expensive, time-consuming and uncertain both in timing and in outcome”.

Intellectual property
Our success depends in part on our ability to obtain and maintain intellectual property protection for our products and technology. We utilize a
variety of intellectual property protection strategies, including patents, trademarks, trade secrets and other methods of protecting proprietary
information.

As of June 30, 2019, worldwide we owned or exclusively licensed over 175 issued or allowed patents and 470 pending patent applications.
We also license additional patents on a non-exclusive and/or territory restricted basis. Patent rights generally have a term of twenty years
from the date in which they were filed. We own registered trademarks on 10X GENOMICS and product related brand names in the United
States and worldwide.

We license certain U.S. and foreign patents and patent applications from various third parties for use in our products and technology. Some of
these license agreements provide use the exclusive right to practice the licensed intellectual property subject to specific field or territory
restrictions and certain fee and royalty arrangements. Subject to common termination rights, these exclusive license agreements typically are
in force until the last of the licensed patents expires or, in some cases, upon our failure to achieve specified sales volume thresholds. Certain
of these agreements also require that any products related to the licensed patents be substantially manufactured in the United States.

In connection with our acquisition of Spatial Transcriptomics, we are required to make contingent payments to the sellers based on revenue
from sales of Spatial Transcriptomics products and our soon to be introduced Visium products, for the years ended December 31, 2019
through December 31, 2022. These contingent payments are equal to a percentage in the teens multiplied by such revenue. Pursuant to the
license agreement we entered into with The Board of Trustees of the Leland Stanford Junior University (“Stanford”), we are required to pay
Stanford a low single-digit royalty percentage based on the net revenue of certain ATAC-seq products during the applicable term of the
licensed patents. Pursuant to the license agreement we entered into with the President and Fellows of Harvard University (“Harvard”), we are
required to pay Harvard a low single-digit royalty percentage based on the net revenue of certain products covered by the licensed patents
during the applicable term of those patents. For the years ended December 31, 2017 and 2018 and during the six months ended June 30,
2019, we made aggregate contingent and royalty payments under the Spatial Transcriptomics acquisition agreement, Stanford license
agreement and Harvard license agreement, collectively, of less than $2.0 million, less than $4.0 million and less than $4.0 million,
respectively. We expect the size of these payments to grow as our business grows and particularly as we launch our anticipated Visium
products in late 2019.

The patents we own expire beginning in 2033 and the patents we exclusively license expire beginning in 2028. The Harvard license is
exclusive in the field of sequencing sample preparation and single cell analysis and is projected to terminate in 2034. The Stanford license is
exclusive in all fields and the initial exclusivity period of the license terminates in 2025, however we have the option to extend the exclusivity
period for additional one-year terms if we meet certain minimum sales thresholds beginning in 2025. If the exclusivity period ends or we fail to
extend the exclusivity period, we retain a non-exclusive license to the applicable patents. The Stanford license is projected to terminate in
2038. Both the Harvard and Stanford licenses are worldwide licenses.

We intend to pursue additional intellectual property protection to the extent we believe it would be beneficial and cost-effective. We cannot
provide any assurance that any of our current or future patent applications will result in the issuance of patents, or that any of our current or
future issued patents will effectively protect any of our products or technology from infringement or prevent others from commercializing
infringing products or technology.
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For further discussion of the risks relating to intellectual property, see the section titled “Risk Factors—Risks related to litigation and our
intellectual property”.

Legal proceedings
We are regularly subject to claims, lawsuits, arbitration proceedings, administrative actions and other legal and regulatory proceedings
involving commercial disputes, competition, intellectual property disputes and other matters, and we may become subject to additional types
of claims, lawsuits, arbitration proceedings, administrative actions, government investigations and legal and regulatory proceedings in the
future and as our business grows, including proceedings related to product liability or our acquisitions, securities issuances or our business
practices, including public disclosures about our business. Our success depends in part on our non-infringement of the patents or proprietary
rights of third parties. Third parties have asserted and may in the future assert that we are employing their proprietary technology without
authorization. As we enter new markets or introduce new products, we expect that competitors will likely claim that our products infringe their
intellectual property rights, including as part of a business strategy to impede our successful competition. There are inherent uncertainties in
these legal matters, some of which are beyond management’s control, making the ultimate outcomes difficult to predict. We are currently
involved in the following litigation matters:

The 2015 Delaware Action

In February 2015, Raindance Technologies, Inc. (“Raindance”) and the University of Chicago filed suit against us in the U.S. District Court for
the District of Delaware, accusing that substantially all of our products that use our GEM microfluidic chips are infringing seven U.S. patents
owned by or exclusively licensed to Raindance (the “Delaware Action”). In May 2017, Bio-Rad was substituted as the plaintiff following its
acquisition of Raindance. A jury trial was held in November 2018. The jury found that all of our accused products infringed one or more of
U.S. Patent Nos. 8,304,193, 8,329,407 and 8,889,083. The jury also concluded that our infringement was willful and awarded Bio-Rad
approximately $24 million in damages. Post-trial, Bio-Rad moved for a permanent injunction, treble damages for willful infringement,
attorneys’ fees, supplemental damages for the period from the second quarter of 2018 through the end of the trial as well as pre- and post-
judgment interest.

The Court denied Bio-Rad’s request for attorneys’ fees and enhanced damages for willful infringement. The Court awarded supplemental
damages for the period from the second quarter of 2018 through the end of trial as well as pre- and post-judgment interest. The Court entered
final judgment against us in the amount of approximately $35 million in August 2019. There could be additional future damages from the final
judgment until the patents in suit expire in 2023.

In the fourth quarter of 2018, we began recording an accrual for estimated royalties as cost of revenue. This accrual is based on an estimated
royalty rate of 15% of worldwide sales of our Chromium instruments operating our GEM microfluidic chips and associated consumables. As of
June 30, 2019, we had accrued a total of $55.3 million relating to this matter which includes the $35 million judgment and our estimated 15%
royalty for sales through that date.

The Court also granted Bio-Rad a permanent injunction against our GEM microfluidic chips and associated consumables that were found to
infringe the Bio-Rad patents, which have historically constituted substantially all of our product sales. However, under the injunction, we are
permitted to continue to sell our GEM microfluidic chips and associated consumables for use with our historical installed base of instruments
provided that we pay a royalty of 15% into escrow on our net revenue related to such sales. We have appealed the injunction to the Federal
Circuit and expect that it will not take effect until the Federal Circuit rules on our request for a stay of the injunction.
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We have dedicated significant resources to designing and manufacturing our Next GEM microfluidic chips which use fundamentally different
physics from our GEM microfluidic chips. Neither the jury verdict nor the injunction relate to our Next GEM microfluidic chips based on our
new proprietary design and associated consumables which we launched in May 2019 for three of our single cell solutions – Single Cell Gene
Expression, Single Cell Immune Profiling and Single Cell ATAC. We currently expect that, by the end of the third quarter of 2019, all
Chromium instruments that we sell will operate exclusively with our Next GEM solutions and that our Chromium products utilizing our Next
GEM microfluidic chips will constitute substantially all of our Chromium sales by the end of 2020.

The ITC 1068 Action

On July 31, 2017, Bio-Rad and Lawrence Livermore National Security, LLC filed a complaint against us in the U.S. International Trade
Commission (“ITC”) pursuant to Section 337 of the Tariff Act of 1930, accusing substantially all of our products of infringing U.S. Patents Nos.
9,089,844, 9,126,160, 9,500,664, 9,636,682 and 9,649,635 (the “ITC 1068 Action”). Bio-Rad is seeking an exclusion order preventing us from
importing the accused microfluidic chips, including (1) our GEM microfluidic chip, (2) our gel bead manufacturing microfluidic chip and (3) our
Next GEM microfluidic chip, into the United States and a cease and desist order preventing us from selling such imported chips. Prior to the
introduction of our Next GEM microfluidic chips and related products, substantially all of our product sales used GEM microfluidic chips. An
evidentiary hearing for the ITC 1068 Action was held in May of 2018 and the presiding judge issued an Initial Determination in September
2018, finding that our GEM microfluidic chips infringe the ‘664, ‘682 and ‘635 patents but not the ‘160 patent. The judge further found that our
gel bead manufacturing microfluidic chip and our Next GEM microfluidic chip do not infringe any claims asserted against them.

The judge recommended entry of an exclusion order against our GEM microfluidic chips, which are currently being imported into the United
States. If the ITC were to adopt the judge’s recommendation regarding the exclusion order, we would be prevented from importing such chips,
which are used in substantially all of our products, into the United States. The judge also recommended a cease and desist order that would
prevent us from selling such imported chips. The ITC is not reviewing the judge’s findings that our GEM microfluidic chips directly infringe the
‘664, ‘682 and ‘635 patents. The ITC is currently reviewing the judge’s findings that (1) we indirectly infringe the ‘682 and ‘635 patents, (2) our
gel bead manufacturing microfluidic chip does not infringe certain claims in the ‘664 patent and (3) our Next GEM microfluidic chip does not
infringe certain claims in the ‘160 and ‘664 patents. A Final Determination is expected to be issued in late September 2019. The Final
Determination is subject to a 60-day presidential review period before taking effect. If the Initial Determination were to be upheld, then we
would be unable to import our GEM microfluidic chips and sell such imported chips, which are used in substantially all of our products. The
judge recommended a bond of 100% of the entered value of accused products imported during the Presidential review period.

In order to allow our customers to continue their important research, we have dedicated significant resources to developing the capabilities to
manufacture our microfluidic chips in the United States prior to the entry of an exclusion order or cease and desist order which could take
effect in late November 2019. Prior to the second quarter of 2019, all of our microfluidic chips were manufactured outside of the United States.
We expect our United States manufacturing facilities to achieve volume production of certain of our GEM microfluidic chips accounting for the
majority of our United States consumable revenue beginning in the third quarter of 2019.

The Northern District of California Action

On July 31, 2017, Bio-Rad and Lawrence Livermore National Security, LLC also filed suit against us in the U.S. District Court for the Northern
District of California, alleging that substantially all of our products infringe U.S. Patents Nos. 9,216,392, 9,347,059 and the five patents
asserted in the ITC 1068 Action. The complaint seeks
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injunctive relief, unspecified monetary damages, costs and attorneys’ fees. This litigation has been stayed pending resolution of the ITC 1068
Action.

The Germany Action

On February 13, 2018, Bio-Rad filed suit against us in Germany in the Munich Region Court alleging that our Chromium instruments, GEM
microfluidic chips and certain accessories infringe German Utility Model No. DE 20 2011 110 979. Bio-Rad seeks unspecified damages and
an injunction prohibiting sales of these products in Germany and requiring us to recall these products sold in Germany subsequent to
February 11, 2018. The accused GEM microfluidic chips are currently manufactured in Germany and are currently used in substantially all of
our solutions. An initial hearing was held on November 27, 2018, and a subsequent hearing was held on May 15, 2019. The Court has not yet
issued a ruling on the merits.

The 2018 Delaware Action

On October 25, 2018, Bio-Rad filed suit against us in the U.S. District Court for the District of Delaware alleging that substantially all of our
products infringe U.S. Patent Nos. 9,562,837 and 9,896,722. Bio-Rad seeks injunctive relief, unspecified monetary damages, costs and
attorneys’ fees. Discovery is in progress.

The Becton Dickinson Action

On November 15, 2018, Becton, Dickinson and Company and Cellular Research, Inc. filed suit against us in the U.S. District Court for the
District of Delaware, alleging that we infringe U.S. Patent Nos. 8,835,358, 9,845,502, 9,315,857, 9,816,137, 9,708,659, 9,290,808, 9,290,809,
9,567,645, 9,567,646, 9,598,736 and 9,637,799. The complaint asserted that our instruments, consumables and software that comprise our
Single Cell Gene Expression solution, Single Cell Immune Profiling solution and Spatial Transcriptomics product infringe these patents.
Plaintiffs seek injunctive relief, unspecified monetary damages, costs and attorneys’ fees. On January 18, 2019, we filed a motion to dismiss
certain of the asserted claims on the grounds that they are directed to patent ineligible abstract ideas. The Court has not yet ruled on or set a
hearing date for the motion. Discovery is in progress.

The ITC 1100 Action

On January 11, 2018, we filed a complaint against Bio-Rad at the ITC pursuant to Section 337 of the Tariff Act of 1930 alleging that Bio-Rad
infringes our U.S. Patent Nos. 9,644,204, 9,689,024, 9,695,468 and 9,856,530 (the “ITC 1100 Action”). The judge issued an Initial
Determination on July 12, 2019 finding that Bio-Rad infringes the ‘024, ‘468 and ‘530 patents. The judge also found all of our asserted patents
to be valid and rejected Bio-Rad’s claim of ownership in all of the asserted patents. The Target Date for the Final Determination is scheduled
for November 12, 2019, when we expect the ITC to issue an exclusion order preventing Bio-Rad from importing into the United States
infringing microfluidic devices, components thereof and products containing same, including the ddSEQ single cell analysis products. We also
expect the ITC to issue a cease and desist order preventing Bio-Rad from selling such imported products in the United States.

For further discussion of the risks relating to intellectual property and our pending litigation, see the section titled “Risk factors—Risks related
to litigation and our intellectual property”.
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Management
The following table sets forth information regarding our executive officers and directors as of August 16, 2019:
 
   

Name   Age     Position
Serge Saxonov    42     Chief Executive Officer and Director

Benjamin J. Hindson    44     Chief Scientific Officer, President and Director

Bradford J. Crutchfield    57     Chief Commercial Officer

Justin J. McAnear    44     Chief Financial Officer

Jean M. Philibert    59     Chief People Officer

Eric S. Whitaker    52     General Counsel

John R. Stuelpnagel(1)(2)    61     Chairman of our board of directors

Paul A. Conley(3)    51     Director

Sridhar Kosaraju(1)    41     Director

Mathai Mammen(3)    52     Director

Bryan E. Roberts(1)(2)    52     Director

Shehnaaz Suliman(3)    48     Director
 

 

(1)  Member of the audit committee.
 

(2)  Member of the compensation committee.
 

(3)  Member of the nominating and corporate governance committee.

Executive officers
Serge Saxonov, Ph.D. co-founded 10x Genomics and has served as our Chief Executive Officer and on our board of directors since July
2012. Dr. Saxonov also served as our President from July 2012 until October 2012. Prior to co-founding our company, Dr. Saxonov was Vice
President of Applications at QuantaLife, a privately-held life sciences company that developed and commercialized a droplet digital
polymerase chain reaction platform, from May 2010 to April 2012. Dr. Saxonov was Founding Architect and Director of research and
development at 23andMe, a privately held personal genomics and biotechnology company, from June 2006 until May 2010. Dr. Saxonov
received a Ph.D. in biomedical informatics from Stanford University and an A.B. in applied mathematics from Harvard College.

We believe that Dr. Saxonov is qualified to serve on our board of directors because of his experience as our co-founder and Chief Executive
Officer, industry knowledge, previous experience and extensive academic training.

Benjamin J. Hindson, Ph.D. co-founded 10x Genomics in July 2012 and has served as our Chief Scientific Officer and President since
October 2012 and has served on our board of directors since July 2012. Dr. Hindson served as our President of Technology and Treasurer
from July 2012 until October 2012 and Secretary from October 2012 until April 2014. Prior to co-founding our company, Dr. Hindson was
Co-founder and Chief Scientific Officer of QuantaLife from August 2008 until its sale to Bio-Rad Laboratories in October 2011. From 2002 to
2008, Dr. Hindson served in various positions at Lawrence Livermore National Laboratory, in the Chemical and Biological Weapons
Non-proliferation Program. Dr. Hindson earned his B.Sc. in Chemistry and his Ph.D. in Chemistry from Deakin University, Australia.
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We believe that Dr. Hindson is qualified to serve on our board of directors because of his experience as our co-founder, President and Chief
Scientific Officer, industry knowledge, previous experience and extensive academic training.

Bradford J. Crutchfield has served as our Chief Commercial Officer since February 2017. From June 2015 to February 2017, Mr. Crutchfield
served as Qiagen’s senior vice president, life sciences business area. Prior to that, from October 2014 to April 2015, Mr. Crutchfield served as
vice president and general manager, Europe, Middle East & Africa, for Illumina. From 1985 to 2014, Mr. Crutchfield held positions with
Bio-Rad Laboratories including executive vice president and president of the Life Science Group. From June 2013 until October 2014, he was
a director of Nanostring Technologies. Mr. Crutchfield holds a B.S. in Physiology from the University of California, Davis.

Justin J. McAnear has served as our Chief Financial Officer since October 2018. From August 2015 to October 2018, Mr. McAnear was the
Vice President of Worldwide Finance and Operations at Tesla. From September 2013 to August 2015, Mr. McAnear served as a Finance
Director at Apple in Corporate FP&A and Worldwide Operations and from February 2011 to September 2013, Mr. McAnear served as a Senior
Finance Manager in Worldwide Operations. Mr. McAnear began his corporate finance career at Johnson & Johnson in August 2006 and left in
February 2011. Mr. McAnear served over nine years in the U.S. Navy as an aviator and is a graduate of the U.S. Naval Academy in
Annapolis, MD, where he earned his B.S. degree in Systems Engineering. He also holds an M.B.A. in Finance from the University of San
Diego.

Jean M. Philibert has served as our Chief People Officer since April 2018. From January 2016 until March 2018, Ms. Philibert served as
Senior Vice President of Human Resources at Analog Devices. From December 2014 to December 2015, Ms. Philibert served as the Chief
People Officer at KIXEYE. In 1999, Ms. Philibert joined EMC and served as a Senior Director of Human Resources until November 2014. She
earned a M.S. in Industrial Relations and Human Resources from Loyola University and a B.A. in French and Art History from the University
of Iowa.

Eric S. Whitaker has served as our General Counsel since July 2017. Prior to joining our company, Mr. Whitaker served as the Chief Legal
Officer of Nutanix from September 2014 to May 2017, the Chief Legal Officer of SanDisk from January 2013 to September 2014, and General
Counsel of Tesla from October 2010 to November 2012. Prior to these roles, Mr. Whitaker served as General Counsel for a number of
technology companies since 1999. Mr. Whitaker also worked as an attorney at Latham & Watkins LLP. Mr. Whitaker holds a J.D. from
Stanford Law School and a B.A. in Politics from Princeton University.

Non-employee directors
John R. Stuelpnagel, D.V.M. has been Chairman of our board of directors since August 2013. In addition, Dr. Stuelpnagel co-founded and
was Executive Chairman of Ariosa Diagnostics from October 2009 to January 2015 when that company was sold to Roche. He was also the
Chairman of Sequenta from November 2010 to January 2015 when that company was merged with Adaptive Biotechnologies where he
continued as a member of their board of directors from January 2015 to November 2017. Dr. Stuelpnagel is the Chairman of Fabric Genomics
since August 2009, the Chairman of Inscripta since April 2017, the Chairman of Element Biosciences since September 2017, and a member
of the board of directors for Encoded Therapeutics since May 2017. Previously, Dr. Stuelpnagel co-founded Illumina in 1998 where he worked
until March 2009. Prior to Illumina, Dr. Stuelpnagel was an associate at CW Group from 1997 to 1998. Dr. Stuelpnagel received his B.S. in
Biochemistry and his Doctorate in Veterinary Medicine from the University of California, Davis and his M.B.A. from the University of California,
Los Angeles.

We believe that Dr. Stuelpnagel is qualified to serve on our board of directors because of his experience as a co-founder of life sciences and
pharmaceutical companies, previous and current experience serving as a director and executive officer of other life sciences companies and
his extensive experience in business.
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Paul A. Conley, Ph.D. has served on our board of directors since November 2013. Dr. Conley is a Partner and Managing Director at Paladin
Capital Group, a prominent venture capital investment firm, a position he has held since November 2007. Dr. Conley also serves on the board
of directors of many companies, several in the biotechnology and related fields, including Twist Bioscience, TOMA Bioscience and General
Automation Laboratory Technologies. Dr. Conley holds a B.S. in Mechanical Engineering and an M.S. in Mechanical & Aerospace from the
University of Virginia, an M.S. in Bioengineering and a Ph.D. in Engineering Sciences in Mechanical Engineering from the University of
California, San Diego.

We believe that Dr. Conley is qualified to serve on our board of directors because of his extensive experience in the biotechnology industry,
his service on a number of boards which provides an important perspective on operations and corporate governance matters, and his
education in biotechnology.

Sridhar Kosaraju has served on our board of directors since April 2019. Mr. Kosaraju has served as the Chief Financial Officer and Head of
Strategy of Penumbra since March 2015. Prior to joining Penumbra, he worked in investment banking for J.P. Morgan Securities LLC (“J.P.
Morgan”) from 1999 to May 2015, where he held a variety of positions with successively greater responsibility, most recently Managing
Director of Equity Capital Markets, Head of Healthcare Equity Capital Markets and co-Head of Technology, Media, Telecom Equity Capital
Markets. Prior to entering J.P. Morgan’s equity capital markets group in 2006, Mr. Kosaraju served in various practice groups at J.P. Morgan,
including Equity Derivatives from 2003 to 2006 and Technology, Media, Telecom Investment Banking Coverage from 1999 to 2003. He
received a B.S. from Massachusetts Institute of Technology in 1999.

We believe that Mr. Kosaraju is qualified to serve on our board of directors because of his experiences in finance and the healthcare sector,
including serving as an executive at a public healthcare technology company.

Mathai Mammen, M.D., Ph.D. has served on our board of directors since August 2017. Dr. Mammen currently serves as global head, science
and development at the Janssen Pharmaceutical Companies of Johnson & Johnson. Prior to joining Janssen Pharmaceutical Companies in
June 2017, Dr. Mammen was Senior Vice President at Merck Research Laboratories from March 2016 to June 2017. Prior to Merck,
Dr. Mammen led research and development at Theravance, a company he co-founded in 1997 until March 2016. In 2014, he and the
Theravance Leadership Team separated Theravance into two publicly traded companies: Innoviva and Theravance Biopharma. Dr. Mammen
received his M.D. from Harvard Medical School/Massachusetts Institute of Technology (HST program) and his Ph.D. in Chemistry from
Harvard University’s Department of Chemistry. He received his B.Sc. in Chemistry and Biochemistry from Dalhousie University in Halifax,
Nova Scotia.

We believe Dr. Mammen is qualified to serve on our board of directors because of his significant academic training and current and previous
experience serving as a director and co-founder of another life sciences company, as well as his operating experience with several life
sciences companies.

Bryan E. Roberts, Ph.D. has served on our board of directors since November 2013. Dr. Roberts joined Venrock, a venture capital firm, in
1997, where he currently serves as a Partner. Dr. Roberts currently serves as the Chairman of the board of directors of Achaogen and
Castlight Health, which he co-founded, as well as a director on the boards of several private companies. Dr. Roberts previously served on the
board of directors of athenahealth from 1999 to 2009, XenoPort from 2000 to 2007, Sirna Therapeutics from 2003 to 2007, Vitae
Pharmaceuticals from 2001 to 2016, Zeltiq Aesthetics from 2008 to 2016, Ironwood Pharmaceuticals from 2001 to 2016 and Hua Medicine
from 2010 to 2018. From 1989 to 1992, Dr. Roberts worked in the corporate finance department of Kidder, Peabody & Co., a brokerage
company. Dr. Roberts received a B.A. in Chemistry from Dartmouth College and a Ph.D. in Chemistry and Chemical Biology from Harvard
University.

We believe that Dr. Roberts is qualified to serve on our board of directors because of his experiences with facilitating the growth of health
care, health care IT and biotechnology companies.
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Shehnaaz Suliman, M.D., M.Phil., M.B.A. has served on our board or directors since August 2019. In addition, Dr. Suliman has served on the
board of directors for Ultragenyx Pharmaceutical Inc. since January 2019. Dr. Suliman served as Senior Vice President, Corporate
Development and Strategy of Theravance Biopharma, Inc, from July 2017 to March 2019. Prior to her position at Theravance, Dr. Suliman
worked for Roche and Genentech, Inc., as Group Leader and Project Team Leader in the R&D Portfolio Management and Operations Group
at Genentech from September 2010 to May 2015 and then as Vice President and Global Therapeutic Area Head, Roche Partnering from June
2015 to July 2017. Prior to Genentech, Dr. Suliman held various management roles of increasing responsibility at Gilead Sciences, Inc.,
between January 2005 and September 2010. Prior to Gilead, Dr. Suliman was an investment banker with Lehman Brothers and Petkevich &
Partners. She has previously served as a member of the board of directors of Parvus Therapeutics, Inc., a private biopharmaceutical
company from October 2017 to July 2019. Dr. Suliman received her M.D. (MB, ChB) at the University of Cape Town Medical School, South
Africa, and holds an M.B.A, with distinction, and M.Phil. in Development Studies degrees from Oxford University, where she was a Rhodes
Scholar.

We believe that Dr. Suliman is qualified to serve on our board of directors due to her extensive operational experience with global
biopharmaceutical and life sciences companies, and particularly her expertise in business development and corporate strategy.

Family relationships
There are no family relationships among any of our executive officers or directors.

Board of directors structure
Upon completion of this offering, our board of directors will consist of eight members. Our board of directors has determined that each of
Messrs. Stuelpnagel, Conley, Kosaraju, Mammen and Roberts and Ms. Suliman is independent under the applicable Nasdaq listing rules.

Our directors will be divided into three classes serving staggered three-year terms. Class I, Class II and Class III directors will serve until our
annual meetings of stockholders in 2020, 2021 and 2022, respectively. The class I directors will consist of Messrs. Hindson, Saxonov and
Stuelpnagel. The class II directors will consist Messrs. Conley and Roberts. The class III directors will consist of Messrs. Kosaraju and
Mammen and Ms. Suliman. At each annual meeting of stockholders, directors will be elected to succeed the class of directors whose terms
have expired. This classification of our board of directors could have the effect of increasing the length of time necessary to change the
composition of a majority of the board of directors.

Board of directors committees
Our board of directors has three standing committees: the audit committee; the compensation committee; and the nominating and corporate
governance committee. Each committee is governed by a charter which will be available on our website following completion of this offering.

Audit committee

The members of our audit committee are Messrs. Kosaraju, Roberts and Stuelpnagel. Mr. Kosaraju is the chairperson of our audit committee.
The composition of our audit committee meets the requirements for independence under the current Nasdaq listing rules and Rule 10A-3 of
the Exchange Act. Each member of our audit committee is financially literate and a person with “appropriate accounting or related financial
management expertise” under Rule 3.10(2) and 3.21 of the Nasdaq listing rules. In addition, our board of directors has determined that Mr.
Kosaraju is an “audit committee financial expert” within the meaning of the
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SEC rules. This designation does not impose on such directors any duties, obligations or liabilities that are greater than are generally imposed
on members of our audit committee and our board of directors. Our audit committee is directly responsible for, among other things:
 

•  appointing, retaining, compensating and overseeing the work of our independent registered public accounting firm;
 

•  assessing the independence and performance of the independent registered public accounting firm;
 

•  reviewing with our independent registered public accounting firm the scope and results of the firm’s annual audit of our financial
statements;

 

•  overseeing the financial reporting process and discussing with management and our independent registered public accounting firm the
interim and annual financial statements that we will file with the SEC;

 

•  pre-approving all audit and permissible non-audit services to be performed by our independent registered public accounting firm;
 

•  reviewing policies and practices related to risk assessment and management;
 

•  reviewing our accounting and financial reporting policies and practices and accounting controls, as well as compliance with legal and
regulatory requirements;

 

•  reviewing, overseeing, approving or disapproving any related-person transactions;
 

•  reviewing with our management the scope and results of management’s evaluation of our disclosure controls and procedures and
management’s assessment of our internal control over financial reporting, including the related certifications to be included in the periodic
reports we will file with the SEC; and

 

•  establishing procedures for the confidential anonymous submission of concerns regarding questionable accounting, internal controls or
auditing matters, or other ethics or compliance issues.

Compensation committee

The members of our compensation committee are Messrs. Roberts and Stuelpnagel. Mr. Stuelpnagel is the chairperson of our compensation
committee. Each of Messrs. Roberts and Stuelpnagel is a non-employee director, as defined by Rule 16b-3 promulgated under the Exchange
Act and will meet the requirements for independence under the current Nasdaq listing standards and SEC rules and regulations. Our
compensation committee is responsible for, among other things:
 

•  reviewing and approving, or recommending that our board of directors approve, the compensation of our executive officers;
 

•  acting as an administrator of our equity incentive plans;
 

•  reviewing and approving, or making recommendations to our board of directors with respect to, incentive compensation and equity plans;
and

 

•  establishing and reviewing general policies relating to compensation and benefits of our employees.

Nominating and corporate governance committee

The members of our nominating and corporate governance committee are Messrs. Conley and Mammen and Ms. Suliman. Ms. Suliman is the
chairperson of our nominating and corporate governance committee. Our nominating and corporate governance committee is responsible for,
among other things:
 

•  identifying and recommending candidates for membership on our board of directors, including the consideration of nominees submitted by
stockholders, and to each of the board’s committees;
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•  reviewing and recommending our corporate governance guidelines and policies;
 

•  reviewing proposed waivers of the code of business conduct and ethics for directors and executive officers;
 

•  overseeing and setting compensation for our directors, including approval of performance-based compensation by reference to corporate
goals and objectives resolved by the board of directors from time to time;

 

•  overseeing the process of evaluating the performance of our board of directors; and
 

•  assisting our board of directors on corporate governance matters.

Code of business conduct and ethics
Our board of directors has adopted a code of business conduct and ethics that applies to all of our employees, officers and directors,
including our Chief Executive Officer, President, Chief Financial Officer and other executive and senior financial officers. Upon completion of
this offering, the full text of our code of business conduct and ethics will be posted on the investor relations section of our website. We intend
to disclose future amendments to our code of business conduct and ethics, or any waivers of such code, on our website or in public filings.

Compensation committee interlocks and insider participation
None of the members of our compensation committee is or has been an officer or employee of our company. None of our executive officers
currently serves, or in the past year has served, as a member of the board of directors or compensation committee (or other board committee
performing equivalent functions) of any entity that has one or more of its executive officers serving on our board of directors or compensation
committee. See the section titled “Certain relationships and related party transactions” for information about related party transactions
involving members of our compensation committee or their affiliates.

Compensation of directors
For information on director compensation, see the section titled “Executive compensation—Director compensation”.
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Executive compensation
The following table sets forth information concerning the compensation paid to our named executive officers (“NEO”), during our fiscal year
ended December 31, 2018 (“fiscal year 2018”). Our NEOs for the summary compensation table include our Chief Executive Officer (“CEO”)
and our next two most highly compensated executive officers.

Summary compensation table
 
        

Name and principal position  Year  
Salary

($)(1)  
Bonus

($)(2)  

Stock
option

awards
($)(3)  

Non-equity
incentive plan
compensation

($)(4)  

All other
compensation

($)  
Total

($) 
Serge Saxonov

Chief Executive Officer  

 2018 
 

 365,833 
 

 — 
 

 601,010 
 

 117,432 
 

 — 
 

 1,084,275 

Justin J. McAnear
Chief Financial Officer  

 2018 
 

 71,737 
 

 — 
 

 1,455,118 
 

 — 
 

 — 
 

 1,526,855 

Eric S. Whitaker
General Counsel  

 2018 
 

 316,340 
 

 21,748 
 

 480,845 
 

 55,850 
 

 — 
 

 874,783 
  

 

(1)  The amounts shown represent the base salaries earned by our NEOs in fiscal year 2018. The amount for Mr. McAnear reflects the prorated portion of his annual base salary of
$310,000 earned after commencing employment with us on October 8, 2018. The amount for each of Dr. Saxonov and Mr. Whitaker reflects the increase in their annual base
salary to $375,000 effective March 1, 2018 and $319,608 effective March 1, 2018, respectively.

 

(2)  The amount shown for Mr. Whitaker represents the portion of his annual bonus earned based on his individual performance in fiscal year 2018. 25% of Mr. Whitaker’s bonus
payout was tied to individual performance. Dr. Saxonov’s bonus payout did not depend on his individual performance and was tied solely to corporate performance as described in
footnote 4 below. For a discussion of the determination of the bonus amounts, see the section titled “—Other elements of compensation—Fiscal year 2018 annual bonus”.

 

(3)  The amounts shown represent the grant date fair values of stock options to purchase shares of our Historical Class B common stock granted in fiscal year 2018 as computed in
accordance with Financial Accounting Standards Board (“FASB”) Accounting Standard Codification (“ASC”) Topic 718. For a discussion of valuation assumptions used to
determine the grant date fair values of equity awards made to NEOs in fiscal year 2018, see the section titled “Management’s discussion and analysis of financial condition and
results of operations—Critical accounting policies and estimates—Stock-based compensation”. For a discussion of the terms and conditions of the stock option grants, see the
section titled “—Outstanding equity awards at 2018 fiscal year end”. As a result of the reclassification of our Historical Class B common stock into shares of Class A common stock
prior to the closing of this offering as described under “Description of capital stock—Reclassification of common stock and conversion of Convertible Preferred Stock”, to the extent
such stock options remain unexercised at the time of the reclassification, such stock options will become stock options to purchase shares of our Class A common stock.

 

(4)  The amounts shown for each of Dr. Saxonov and Mr. Whitaker represent the portion of their annual bonus earned based on our achievement of certain corporate performance
goals established for fiscal year 2018. Dr. Saxonov’s bonus payout was tied entirely to corporate performance and 75% of Mr. Whitaker’s bonus payout was tied to corporate
performance. Mr. McAnear was not eligible to receive a bonus for fiscal year 2018 because he commenced employment with us after the bonus eligibility cutoff date. For a
discussion of the determination of these amounts, see the section titled “—Other elements of compensation— Fiscal year 2018 annual bonus”.

Employment arrangements

This section contains a description of the material terms of the employment arrangements with our NEOs. Our NEOs, other than Dr. Saxonov,
signed an offer letter with us, which provides for at-will employment and sets forth other terms of employment, including the initial base salary,
target incentive opportunity, the terms of the initial equity grant and, in the case of Mr. McAnear, severance protections upon a qualifying
termination. In addition, each of our NEOs executed a form of our standard at-will employment, confidential information, invention assignment
and arbitration agreement, which includes a non-solicit of employees covenant during employment and for one year following termination.

Dr. Saxonov

Dr. Saxonov co-founded our company in 2012 and has not been party to an offer letter with us since our inception. In fiscal year 2018,
Dr. Saxonov was entitled to an annual base salary of $320,000 (increased to
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$375,000 effective March 1, 2018 and to $400,000 effective April 1, 2019) and was eligible to earn an annual target bonus equal to 30% of his
eligible base salary.

Mr. McAnear

Mr. McAnear signed an offer letter with us on August 17, 2018, under which he was entitled to an annual base salary of $310,000 (increased
to $330,000 effective April 1, 2019), and at the time of execution, was eligible to earn an annual target bonus equal to 21% of his eligible base
salary. However, because Mr. McAnear commenced employment with us after the bonus eligibility cutoff date of August 31, 2018, he was not
eligible to receive a bonus for fiscal year 2018. Mr. McAnear’s offer letter provides that he is eligible to participate in employee benefit plans
that are generally available to other senior executives of our company located in the United States and is entitled to a lump sum severance
payment of $500,000 if he is terminated by us without cause (as defined below) prior to October 8, 2019, subject to his execution and
non-revocation of a release of claims against us. Pursuant to Mr. McAnear’s offer letter, “cause” means our good faith determination that
Mr. McAnear has (i) committed either a felony or other crime involving moral turpitude or any other act or omission involving theft, dishonesty,
disloyalty or fraud; (ii) substantially and repeatedly failed to follow our policies, procedures and guidelines or substantially and repeatedly
failed to perform his duties as reasonably directed by us; (iii) committed a breach of fiduciary duty, gross negligence or willful misconduct with
respect to us; or (iv) committed any material breach of his offer letter. If Mr. McAnear’s employment is terminated other than for cause, but at a
time when we had cause to terminate him (or would have cause if we knew all of the relevant facts), his termination is to be treated as a
termination for cause. In connection with his employment, we granted Mr. McAnear stock options to purchase 600,000 shares of our Historical
Class B common stock. For a description of the material terms of this stock option grant, see footnote 10 to the outstanding equity awards at
2018 fiscal year end table.

Mr. Whitaker

Mr. Whitaker signed an offer with us on June 12, 2017, under which he was entitled to an annual base salary of $300,000 (increased to
$319,608 effective March 1, 2018 and to $340,000 effective April 1, 2019) and was eligible to earn a discretionary annual target bonus equal
to 16% (increased to 22% effective March 1, 2018) of his eligible base salary. In addition, Mr. Whitaker is eligible to participate in employee
benefit plans that are generally available to other senior executives of our company located in the United States. In connection with his
employment, we granted Mr. Whitaker stock options to purchase 525,000 shares of our Historical Class B common stock. For a description of
the material terms of this stock option grant, see footnote 11 to the outstanding equity awards at 2018 fiscal year end table.

Other elements of compensation

Fiscal year 2018 annual bonus

We provide our executives an opportunity to earn annual cash bonuses to motivate and reward achievements of certain corporate and
individual performance goals for each fiscal year. Because Mr. McAnear commenced employment with us after the bonus eligibility cutoff date
for fiscal year 2018, he did not receive a bonus. The target bonus, expressed as a percentage of eligible base salary, for Dr. Saxonov and
Mr. Whitaker was 30% and 22%, respectively, for fiscal year 2018. The payout of Dr. Saxonov’s bonus was tied entirely to corporate
performance and not dependent on individual performance, and the payout of Mr. Whitaker’s bonus was tied 75% to corporate performance
and 25% to individual performance.

Based on our achievement of net income and revenue targets established by our board of directors for fiscal year 2018, our compensation
committee determined that Dr. Saxonov’s and Mr. Whitaker’s bonus amount relating to corporate performance would be paid out at 107%.
Based on the assessment of Mr. Whitaker’s
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performance during fiscal year 2018, our compensation committee (with input from Dr. Saxonov) determined that the bonus amount relating to
his individual performance would be paid out at 125%.

Health benefits

We provide customary employee benefits to eligible employees, including to our NEOs, including medical, dental and vision benefits, short-
term and long-term disability insurance, basic and supplemental life insurance and basic and supplemental accidental death and
dismemberment insurance.

Retirement benefits

We maintain a defined contribution plan (the “401(k) Plan”) for all full-time United States employees, including our NEOs. The 401(k) Plan is
intended to qualify as a tax-qualified plan under Section 401(a) of the Code. Each participant may contribute between 1% to 100% of such
participant’s eligible compensation to the 401(k) Plan subject to annual limitations. For fiscal year 2018, we did not make matching
contributions to the 401(k) Plan on behalf of our employees.

Nonqualified deferred compensation

We do not maintain nonqualified defined contribution plans or other nonqualified deferred compensation plans.

Perquisites

We generally do not provide perquisites or personal benefits to our NEOs.

Outstanding equity awards at fiscal year end

The following table sets forth the number of securities underlying the equity awards held by each of our NEOs as of December 31, 2018.

Outstanding equity awards at 2018 fiscal year end
 
   

      Stock option awards  

Name   Grant date  

Numbers of
securities

underlying
unexercised

stock
options

exercisable
(#)(2)   

Numbers of
securities

underlying
unexercised

stock options
unexercisable

(#)(3)   

Equity
incentive

plan
awards:

number of
securities

underlying
unexercised

unearned
stock

options
(#)(4)   

Stock
option

exercise
price

($)   

Stock
option

expiration
date 

Serge Saxonov    10/27/2015(5)   —    83,334    —    0.88    10/27/2025 
   11/18/2016(6)   —    83,334    —    1.07    11/18/2026 
   10/18/2017(7)   —    206,250    —    1.20    10/18/2027 
   10/18/2017(8)   —    150,000    150,000    1.20    10/18/2027 
   11/2/2018(9)   —    234,375    —    5.04    11/2/2028 

Justin J. McAnear    11/2/2018(10)   600,000    —    —    5.04    11/2/2028 
Eric S. Whitaker    7/28/2017(11)   441,000    —    —    1.20    7/28/2027 

   11/2/2018(12)   12,500    187,500    —    5.04    11/2/2028 
  

 

(1)  As a result of the reclassification of our Historical Class B common stock into shares of Class A common stock prior to the closing of this offering as described under “Description of
capital stock—Reclassification of common stock and conversion of Convertible Preferred Stock”, (a) any
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 outstanding restricted stock awards at the time of the reclassification will become restricted stock awards for shares of Class A common stock and (b) to the extent any stock
options remain unexercised at the time of the reclassification, such stock options will become stock options to purchase shares of our Class A common stock.

 

(2)  The amounts shown represent stock options to purchase shares of our Historical Class B common stock that are (i) early-exercisable (meaning that the stock options may be
exercised before they vest in exchange for a restricted stock award for shares of our Historical Class B common stock) and have vested or have not yet vested and (i) not early-
exercisable and have vested.

 

(3)  The amounts shown represent stock options to purchase shares of our Historical Class B common stock that are not early-exercisable and have not yet vested, including those
stock options discussed in footnote 4 below that have satisfied the performance-based portion of the vesting condition.

 

(4)  The amount shown represents stock options to purchase shares of our Historical Class B common stock that remain subject to both time- and performance-based vesting
conditions and have not yet vested.

 

(5)  12/48  of the stock options vested on the 12-month anniversary of August 1, 2015, and 1/48  of the stock options was scheduled to vest in equal monthly installments on the
same day of each month thereafter over the following three years, subject to Dr. Saxonov’s continued service through each applicable vesting date.

 

(6)  12/48  of the stock options vested on the 12-month anniversary of August 1, 2016, and 1/48  of the stock options was scheduled to vest in equal monthly installments on the
same day of each month thereafter over the following three years, subject to Dr. Saxonov’s continued service through each applicable vesting date.

 

(7)  1/48  of the stock options vested on the one month anniversary of September 1, 2017, and 1/48  of the stock options was scheduled to vest in equal monthly installments on the
same day of each month thereafter, subject to Dr. Saxonov’s continued service through each applicable vesting date.

 

(8)  (i) 1/36  of 150,000 stock options was scheduled to vest in equal monthly installments beginning on January 1, 2019 over the following three years because our board of directors
determined that our total revenue target of $140 million was achieved for fiscal year 2018, and (ii) 1/36  of an additional 150,000 stock options are eligible to vest in equal monthly
installments beginning on January 1, 2020 if our board of directors determines that that our total revenue target of $230 million is achieved for fiscal year 2019, in each case of
clauses (i) and (ii), subject to Dr. Saxonov’s continued service through each applicable vesting date.

 

(9)  1/48  of the stock options vested on the one-month anniversary of September 1, 2018, and 1/48  of the stock options was scheduled to vest in equal monthly installments on the
same day of each month thereafter, subject to Dr. Saxonov’s continued service through each applicable vesting date.

 

(10) 12/48  of the early-exercisable stock options are eligible to vest on the 12-month anniversary of October 8, 2018, and 1/48  of the early-exercisable stock options are scheduled
to vest in equal monthly installments on the same day of each month thereafter over the following three years, subject to Mr. McAnear’s continued service through each applicable
vesting date.

 

(11)  12/48  of the early-exercisable stock options vested on the 12-month anniversary of July 18, 2017, and 1/48  of the early-exercisable stock options was scheduled to vest in
equal monthly installments on the 18  day of each month thereafter over the following three years, subject to Mr. Whitaker’s continued service through each applicable vesting
date. Out of the unexercised stock options exercisable, 339,063 stock options remained unvested as of December 31, 2018. Mr. Whitaker early-exercised 84,000 of his stock
options in fiscal year 2018 and received a restricted stock award subject to our right of repurchase as to the unvested portion in the event Mr. Whitaker’s service with us terminates
for any reason. As of December 31, 2018, all of the shares subject to his restricted stock award were vested.

 

(12) 1/48  of the stock options vested on the one-month anniversary of September 1, 2018, and 1/48  of the stock options was scheduled to vest in equal monthly installments on the
same day of each month thereafter, subject to Mr. Whitaker’s continued service through each applicable vesting date.

Fiscal 2019 equity awards to Named Executive Officers

In May 2019, our board of directors approved option grants to employees and certain service providers, including Messrs. Saxonov, McAnear
and Whitaker. The options granted to our NEOs in May 2019 included a 145,786 share option grant for Dr. Saxonov, a 20,000 share option
grant for Mr. McAnear and an 85,000 share grant for Mr. Whitaker. 1/48  of the each of the options granted to our NEOs in May 2019 vested
on the one month anniversary of April 1, 2019, and 1/48  of the stock options vested, and shall vest, in equal monthly installments on the
same day of each month thereafter, subject to each NEO’s continued service through each applicable vesting date. In addition, our NEOs are
eligible to receive accelerated vesting of their unvested stock options granted in May 2019, such that 50% of the then-unvested stock options
subject to an award will vest immediately prior to a change of control (as defined in the 2012 Stock Plan), and 100% of the then unvested
stock options subject to such award will vest if the NEO’s service is terminated without cause (as defined in the 2012 Stock Plan) in
connection with or following a change of control.

Equity incentive plans

Amended and Restated 2012 Stock Plan

Our board of directors adopted, and our stockholders approved, the 10x Genomics, Inc. 2012 Stock Plan on October 2, 2012, which has been
periodically amended and/or restated from time to time (such Amended and
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Restated 2012 Stock Plan, the “2012 Stock Plan”). When the Omnibus Incentive Plan (as defined below) becomes effective upon the
completion of this offering, no further awards may be granted under the 2012 Stock Plan.

Purpose.    The purpose of the 2012 Stock Plan is to attract and retain the best available personnel for positions of substantial responsibility,
to provide additional incentive to our employees and service providers and to promote the success of our business.

Administration.    Our board of directors, a committee appointed by our board of directors, or any combination thereof, as determined by our
board of directors, acts as the administrator of the 2012 Stock Plan. Subject to the terms of the 2012 Stock Plan, the administrator determines
the recipients, the number and type of stock awards to be granted and the terms and conditions of the stock awards, including the exercise
price, period of exercisability and vesting schedule applicable to a stock award. The administrator has sole discretion to interpret and to make
all decisions and determinations related to the 2012 Stock Plan and any stock award granted thereunder.

Awards subject to the 2012 Stock Plan.    The 2012 Stock Plan provides for the grant of stock options (both incentive stock options and
nonstatutory stock options) and restricted stock awards. Incentive stock options may be granted only to our employees, exclusive of
employees of our affiliates. Nonstatutory stock options and restricted stock awards may be granted to our employees, non-employee directors
and other service providers, including those of our affiliates.

Authorized shares.    We previously reserved 24,782,088 shares of our Historical Class B common stock for issuance under the 2012 Stock
Plan. Upon the effectiveness of the Omnibus Incentive Plan, no additional stock awards may be granted under the 2012 Stock Plan. Any
stock awards granted under the 2012 Stock Plan will remain subject to the terms of the 2012 Stock Plan and applicable award agreement,
until such outstanding awards that are stock options are exercised, terminate or expire by their terms, and until any restricted stock awards
become vested, terminate or are forfeited.

Adjustments upon certain events.    In the event of certain changes in our corporate structure, the 2012 Stock Plan provides that the
administrator will make such adjustments to outstanding stock awards as required under the 2012 Stock Plan or in such manner as the
administrator may deem appropriate. In the event of a change of control (as defined in the 2012 Stock Plan), the 2012 Stock Plan provides
that the administrator will determine the treatment of each outstanding award, which determination will be made without the consent of any
award holder, including: the continuation, assumption or substitution of such outstanding awards by the surviving corporation or its parent
entity; the cancellation of such outstanding awards for consideration or no consideration; or the acceleration of vesting of such outstanding
awards, as applicable. Such treatment determined by the administrator may be provided for in an award agreement.

Transferability of awards.    Stock awards are generally not transferable other than by will or the laws of descent and distribution, except as
otherwise provided under the 2012 Stock Plan.

Reclassification of common stock.    As a result of the reclassification of our Historical Class B common stock into shares of Class A common
stock prior to the closing of this offering as described under “Description of capital stock—Reclassification of common stock and conversion of
Convertible Preferred Stock”, all shares of our Historical Class B common stock reserved for issuance under the 2012 Stock Plan will become
reserved shares of Class A common stock and all outstanding stock options to purchase shares of our Historical Class B common stock will
become stock options to purchase shares of our Class A common stock.

Amendment and termination.    Our board of directors has authority to amend or terminate the 2012 Stock Plan at any time, although certain
amendments require the approval of our stockholders, and amendments or terminations that would materially and adversely affect the rights
of any award holder require such award holder’s consent.
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2019 Omnibus Incentive Plan

Our board of directors has adopted, and our stockholders have approved, our 10x Genomics, Inc. 2019 Omnibus Incentive Plan (the
“Omnibus Incentive Plan”) which will be effective upon the completion of the offering. The Omnibus Incentive Plan is intended to replace the
2012 Stock Plan, but any awards outstanding under the 2012 Stock Plan will continue to be governed by their existing terms. The following
summary is qualified in its entirety by reference to the Omnibus Incentive Plan that has been adopted by our board of directors.

Purpose.    The purpose of the Omnibus Incentive Plan is to provide a means through which to attract and retain key personnel and to provide
a means whereby our directors, officers, employees, consultants and advisors (and those of our subsidiaries or affiliates) can acquire and
maintain an equity interest in us, or be paid incentive compensation, including incentive compensation measured by reference to the value of
our shares of our Class A common stock, thereby strengthening their commitment to our welfare and aligning their interests with those of our
stockholders.

Administration.    The Omnibus Incentive Plan will be administered by the compensation committee of our board of directors, or such other
committee of our board of directors to which it has properly delegated power, or if no such committee or subcommittee exists, our board of
directors (such administering body referred to herein, for purposes of this description of the Omnibus Incentive Plan, as the committee).
Except to the extent prohibited by applicable law or the applicable rules and regulations of any securities exchange or interdealer quotation
system on which our securities are listed or traded, the committee may allocate all or any portion of its responsibilities and powers to any one
or more of its members and may delegate all or any part of its responsibilities and powers to any person or persons selected by it in
accordance with the terms of the Omnibus Incentive Plan.

The committee is authorized to: (i) designate participants; (ii) determine the type or types of awards to be granted to a participant;
(iii) determine the number of shares of our Class A common stock to be covered by, or with respect to which payments, rights or other matters
are to be calculated in connection with, awards; (iv) determine the terms and conditions of any award; (v) determine whether, to what extent
and under what circumstances awards may be settled in, or exercised for, cash, shares of our Class A common stock, other securities, other
awards or other property, or canceled, forfeited or suspended and the method or methods by which awards may be settled, exercised,
canceled, forfeited or suspended; (vi) determine whether, to what extent, and under what circumstances the delivery of cash, shares of our
Class A common stock, other securities, other awards or other property and other amounts payable with respect to an award will be deferred
either automatically or at the election of the participant or of the committee; (vii) interpret, administer, reconcile any inconsistency in, correct
any defect in, and/or supply any omission in the Omnibus Incentive Plan and any instrument or agreement relating to, or award granted under,
the Omnibus Incentive Plan; (viii) establish, amend, suspend or waive any rules and regulations and appoint such agents as the committee
may deem appropriate for the proper administration of the Omnibus Incentive Plan; (ix) adopt sub-plans and (x) make any other determination
and take any other action that the committee deems necessary or desirable for the administration of the Omnibus Incentive Plan. Unless
otherwise expressly provided in the Omnibus Incentive Plan, all designations, determinations, interpretations and other decisions under or
with respect to the Omnibus Incentive Plan or any award or any documents evidencing awards granted pursuant to the Omnibus Incentive
Plan are within the sole discretion of the committee, may be made at any time and are final, conclusive and binding upon all persons or
entities, including, without limitation, us, any participant, any holder or beneficiary of any award and any of our stockholders. The committee
may make grants of awards to eligible persons pursuant to the terms and conditions set forth in the applicable award agreement, including
subjecting such awards to performance criteria listed in the Omnibus Incentive Plan.
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Term.    The Omnibus Incentive Plan will have a term of ten years unless earlier terminated (i) on the date on which all the shares of our
Class A common stock available for issuance under the Omnibus Incentive Plan have been issued or (ii) by the committee in accordance with
the terms of the Omnibus Incentive Plan.

Awards subject to the Omnibus Incentive Plan.    The Omnibus Incentive Plan provides that the total number of shares of our Class A
common stock that may be issued under the Omnibus Incentive Plan is 11,000,000, which includes an aggregate of 1,323,858 shares of our
Historical Class B common stock reserved for future grants under the 2012 Stock Plan, as of June 30, 2019, which will be added to the total
number of shares of reserved under the Omnibus Incentive Plan upon the effectiveness of the Omnibus Incentive Plan (such share limit as
increased from time to time, the “Absolute Share Limit”). However, the Absolute Share Limit shall be increased on the first day of each
calendar year commencing on January 1, 2021 and ending on January 1, 2029 in an amount equal to the lesser of (i) 5% of the total number
of shares of common stock outstanding on the last day of the immediately preceding fiscal year and (ii) such number of shares of Class A
common stock as determined by our board of directors. However, if on January 1 of a calendar year, our board of directors has not either
confirmed the 5% increase described in clause (i) or approved a lesser number of shares for such calendar year, then our board of directors
will be deemed to have waived the automatic increase, and no such increase will occur for such calendar year. Of the Absolute Share Limit,
no more than 11,000,000 shares of Class A common stock may be issued in the aggregate pursuant to the exercise of incentive stock options
granted under the Omnibus Incentive Plan. During a single fiscal year, each non-employee director shall be granted a number of shares of
Class A common stock subject to awards under the Omnibus Incentive Plan, taken together with any cash fees paid to
such non-employee director during such fiscal year, equal to $1,000,000 or such lower amount as determined by our board of directors.
Except for substitute awards (as described below) (or the equivalent thereof under the 2012 Stock Plan), to the extent that an award (or an
award under the 2012 Stock Plan) expires or is canceled, forfeited, terminated, settled in cash or otherwise is settled without issuance to the
participant of the full number of shares our Class A common stock to which the award (or the award under the 2012 Stock Plan) related, the
unissued shares will again be available for grant under the Omnibus Incentive Plan. Shares of our Class A common stock withheld in payment
of the exercise price, or taxes relating to an award, and shares equal to the number of shares surrendered in payment of any exercise price,
or taxes relating to an award, shall be deemed to constitute shares not issued. However, such shares shall not become available for issuance
if either: (i) the applicable shares are withheld or surrendered following the termination of the Omnibus Incentive Plan or (ii) at the time the
applicable shares are withheld or surrendered, it would constitute a material revision of the Omnibus Incentive Plan subject to stockholder
approval under any then-applicable rules of the national securities exchange on which our Class A common stock is listed. No award may be
granted under the Omnibus Incentive Plan after the tenth anniversary of the Effective Date (as defined in the Omnibus Incentive Plan), but
awards granted before then may extend beyond that date. Awards may, in the sole discretion of the committee, be granted in assumption of,
or in substitution for, outstanding awards previously granted by an entity directly or indirectly acquired by us or with which we combine, or
substitute awards, and such substitute awards will not be counted against the Absolute Share Limit, except that substitute awards intended to
qualify as “incentive stock options” will count against the limit on incentive stock options described above.

Stock options.    Under the Omnibus Incentive Plan, the committee may grant nonqualified stock options and incentive stock options with
terms and conditions determined by the committee that are not inconsistent with the Omnibus Incentive Plan, except that all stock options
granted under the Omnibus Incentive Plan are required to have a per share exercise price that is not less than 100% of the fair market value
of our shares of our Class A common stock underlying such stock options on the date such stock options are granted (other than in the case
of stock options that are substitute awards), and all stock options that are intended to qualify as incentive stock options must be granted
pursuant to an award agreement expressly stating that the stock options are intended to qualify as incentive stock options, and will be subject
to the terms and conditions that
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comply with the rules as may be prescribed by Section 422 of the Code. The maximum term for stock options granted under the Omnibus
Incentive Plan will be ten years from the initial date of grant, or with respect to any stock options intended to qualify as incentive stock options,
such shorter period as prescribed by Section 422 of the Code. However, if a nonqualified stock option would expire at a time when trading of
shares of our Class A common stock is prohibited by our insider trading policy (or “blackout period” imposed by us), the term will automatically
be extended to the 30th day following the end of such period. The purchase price for the shares of our Class A common stock as to which a
stock option is exercised may be paid to us, to the extent permitted by law (i) in cash, check, cash equivalent and/or shares of our Class A
common stock valued at the fair market value at the time the stock option is exercised equal to the aggregate exercise price for the shares of
our Class A common stock being purchased and satisfying any requirements as may be imposed by the committee, except that such shares
of our Class A common stock are not subject to any pledge or other security interest and have been held by the participant for at least six
months (or such other period as established from time to time by the committee in order to avoid adverse accounting treatment applying
generally accepted accounting principles in the United States (“GAAP”)) or (ii) by such other method as the committee may permit in its sole
discretion, including, without limitation: (a) in other property having a fair market value on the date of exercise equal to the exercise price, (b) if
there is a public market for the shares of our Class A common stock at such time, by means of a broker-assisted “cashless exercise” pursuant
to which we are delivered (including telephonically to the extent permitted by the committee) a copy of irrevocable instructions to a
stockbroker to sell the shares of our Class A common stock otherwise issuable upon the exercise of the stock option and to deliver promptly
to us an amount equal to the aggregate exercise price for the shares of our Class A common stock being purchased or (c) a “net exercise”
procedure effected by withholding the minimum number of shares of our Class A common stock otherwise issuable in respect of a stock
option that is needed to pay the exercise price. Any fractional shares of our Class A common stock will be settled in cash.

Stock appreciation rights.    The committee may grant stock appreciation rights (“SARs”) under the Omnibus Incentive Plan, with terms and
conditions determined by the committee that are not inconsistent with the Omnibus Incentive Plan. The committee may grant SARs in tandem
with a stock option, but the committee may also award SARs independent of any stock option. Generally, each SAR will entitle the participant
upon exercise to an amount (in cash, shares of our Class A common stock or a combination of cash and shares, as determined by the
committee) equal to the product of (i) the excess of (a) the fair market value on the exercise date of one share of our Class A common stock
over (b) the strike price per share of our Class A common stock covered by the SAR, times (ii) the number of shares of our Class A common
stock covered by the SAR, less any taxes required to be withheld. The strike price per share of our Class A common stock covered by a SAR
will be determined by the committee at the time of grant but in no event may such amount be less than 100% of the fair market value of a
share of our Class A common stock on the date the SAR is granted (other than in the case of SARs that are substitute awards).

Restricted stock and restricted stock units.    The committee may grant restricted stock awards for shares of our Class A common stock or
may grant restricted stock units (“RSUs”) representing the right to receive, upon vesting and the expiration of any applicable restricted period,
one share of our Class A common stock for each RSU, or, in the sole discretion of the committee, the cash value thereof (or any combination
thereof). As to restricted stock awards, subject to the other provisions of the Omnibus Incentive Plan, the holder will generally have the rights
and privileges of a stockholder as to such restricted stock, including, without limitation, the right to vote. Participants have no rights or
privileges as a stockholder with respect to RSUs.

Other equity-based awards and other cash-based awards.    The committee may grant other equity-based or cash-based awards under the
Omnibus Incentive Plan, with terms and conditions determined by the committee that are not inconsistent with the Omnibus Incentive Plan.
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Effect of certain events on the Omnibus Incentive Plan and awards.    In the event of certain changes to our capital structure or a change in
control (as defined in the Omnibus Incentive Plan) (each, an “Adjustment Event”), the committee will, in respect of any such Adjustment
Event, make such proportionate substitution or adjustment, if any, as it deems equitable, to any or all of (i) the Absolute Share Limit, or any
other limit applicable under the Omnibus Incentive Plan with respect to the number of awards which may be granted thereunder; (ii) the
number of shares of our Class A common stock or other of our securities (or number and kind of other securities or other property) which may
be issued in respect of awards or with respect to which awards may be granted under the Omnibus Incentive Plan or any sub-plan; and
(iii) the terms of any outstanding award, including, without limitation, (a) the number of shares of our Class A common stock or other of our
securities (or number and kind of other securities or other property) subject to outstanding awards or to which outstanding awards relate;
(b) the exercise price or strike price with respect to any award; or (c) any applicable performance measures, except in the case of any “equity
restructuring” (within the meaning of the FASB ASC Topic 718 (or any successor pronouncement thereto)), the committee will make an
equitable or proportionate adjustment to outstanding awards to reflect such equity restructuring.

In connection with a change in control, the committee may, in its sole discretion, provide for any one or more of the following: (i) substitution or
assumption of awards, or to the extent not substituted or assumed, acceleration of the vesting of, exercisability of, or lapse of restrictions on,
as applicable, any awards immediately prior to, and contingent upon, such change in control. However, with respect to any performance-
vesting awards, any such acceleration of vesting, exercisability, or lapse of restriction, shall be based on actual performance through the date
of such change in control; and (ii) subject to any limitations or reductions as may be necessary to comply with Section 409A of the Code,
cancellation of any one or more outstanding awards and payment to the holders of such awards that are vested as of such cancellation
(including, without limitation, any awards that would vest as a result of the occurrence of such event but for such cancellation or for which
vesting is accelerated by the committee in connection with such event) the value of such awards, if any, as determined by the committee
(which value, if applicable, may be based upon the price per share of our Class A common stock received or to be received by other holders
of shares of our Class A common stock in such event), including, without limitation, in the case of stock options and SARs, a cash payment
equal to the excess, if any, of the fair market value of the shares of our Class A common stock subject to the stock option or SAR over the
aggregate exercise price or strike price thereof.

Nontransferability of awards.    No award will be permitted to be assigned, alienated, pledged, attached, sold or otherwise transferred or
encumbered by a participant (unless such transfer is specifically required pursuant to a domestic relations order by applicable law) other than
by will or by the laws of descent and distribution and any such purported assignment, alienation, pledge, attachment, sale, transfer or
encumbrance will be void and unenforceable against us or any of our subsidiaries. However, the committee may, in its sole discretion, permit
awards (other than incentive stock options) to be transferred, including transfers to a participant’s family members, any trust established solely
for the benefit of a participant or such participant’s family members, any partnership or limited liability company of which a participant, or such
participant and such participant’s family members, are the sole member(s), and a beneficiary to whom donations are eligible to be treated as
“charitable contributions” for tax purposes.

Amendment and termination.    Our board of directors may amend, alter, suspend, discontinue or terminate the Omnibus Incentive Plan or any
portion thereof at any time, except that no such amendment, alteration, suspension, discontinuance or termination may be made without
stockholder approval if (i) such approval is necessary to comply with any regulatory requirement applicable to the Omnibus Incentive Plan or
for changes in GAAP to new accounting standards; (ii) it would materially increase the number of securities which may be issued under the
Omnibus Incentive Plan (except for adjustments in connection with certain corporate events); or (iii) it would materially modify the
requirements for participation in the Omnibus Incentive Plan. In addition,
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any such amendment, alteration, suspension, discontinuance or termination that would materially and adversely affect the rights of any
participant or any holder or beneficiary of any award will not to that extent be effective without such individual’s consent.

The committee may, to the extent consistent with the terms of any applicable award agreement, waive any conditions or rights under, amend
any terms of, or alter, suspend, discontinue, cancel or terminate, any award granted or the associated award agreement, prospectively or
retroactively (including after a termination of employment or services, as applicable), but, except as otherwise permitted in the Omnibus
Incentive Plan, any such waiver, amendment, alteration, suspension, discontinuance, cancellation or termination that would materially and
adversely affect the rights of any participant with respect to such award will not to that extent be effective without such individual’s consent. In
addition, without stockholder approval, except as otherwise permitted in the Omnibus Incentive Plan, (i) no amendment or modification may
reduce the exercise price of any stock option or the strike price of any SAR; (ii) the committee may not cancel any outstanding stock option or
SAR and replace it with a new stock option or SAR (with a lower exercise price or strike price, as the case may be) or other award or cash
payment that is greater than the value of the cancelled stock option or SAR; and (iii) the committee may not take any other action which is
considered a “repricing” for purposes of the stockholder approval rules of any securities exchange or inter-dealer quotation system on which
our securities are listed or quoted.

Dividends and dividend equivalents.    The committee in its sole discretion may provide as part of an award dividends or dividend equivalents,
on such terms and conditions as may be determined by the committee in its sole discretion. Unless otherwise provided in the award
agreement, any dividends payable in respect of restricted stock awards that remain subject to vesting conditions at the time of payment shall
be retained by us and remain subject to the same vesting conditions as the restricted stock awards to which the dividend relates and
delivered to the participant within 15 days following the date on which such restrictions on such restricted stock awards lapse and, if such
restricted stock is forfeited, the participant shall have no right to such dividends. Dividend equivalent payments attributable to RSUs shall be
distributed to the participant in cash or, in the sole discretion of the committee, in shares of our Class A common stock having a fair market
value equal to the amount of dividends paid on shares of our Class A common stock, upon the settlement of the RSUs and, if such RSUs are
forfeited, the participant shall have no right to such dividend equivalent payments (or interest thereon, if applicable).

Clawback/repayment.    All awards are subject to reduction, cancellation, forfeiture or recoupment to the extent necessary to comply with
(i) any clawback, forfeiture or other similar policy adopted by our board of directors or the committee and as in effect from time to time and
(ii) applicable law. To the extent that a participant receives any amount in excess of the amount that the participant should otherwise have
received under the terms of the award for any reason (including, without limitation, by reason of a financial restatement, mistake in
calculations or other administrative error), the participant will be required to repay us any such excess amount.

Detrimental activity.    If a participant has engaged in any detrimental activity, as defined in the Omnibus Incentive Plan, as determined by the
committee, the committee may, in its sole discretion, provide for one or more of the following: (i) cancellation of any or all of such participant’s
outstanding awards or (ii) forfeiture and repayment to us on any gain realized on the vesting, exercise or settlement of any awards previously
granted to such participant.

2019 Employee Stock Purchase Plan

Our board of directors has adopted, and our stockholders have approved, our 10x Genomics, Inc. 2019 Employee Stock Purchase Plan (the
“ESPP”) which will be effective upon the completion of this offering. The following
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summary is qualified in its entirety by reference to the ESPP that has been adopted by our board of directors.

Purpose.    The ESPP is intended to give eligible employees an opportunity to purchase shares of our Class A common stock. We believe that
allowing our employees to participate in the ESPP provides them with a further incentive towards ensuring our success and accomplishing our
corporate goals. The ESPP is intended to qualify as an “employee stock purchase plan” under Section 423 of the Code. We may authorize
offerings under the ESPP that are not intended to comply with Section 423 of the Code, which offerings will be made pursuant to any rules,
procedures or sub-plans adopted by the committee for such purpose.

Authorized shares.    The ESPP provides that the maximum number of shares of our Class A common stock made available for sale
thereunder will be 2,000,000, which number will be automatically increased on the first day of each calendar year commencing on January 1,
2021 and ending on January 1, 2029 in an amount equal to the lesser of (i) 1% of the total number of shares of common stock outstanding on
the last day of the immediately preceding fiscal year and (ii) such number of shares of our Class A common stock as determined by our board
of directors. However, if on January 1 of a calendar year our board of directors has not either confirmed the 1% described in clause (i) or
approved a lesser number of shares of our Class A common stock for such calendar year, our board of directors will be deemed to have
waived the automatic increase and no such increase will occur for such calendar year. The maximum number of shares available under the
ESPP (and any share limitations thereunder, as applicable) will automatically be adjusted upon certain changes to our capital structure.

Administration.    The ESPP will be administered by the compensation committee, or such other committee as may be designated by our
board of directors, or our board of directors (such administering body, the “Administrator”). The Administrator will have full authority to make,
administer and interpret such terms, rules and regulations regarding administration of the ESPP as it may deem advisable, and such
decisions are final and binding.

Term.    The ESPP will have a term of ten years unless earlier terminated (i) on the date on which all the shares of Class A common stock
available for issuance under the ESPP have been issued or (ii) by the Administrator in accordance with the terms of the ESPP.

Eligible employees.    Subject to the Administrator’s ability to exclude certain groups of employees on a uniform and nondiscriminatory basis,
including section 16 officers, generally, all of our employees will be eligible to participate if they are employed by us or any participating
subsidiary or affiliate for at least 90 days or any lesser number of hours per week and/or number of days established by the Administrator. In
no event will an employee who is deemed to own 5% or more of the total combined voting power or value of all classes of our capital stock or
the capital stock of any parent or subsidiary be eligible to participate in the ESPP, and no participant in the ESPP may purchase shares of our
Class A common stock under any employee stock purchase plans of our company to the extent the option to purchase shares accrue at a rate
that exceeds $25,000 of the fair market value of such shares of our Class A common stock, determined as of the first day of the offering
period, for each calendar year in which such option is outstanding.

Offering periods and purchase periods.    Offering periods under the ESPP will be 6 months long, except that the first offering period will run
from the date of completion of this offering and end on May 14, 2020. Following the end of the first offering period, a new offering period will
commence on each of May 15 and November 15 of each calendar year. The Administrator may choose to start a new offering period as it
may determine from time to time as appropriate and offering periods may overlap or be consecutive. During each offering period, there will be
one 6 month purchase period, which will have the same duration and coincide with the length of the offering period.
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Purchase price.    Eligible employees who participate will receive an option to purchase shares of our Class A common stock at a purchase
price equal to the lower of 85% of (i) the closing price per share of our Class A common stock on the date of purchase or (ii) the closing price
per share of our Class A common stock on the first day of the applicable offering period (or, in the case of the first offering period, the price
per share at which shares of our Class A common stock are first sold to the public in connection with this offering). Eligible employees
participate by authorizing payroll deductions before the beginning of an offering period, which deduction may not exceed 15% of such
employee’s cash compensation.

Contributions and grants.    Eligible employees participate by authorizing payroll deductions before the beginning of an offering period, which
deduction may not exceed 15% of such employee’s cash compensation. In addition, the maximum number of shares of our Class A common
stock that may be purchased by all participants in any particular purchase period is limited to 2,000 shares (subject to adjustment as provided
in the ESPP), and the maximum number of shares of our Class A common stock that may be purchased by any participant during any one
year period is limited to 4,000 shares. The Administrator may modify this limit from time to time by resolution or otherwise.

Cancellation of election to purchase.    A participant may cancel his or her participation entirely at any time by withdrawing all, but not less
than all, of his or her contributions credited to his or her account and not yet used to exercise his or her option under the ESPP. Participation
will end automatically upon termination of employment with us.

Effect of a change in control.    In the event of a change in control (as defined under the ESPP), the Administrator may in its discretion
provide, without limitation, that each outstanding option be assumed, or an equivalent option be substituted by the successor corporation or a
parent or subsidiary of the successor corporation and, if not so assumed or substituted, the offering period for that option be shortened by
setting a new exercise date on which the offering period will end; terminate outstanding options and refund accumulated contributions to
participants; or continue outstanding options unchanged.

Rights as stockholder.    A participant will have no rights as a stockholder with respect to the shares of our Class A common stock that the
participant has an option to purchase in any offering until those shares have been issued to the participant.

Options not transferable and restrictions on sale.    A participant’s option under the ESPP will be exercisable only by the participant and may
not be sold, transferred, pledged or assigned in any manner other than by will or the laws of descent and distribution. Unless otherwise
determined by the Administrator, a participant may not sell, transfer or otherwise dispose of any shares of our Class A common stock
purchased under the ESPP for 12 months following the applicable exercise date.

Amendment or termination.    The Administrator, in its sole discretion, may amend, alter, suspend or terminate the ESPP, or any option subject
thereto, at any time and for any reason as long as such amendment or termination of an option does not materially adversely affect the rights
of a participant with respect to the option without the written consent of such participant.

Potential payments upon a change of control or termination of employment

Each of our NEOs is eligible to receive accelerated vesting of their unvested stock options granted under the 2012 Stock Plan, such that 50%
of the then-unvested stock options subject to an award will vest and become exercisable immediately prior to a change of control (as defined
in the 2012 Stock Plan), and 100% of the then-unvested stock options subject to an award will vest and become exercisable if the NEO’s
employment is terminated without cause (as defined in the 2012 Stock Plan) in connection with or following a change of control. For a
description of the severance protection provided to Mr. McAnear under his offer letter, see the section titled “—Employment arrangements—
Mr. McAnear”.
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Director compensation
This following table sets forth information concerning the compensation paid to our non-employee directors during fiscal year 2018. Our
employee directors receive no additional compensation for serving on our board of directors. The compensation paid to Dr. Saxonov for
serving as our CEO is set forth in the Summary compensation table above.
 
   

Name(3)   

Stock option
awards
($)(1)(2)   

Total
($) 

Paul A. Conley    —    — 
Mathai Mammen    —    — 
Bryan E. Roberts    —    — 
John R. Stuelpnagel    240,442    240,442 
  

 

(1)  As a result of the reclassification of our Historical Class B common stock into shares of Class A common stock prior to the closing of this offering as described under “Description of
capital stock—Reclassification of common stock and conversion of Convertible Preferred Stock”, (i) any outstanding restricted stock awards at the time of the reclassification will
become restricted stock awards for shares of Class A common stock and (ii) to the extent any stock options remain unexercised at the time of the reclassification, such stock
options will become stock options to purchase shares of our Class A common stock.

 

(2)  The amount shown represents the grant date fair value of stock options to purchase shares of our Historical Class B common stock granted to Dr. Stuelpnagel in fiscal year 2018,
as computed in accordance with FASB ASC Topic 718. We did not grant stock options to any other non-employee director in fiscal year 2018. For a discussion of valuation
assumptions used to determine the grant date fair value of the stock options granted to Dr. Stuelpnagel in fiscal year 2018, see the section titled “Management’s discussion and
analysis of financial condition and results of operations—Critical accounting policies and estimates—Stock-based compensation”. As of December 31, 2018, the aggregate number
of outstanding stock options to purchase shares of our Historical Class B common stock held by each of our non-employee directors was as follows: Dr. Conley, 0; Dr. Mammen,
200,000; Dr. Roberts, 0; and Dr. Stuelpnagel, 0. For Dr. Mammen, 1/48  of his early-exercisable stock options vested on the one-month anniversary of June 12, 2017, and 1/48
of such stock options was scheduled to vest in equal monthly installments on the same day of each month thereafter, subject to Dr. Mammen’s continued service through each
applicable vesting date. For Dr. Stuelpnagel, 1/48  of his early-exercisable stock options vested on the one-month anniversary of September 1, 2018, and 1/48  of such stock
options was scheduled to in equal monthly installments on the same day of each month thereafter, subject to Dr. Stuelpnagel’s continued service through each applicable vesting
date. Dr. Stuelpnagel early-exercised all 100,000 stock options subject to his award in fiscal year 2018 and received a restricted stock award for shares of our Historical Class B
common stock, subject to our right of repurchase as to the unvested portion in the event Dr. Stuelpnagel’s service with us terminates for any reason. As of December 31, 2018,
218,750 shares subject to his restricted stock award remained unvested.

 

(3)  Mr. Kosaraju and Dr. Suliman were appointed to our board of directors in April 2019 and August 2019, respectively.

Description of director compensation

Prior to this offering, we did not have a formal director compensation policy and did not pay our non-employee directors compensation for
their services as a director, other than reimbursing them for reasonable out-of-pocket travel expenses incurred while attending meetings of our
board of directors or occasionally granting an equity award to certain of our non-employee directors upon their initial appointment to our board
of directors. In connection with this offering, each of Messrs. Conley and Roberts will receive a grant of nonqualified stock options to purchase
40,000 shares of Class A common stock with an exercise price per share equal to the initial public offering price. These option grants will vest
in equal monthly installments for three years following the date of grant, subject to Messrs. Conley’s or Roberts’s continued service as a
non-employee director through each such vesting date. Notwithstanding the foregoing, each such option grant will vest as to 50% upon the
occurrence of a change in control (as defined in the Omnibus Incentive Plan) and as to 100% upon Messrs. Conley’s or Roberts’s respective
termination without cause (as defined in the Omnibus Incentive Plan) in connection with or after such change in control. Following the
completion of this offering, each of our non-employee directors will be entitled to annual compensation in accordance with the following
non-employee director compensation policy:
 

•  an annual cash retainer of $40,000, payable quarterly in arrears;
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•  the non-employee director serving as chair of our board of directors and each non-employee director serving as a member or chair, as
applicable, of the following committees of our board of directors will receive the following additional annual retainers, each of which is also
payable quarterly in arrears:

Chair of the Board: $40,000

Audit Committee Chair: $20,000

Audit Committee Member: $10,000

Compensation Committee Chair: $15,000

Compensation Committee Member: $7,500

Nominating and Corporate Governance Chair: $10,000

Nominating and Corporate Governance Member: $5,000;
 

•  upon becoming a member of our board of directors, a one-time grant of options having a grant date fair value equal to $400,000 (with the
number of options to be granted calculated using the Black-Scholes or similar established formula) and an exercise price per share equal
to the fair market value (as defined in the Omnibus Incentive Plan) of a share of Class A common stock on the date of grant, which will vest
as to one-third of such grant on the first anniversary of the date of grant and thereafter in equal monthly installments for the following two
years, subject to the non-employee director continuing in service though each such vesting date; and

 

•  an annual grant of options having a grant date fair market value equal to $200,000 (with the number of options to be granted calculated
using the Black-Scholes or a similar established formula) and an exercise price per share equal to the fair value of a share of Class A
common stock on the date of grant, to be granted on the date of our annual meeting of stockholders and which will vest monthly over the
12 month period following the date of grant, subject to the non-employee director continuing in service through each such vesting date.

In each case, the options granted will vest in full upon the occurrence of a change in control.

Our directors will not be paid any fees for attending meetings. However, our directors will be reimbursed for travel and lodging expenses
associated with attendance at board or committee meetings.

Fiscal 2019 Equity Awards to Our Directors

Other than the grants to Messrs. Conley and Roberts described above which will be effective upon this offering, our board of directors has
approved option grants for two of our non-employee directors to date in 2019. The options granted to our non-employee directors included a
130,000 share option grant in May 2019 for Mr. Kosaraju and a 100,000 share option grant in August 2019 for Dr. Suliman. 1/48th of the each
of the options granted to each of Mr. Kosaraju and Dr. Suliman vested on the one month anniversary of each director’s vesting
commencement dates of May 10, 2019 and August 7, 2019, respectively, and 1/48th of the stock options vested, and shall vest, in equal
monthly installments on the same day of each month thereafter, subject to each director’s continued service through each applicable vesting
date. The options granted to Mr. Kosaraju and Dr. Suliman are early exercisable and are eligible to receive accelerated vesting of their
unvested stock options, such that 50% of the then-unvested stock options subject to an award will vest immediately prior to a change of
control (as defined in the 2012 Stock Plan), and 100% of the then unvested stock options subject to such award will vest if the director’s
service is terminated without cause (as defined in the 2012 Stock Plan) in connection with or following a change of control.
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Certain relationships and related party transactions
In addition to the compensation arrangements, including employment, termination of employment and change in control arrangements
discussed in the sections titled “Management” and “Executive compensation” and the registration rights described in the section titled
“Description of capital stock—Registration rights”, the following is a description of each transaction since January 1, 2016 and each currently
proposed transaction in which:
 

•  we have been or are to be a participant;
 

•  the amount involved exceeded or exceeds $120,000; and
 

•  any of our directors, executive officers or holders of more than 5% of any class of our outstanding capital stock, or any immediate family
member of, or person sharing the household with, any of these individuals or entities had or will have a direct or indirect material interest.

Other than as described below, there have not been, nor are there any currently proposed, transactions or series of similar transactions
meeting this criteria to which we have been or will be a party other than compensation arrangements, which are described where required
under “Executive compensation”. We believe the terms of the transactions described below were comparable to terms we could have
obtained in arm’s-length dealings with unrelated third parties.

Convertible preferred stock financings
The following table summarizes purchases of our Convertible Preferred Stock by our directors and holders of more than 5% percent of any
class of our capital stock and their affiliated entities. None of our executive officers purchased shares of Convertible Preferred Stock since
January 1, 2016.
 
     

Name  

Shares of Series C
convertible

preferred
stock(1)  

Shares of Series D
convertible

preferred
stock(2)  

Shares of Series  D-1
convertible

preferred
stock(3)  

Aggregate
purchase

price 
           (in thousands) 
Paladin Capital Group and affiliated

entities(4)   1,004,868   653,082   —  $ 10,750 
John R. Stuelpnagel Trust(5)   223,304   49,634   —  $ 1,475 
Fidelity and affiliated entities(6)   7,034,076   764,890   785,545  $ 48,820 
Foresite Capital Management and

affiliated entities(7)   1,770,803   —   —  $ 7,930 
Venrock and affiliated entities(8)   1,786,431   —   —  $ 8,000 
  

 

(1)  Our Series C Convertible Preferred Stock was issued between February 2016 and March 2017.
 

(2)  Our Series D Convertible Preferred Stock was issued in April 2018.
 

(3)  Our Series D-1 Convertible Preferred Stock was issued in October 2018.
 

(4)  Paladin Capital Group is one of our principal stockholders. See the section titled “Principal stockholders” for more information. Dr. Conley, a member of our board of directors, is
affiliated with Paladin Capital Group.

 

(5)  Dr. Stuelpnagel, the chairman of our board of directors, is trustee of the John R. Stuelpnagel Trust.
 

(6)  Fidelity is one of our principal stockholders. See the section titled “Principal stockholders” for more information.
 

(7)  Foresite Capital Management is one of our principal stockholders. See the section titled “Principal stockholders” for more information.
 

(8)  Venrock is one of our principal stockholders. See the section titled “Principal stockholders” for more information. Dr. Roberts, a member of our board of directors, is affiliated with
Venrock.
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Amended and Restated Investors’ Rights Agreement
We are party to our Amended and Restated Investors’ Rights Agreement (the “IRA”), dated as of October 18, 2018, which provides, among
other things, that certain holders of our capital stock, including Dr. Saxonov, our Chief Executive Officer, Dr. Hindson, our Chief Scientific
Officer, the John R. Stuelpnagel Trust and entities affiliated with each of Fidelity, Foresite Capital Management, Venrock and Paladin Capital
Group and certain of their transferees, be covered by a registration statement that we are otherwise filing and receive certain registration
rights. Dr. Conley, a member of our board of directors, is affiliated with Paladin Capital Group. Dr. Roberts, a member of our board of directors,
is affiliated with Venrock. Dr. Stuelpnagel, the chairman of our board of directors, is trustee of the John R. Stuelpnagel Trust. The registration
and associated rights set forth in the IRA will expire no later than two years following the completion of this offering. See the section titled
“Description of capital stock—Registration rights” for additional information regarding these registration rights. All other rights set forth in the
IRA will terminate immediately prior to the completion of this offering.

Amended and Restated Right of First Refusal and Co-Sale Agreement
Pursuant to certain of our bylaws, equity compensation plans and certain agreements with our stockholders, including our Amended and
Restated Right of First Refusal and Co-Sale Agreement, dated October 18, 2018, we or our assignees have a right to purchase shares of our
capital stock which certain stockholders propose to sell to other parties. Should we chose not to exercise this right, certain holders of our
capital stock, including Dr. Saxonov, our Chief Executive Officer, Dr. Hindson, our Chief Scientific Officer, the John R. Stuelpnagel Trust and
entities affiliated with each of Fidelity, Foresite Capital Management, Venrock and Paladin Capital Group, have a right to purchase such
shares of our capital stock. Immediately prior to the completion of this offering, our Amended and Restated Right of First Refusal and Co-Sale
Agreement will terminate and none of our stockholders will have any right of first refusal or co-sale rights.

Amended and Restated Voting Agreement
We are party to our Amended and Restated Voting Agreement (the “Voting Agreement”), dated as of October 18, 2018, under which certain
holders of our capital stock, including Dr. Saxonov, our Chief Executive Officer, Dr. Hindson, our Chief Scientific Officer, the John R.
Stuelpnagel Trust and entities affiliated with each of Fidelity, Foresite Capital Management, Venrock and Paladin Capital Group, have agreed
to vote their shares of our capital stock with respect to the election, appointment and removal of directors. In accordance with our Seventh
Amended and Restated Certificate of Incorporation (the “Pre-IPO Charter”) and the terms of the Voting Agreement: Dr. Conley and Dr.
Roberts were elected as the Preferred Directors (as defined in the Pre-IPO Charter), which are elected by the holders of at least a majority of
the outstanding shares of our Series A-1 and Series A-2 Convertible Preferred Stock, respectively, that are party to the Voting Agreement);
Dr. Saxonov and Dr. Hindson were elected as the Common Directors (as defined in the Pre-IPO Charter), with Dr. Saxonov being elected
because he is our current Chief Executive Officer and Dr. Hindson being elected by the holders of at least a majority of the voting power of the
Historical Common Stock (excluding the voting power of shares of Historical Common Stock issuable upon conversion of Convertible
Preferred Stock) held by holders party to the Voting Agreement; and Dr. Stuelpnagel and Dr. Mammen were elected as At-Large Directors (as
defined in the Pre-IPO Charter), one of which is elected by a majority of the voting power of the Historical Common Stock (excluding the
voting power of shares of Historical Common Stock issuable upon conversion of Convertible Preferred Stock) held by holders party to the
Voting Agreement, voting as a single class, and one of which is elected by a majority of the outstanding Convertible Preferred Stock held by
holders party to the Voting Agreement, voting as a single class. Dr. Conley is affiliated with Paladin Capital Group, Dr. Roberts is affiliated with
Venrock and Dr. Stuelpnagel is trustee of the John R. Stuelpnagel Trust. Immediately prior to the
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completion of this offering, the Voting Agreement will terminate and none of our stockholders will have any special rights regarding the
election, appointment or removal of members of our board of directors.

Stock option grants to directors and executive officers
We have granted stock options to our certain of our directors and executive officers. For more information regarding the stock options and
stock awards granted to our directors and named executive officers see the section titled “Executive Compensation”.

Limitation of liability and indemnification of directors and officers
Our amended and restated certificate of incorporation will provide that no director will be personally liable to us or our stockholders for
monetary damages for breach of fiduciary duty as a director, except as required by applicable law, as in effect from time to time. For more
information regarding the limitations of liability and indemnification see the section titled “Description of capital stock”.

Related-party transaction policy

We have adopted a formal written policy that applies to our executive officers, directors, holders of more than five percent of any class of our
voting securities and any member of the immediate family of, and any entity affiliated with, any of the foregoing persons. Such persons will not
be permitted to enter into a related-party transaction with us without the prior consent of our audit committee, or other independent members
of our board of directors in the event it is inappropriate for our audit committee to review such transaction due to a conflict of interest. Any
request for us to enter into a transaction with an executive officer, director, principal stockholder or any of their immediate family members or
affiliates in which the amount involved exceeds $120,000 must first be presented to our audit committee for review, consideration and
approval. In approving or rejecting any such proposal, our audit committee will consider the relevant facts and circumstances available and
deemed relevant to our audit committee, including, but not limited to, whether the transaction will be on terms no less favorable than terms
generally available to an unaffiliated third-party under the same or similar circumstances and the extent of the related-party’s interest in the
transaction.
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Principal stockholders
The following table sets forth information regarding beneficial ownership of our common stock as of August 14, 2019, by:
 

•  each of our named executive officers and directors individually;
 

•  all directors and executive officers as a group; and
 

•  each person whom we know to beneficially own more than 5% of any class our common stock.

In accordance with the rules of the SEC, beneficial ownership includes voting or investment power with respect to securities and includes the
shares issuable pursuant to stock options and warrants that are exercisable within 60 days of August 14, 2019. Shares issuable pursuant to
stock options and warrants are deemed outstanding for computing the percentage of the person holding such options or warrants, as
applicable, but are not outstanding for computing the percentage of any other person.

We have based our calculation of the percentage of beneficial ownership prior to this offering on 8,344,223 shares of our Class A common
stock and 75,754,278 shares of our Class B common stock outstanding and reflected:
 

•  the filing and effectiveness of our amended and restated certificate of incorporation to be in effect at the closing of this offering;
 

•  the reclassification of all outstanding shares of our Historical Class A common stock into Class B common stock and of our Historical
Class B common stock (including outstanding options and warrants to purchase such shares) into Class A common stock prior to the
closing of this offering as described under “Description of capital stock—Reclassification of common stock and conversion of Convertible
Preferred Stock”; and

 

•  the automatic conversion of all shares of our Convertible Preferred Stock outstanding as of August 14, 2019 into 67,704,278 shares of
Class B common stock prior to the closing of the offering as described under “Description of capital stock—Reclassification of common
stock and conversion of Convertible Preferred Stock”.

We have based our calculation of the percentage of beneficial ownership after this offering on                shares of our Class A common stock
issued by us in this offering and                shares of Class A common stock outstanding immediately after the completion of this offering,
assuming that the underwriters will not exercise their option to purchase up to an additional                shares of our Class A common stock
from us in full.
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Unless otherwise indicated, the address for each listed stockholder is: c/o 10x Genomics, Inc., 6230 Stoneridge Mall Road, Pleasanton,
California 94588. To our knowledge, except as indicated in the footnotes to this table and pursuant to applicable community property laws, the
persons named in the table have sole voting and investment power with respect to all shares of common stock.
 
   

  
Shares beneficially owned before the

offering(1)  
Shares beneficially owned after the

offering(1) 

  
Class A

common stock  
Class B

common stock  
Class A

common stock  
Class B

common stock 
Name and address of beneficial
owner  Number  Percent  Number  Percent  Number  Percent  Number  Percent 

Named Executive Officers and Directors:         
Serge Saxonov(2)   946,347   11.2%   3,031,865   4.0%    %   3,031,865   4.0% 
Benjamin J. Hindson(3)   710,059   7.8%   3,000,000   4.0%    %   3,000,000   4.0% 
Justin J. McAnear(4)   602,499   6.7%   —   —        %   —   —     
Eric S. Whitaker(5)   589,791   6.7%   —   —         —   —     
John R. Stuelpnagel(6)   723,991   8.7%   2,105,736   2.8%    %   2,105,736   2.8% 
Paul A. Conley(7)   —   —       —   —        %   —   —     
Sridhar Kosaraju(8)   130,000   1.5%   —   —        %   —   —     
Mathai Mammen(9)   200,000   2.3%   —   —        %   —   —     
Bryan E. Roberts(10)   —   —       —   —        %   —   —     
Shehnaaz Suliman(11)   100,000   1.2%   —   —        %   —   —     
All executive officers and directors as a group

(12 persons)(12)   4,967,061   56.8%   8,105,736   10.8%    %   8,105,736   10.8% 
5% Stockholders:         
Foresite Capital Management and affiliated

entities(13)   —   —       13,688,762   18.1%   —   —       13,688,762   18.1% 
Venrock and affiliated entities(14)   —   —       12,362,861   16.3%   —   —       12,362,861   16.3% 
Paladin Capital Group and affiliated entities(15)   —   —       8,675,167   11.5%   —   —       8,675,167   11.5% 
Fidelity and affiliated entities(16)   —   —       8,584,511   11.3%   —   —       8,584,511   11.3% 
  

*  Less than 1%.
 

(1)  Assumes no exercise by underwriters of their option to purchase additional shares. See the section titled “Underwriting”.
 

(2)  Consists of (a) 892,356 shares of Class A common stock, (b) 53,991 shares of Class A common stock issuable pursuant to stock options exercisable within 60 days of
August 14, 2019, (c) 1,281,865 shares of Class B common stock and (d) 1,750,000 shares of Class B common stock held by Polaris 2018 Irrevocable Trust, Antares 2018
Irrevocable Trust, Arcturus 2018 Irrevocable Trust, FLY 2018 Irrevocable Trust, LY 2018 Irrevocable Trust, MS 2018 Irrevocable Trust and NS 2018 Irrevocable Trust of which
Dr. Saxonov is the sole trustee.

 

(3)  Consists of (a) 3,000,000 shares of Class B common stock and (b) 688,020 shares of Class A common stock issuable pursuant to stock options exercisable within 60 days of
August 14, 2019.

 

(4)  Consists of (a) 600,000 shares of Class A common stock issuable pursuant to stock options that may be early exercised at any time (no shares of which were vested as of
August 14, 2019) and (b) 2,499 shares of Class A common stock issuable pursuant to stock options exercisable within 60 days of August 14, 2019.

 

(5)  Consists of (a) 84,000 shares of Class A common stock, (b) 441,000 shares of Class A common stock issuable pursuant to stock options that may be early exercised at any time
(178,500 shares of which were vested as of August 14, 2019) and (c) 64,791 shares of Class A common stock issuable pursuant to stock options exercisable within 60 days of
August 14, 2019.

 

(6)  Consists of (a) 2,105,736 shares of Class B common stock held by the John R. Stuelpnagel Trust of which Dr. Stuelpnagel is the sole trustee and (b) 723,991 shares of Class A
common stock (152,084 shares of which were subject to our right of repurchase as of August 14, 2019).

 

(7)  Dr. Conley does not have voting and dispositive power over the shares held of record by the Paladin Funds (as defined below) and Paladin III Co-Investment LLC.
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(8)  Consists of 130,000 shares of Class A common stock issuable pursuant to stock options that may be early exercised at any time (10,833 shares of which were vested as of
August 14, 2019).

 

(9)  Consists of 200,000 shares of Class A common stock issuable pursuant to stock options that may be early exercised at any time (108,333 shares of which were vested as of
August 14, 2019).

 

(10)  Dr. Roberts does not have voting and dispositive power over the shares held by Venrock and affiliated entities.
 

(11)  Consists of 100,000 shares of Class A common stock issuable pursuant to stock options that may be early exercised at any time (no shares of which were vested as of
August 14, 2019).

 

(12)  Consists of (a) 1,788,680 shares of Class A common stock beneficially owned by our named executive officers, current directors and other executive officers (152,084 shares of
which were subject to our right of repurchase as of August 14, 2019), (b) 2,271,000 shares of Class A common stock issuable pursuant to stock options that may be early
exercised at any time (797,666 shares of which were vested as of August 14, 2019) by our named executive officers, current directors and other executive officers, (c) 846,307
shares of Class A common stock subject to outstanding stock options that are exercisable within 60 days of August 14, 2019 by our named executive officers, current directors
and other executive officers and (d) 8,105,736 shares of Class B common stock beneficially owned by our named executive officers, current directors and other executive
officers.

 

(13)  Consists of (a) 6,851,509 shares of Class B common stock owned directly by Foresite Capital Fund I, L.P. (“FCF I”) and (b) 6,837,253 shares of Class B common stock owned
directly by Foresite Capital Fund II, L.P. (“FCF II”). Foresite Capital Management I, LLC (“FCM I”), the general partner of FCF I, may be deemed to have sole voting and
dispositive power over such shares. Foresite Capital Management II, LLC (“FCM II”), the general partner of FCF II, may be deemed to have sole voting and dispositive power
over such shares. James B. Tananbaum (“Mr. Tananbaum”), in his capacity as managing member of FCM I and FCM II, may be deemed to have sole voting and dispositive
power over these shares. Each Reporting Person disclaims the existence of a “group”. Each of FCM I, FCM II and its members and Mr. Tananbaum disclaim beneficial ownership
of any of these shares except to the extent of any pecuniary interest therein, and the filing of this report is not an admission that FCM I, FCM II and its members or
Mr. Tananbaum is the beneficial owner of these shares for purposes of Section 16 or any other purpose. The address for Mr. Tananbaum and each of the entities identified in this
footnote is c/o Foresight Capital Management, 600 Montgomery Street, Suite 4500, San Francisco CA, 94111.

 

(14)  Consists of (a) 10,284,332 shares of Class B common stock held by Venrock Associates VI, L.P. (“VA VI”), (b) 1,271,045 shares of Class B common stock held by Venrock
Healthcare Capital Partners II, L.P. (“VHCP II”), (c) 807,484 shares of Class B common stock held by Venrock Partners VI, L.P. (“VP VI”) and (d) 515,386 shares of Class B
common stock held by VHCP Co-Investment Holdings II, LLC (“VHCP II Co”). Venrock Management VI, LLC (“VM VI”), is the sole general partner of VA VI. Venrock Partners
Management VI, LLC (“VPM VI”), is the sole general partner of VP VI. VHCP Management II, LLC (“VHCPM II”), is the sole general partner of VHCP II and the sole manager of
VHCP II Co. VM VI, VPM VI and (VHCPM II) expressly disclaim beneficial ownership over all shares held by VA VI, VP VI, VHCP II and VHCP II Co, except to the extent of their
indirect pecuniary interest therein. Dr. Roberts is a member of VM VI and VPM VI and disclaims beneficial ownership over all shares held by VA VI, and VP VI, except to the
extent of his indirect pecuniary interests therein. Dr. Bong Koh and Nimish Shah are the sole managers of (VHCPM II) and disclaim beneficial ownership over all shares held by
VHCP II and VHCP II Co, except to the extent of their indirect pecuniary interests therein. The address of each of the entities and individuals identified in this footnote is c/o
Venrock, 3340 Hillview Avenue, Palo Alto, CA 94304.

 

(15)  Consists of (a) 2,176,409 shares of Class B common stock held by Paladin III, LP, (b) 1,836,875 shares of Class B common stock held by Paladin III (NY City), LP, (c) 1,647,342
shares of Class B common stock held by Paladin III Co-Investment, LLC, (d) 1,261,564 shares of Class B common stock held by Paladin III (Cayman Islands), LP, (e) 626,602
shares of Class B common stock held by Paladin III (CA), LP, (f) 626,602 shares of Class B common stock held by Paladin III (HR), LP and (g) 499,773 shares of Class B
common stock held by Paladin International, LLC, collectively except for Paladin III Co-Investment, LLC and Paladin International, LLC (the “Paladin Funds”). Paladin Holdings
III, L.P. is the general partner of the Paladin Funds and Managing Member of Paladin III Co-Investment, LLC and Paladin Cyber Holdings, L.P. is the Managing Member of
Paladin Intentional, LLC and its Investment Committee, led by Michael Steed as its Chairman, may be deemed to have voting and dispositive power over the shares held of
record by the Paladin Funds, Paladin III Co-Investment LLC and Paladin International, LLC. In addition, Dr. Paul Conley is a Managing Director of Paladin Capital Management,
LLC and is a member of our board of directors as Paladin’s designee representing the Paladin Funds, Paladin III Co-Investment, LLC and Paladin International, LLC, but does
not have voting and dispositive power over the shares held of record for the Paladin entities heretofore defined. The address for each of the entities and individuals identified in
this footnote is c/o Paladin Capital Management, LLC, 2020 K Street, NW—Suite 620, Washington, DC 20006.

 

(16)  Consists of (a) 3,018,778 shares of Class B common stock held by Mag & Co fbo Fidelity Select Portfolios: Health Care Portfolio, (b) 2,870,040 shares of Class B common stock
held by Powhatan & Co., LLC fbo Fidelity Mt. Vernon Street Trust: Fidelity Growth Company Fund, (c) 1,487,064 shares of Class B common stock held by Mag & Co fbo Fidelity
Growth Company Commingled Pool, (d) 815,857 shares of Class B common stock held by WAVELENGTH + CO fbo Fidelity Mt. Vernon Street Trust: Fidelity Series Growth
Company Fund and (e) 392,772 shares of Class B common stock held by Fidelity Select Portfolios: Medical Technology and Devices Portfolio. These accounts are managed by
direct or indirect subsidiaries of FMR LLC. Abigail P. Johnson is a Director, the Chairman, the Chief Executive Officer and the President of FMR LLC. Members of the Johnson
family, including Abigail P. Johnson, are the predominant owners, directly or through trusts, of Series B voting common shares of FMR LLC, representing 49% of the voting power
of FMR LLC. The Johnson family group and all other Series B shareholders have entered into a shareholders’ voting agreement under which all Series B voting common shares
will be voted in accordance with the majority vote of Series B voting common shares. Accordingly, through their ownership of voting common shares and the execution of the
shareholders’ voting agreement, members of the Johnson family may be deemed, under the Investment Company Act of 1940, to form a controlling group with respect to FMR
LLC. Neither FMR LLC nor Abigail P. Johnson has the sole power to vote or direct the voting of the shares owned directly by the various investment companies registered under
the Investment Company Act (“Fidelity Funds”) advised by Fidelity Management & Research Company (“FMR Co”), a wholly owned subsidiary of FMR LLC, which power resides
with the Fidelity Funds’ Boards of Trustees. Fidelity Management & Research Company carries out the voting of the shares under written guidelines established by the Fidelity
Funds’ Boards of Trustees. The address for FMR LLC is 200 Seaport Blvd. V12G, Boston, MA 02210.
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Description of capital stock
The following description summarizes certain important terms of our capital stock, as they are expected to be in effect immediately prior to the
completion of this offering. Our board of directors has adopted, and our stockholders have approved, an amended and restated certificate of
incorporation and amended and restated bylaws that will become effective immediately prior to the completion of this offering and this
description summarizes the provisions that are expected to be included in such documents. Because it is only a summary, it does not contain
all the information that may be important to you. For a complete description of the matters set forth in this section titled “Description of capital
stock”, you should refer to our amended and restated certificate of incorporation, amended and restated bylaws and amended and restated
investors’ rights agreement, which are included as exhibits to the registration statement of which this prospectus forms a part, and to the
applicable provisions of Delaware law.

Reclassification of common stock and conversion of Convertible Preferred Stock
Our Seventh Amended and Restated Certificate of Incorporation authorizes the issuance of three classes of stock, designated as “Class A
common stock” (the “Historical Class A common stock”), “Class B common stock” (the “Historical Class B common stock”) and “Preferred
Stock”, which has been divided into six series (all six series of which are collectively referred to herein as the “Convertible Preferred Stock”).

Pursuant to the terms of our Seventh Amended and Restated Certificate of Incorporation, the rights of the holders of Historical Class A
common stock and Historical Class B common stock are identical, except with respect to voting and conversion. Holders of Historical Class A
common stock are entitled to one hundred votes for each share held on all matters submitted to a vote of stockholders and holders of
Historical Class B common stock are entitled to one vote for each share held. In addition, each share of Historical Class A common stock is
convertible at any time at the option of the holder into one share of Historical Class B common stock.

Shares of Convertible Preferred Stock are convertible into shares of Historical Class A common stock pursuant to the terms of our Seventh
Amended and Restated Certificate of Incorporation and convert automatically upon the occurrence of specified events, including in connection
with a qualifying public offering registered under the Securities Act.

Prior to the completion of this offering, we will amend our certificate of incorporation to provide for the reclassification of our (i) Historical
Class A common stock into our Class B common stock and (ii) Historical Class B common stock into our Class A common stock. The terms of
the Class A common stock and Class B common stock are summarized below. As a result of this reclassification, all outstanding shares of
Convertible Preferred Stock will, immediately prior to the completion of this offering, automatically convert into shares of Class B common
stock, all shares of our Historical Class B common stock reserved for issuance under the 2012 Stock Plan will become reserved shares of
Class A common stock, all outstanding stock options to purchase shares of our Historical Class B common stock will become stock options to
purchase shares of our Class A common stock and all outstanding warrants to purchase shares of our Historical Class B common stock will
become warrants to purchase shares of our Class A common stock.

In addition, we will further amend our certificate of incorporation and bylaws to include the provisions described below.

Authorized and outstanding capital stock
Immediately following the completion of this offering, our authorized capital stock will consist of 1,200,000,000 shares of capital stock,
$0.00001 par value per share, of which:
 

•  1,000,000,000 shares are designated as Class A common stock;
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•  100,000,000 shares are designated as Class B common stock; and
 

•  100,000,000 shares are designated as preferred stock.

Assuming the conversion of all outstanding shares of our Convertible Preferred Stock into shares of our Class B common stock, which will
occur immediately prior to the completion of this offering, as of June 30, 2019 there were 8,095,382 shares of our Class A common stock
outstanding, held by 170 stockholders of record and 75,754,278 shares of our Class B common stock outstanding, held by 62 stockholders of
record. The number of shares of our authorized capital stock designated as Class B common stock are equal to the number of shares of
Class B common stock outstanding immediately following the completion of this offering. As such, we will not be able to issue any additional
shares of Class B common stock following the completion of this offering unless we obtain stockholder approval to amend our amended and
restated certificate of incorporation. Pursuant to our amended and restated certificate of incorporation and amended and restated bylaws, our
board of directors will have the authority, without stockholder approval except as required by the listing standards of Nasdaq, to issue
additional shares of our capital stock.

Common stock
We have two classes of authorized common stock, Class A common stock and Class B common stock. The rights of the holders of Class A
common stock and Class B common stock are identical except with respect to voting and conversion.

Voting rights. Holders of our Class A common stock are entitled to one vote for each share held on all matters submitted to a vote of
stockholders and holders of our Class B common stock are entitled to ten votes for each share held. The holders of our Class A common
stock and Class B common stock vote together as a single class, unless otherwise required by law. Delaware law could require either holders
of our Class A common stock or our Class B common stock to vote separately as a single class in the following circumstances:
 

•  if we were to seek to amend our amended and restated certificate of incorporation to increase the authorized number of shares of a class
of stock, or to increase or decrease the par value of a class of stock, then that class would be required to vote separately to approve the
proposed amendment; and

 

•  if we were to seek to amend our amended and restated certificate of incorporation in a manner that alters or changes the powers,
preferences, or special rights of a class of stock in a manner that affected its holders adversely, then that class would be required to vote
separately to approve the proposed amendment.

Stockholders do not have the ability to cumulate votes for the election of directors. Our amended and restated certificate of incorporation and
amended and restated bylaws that will be in effect at the closing of our initial public offering will provide for a classified board of directors
consisting of three classes of approximately equal size, each serving staggered three-year terms. Only the directors in one class will be
subject to election by a plurality of the votes cast at each annual meeting of stockholders, with the directors in the other classes continuing for
the remainder of their respective three year terms.

Dividend rights. Subject to preferences that may apply to any shares of preferred stock outstanding at the time, the holders of our common
stock are entitled to receive dividends out of funds legally available if our board of directors, in its discretion, determines to issue dividends
and then only at the times and in the amounts that our board of directors may determine. See the section titled “Dividend policy” for additional
information.

Rights upon liquidation. If we become subject to a liquidation, dissolution, or winding-up, the assets legally available for distribution to our
stockholders would be distributable ratably among the holders of our common stock and any participating preferred stock outstanding at that
time, subject to prior satisfaction of all
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outstanding debt and liabilities and the preferential rights of and the payment of liquidation preferences, if any, on any outstanding shares of
preferred stock; provided, however, that holders of common stock may receive, or have the right to elect to receive, different or
disproportionate consideration if the only difference is that any securities distributed to the holder of a share of Class B common stock have
ten times the voting power of any securities distributed to the holder of a share of Class A common stock.

No preemptive or similar rights. Our common stock is not entitled to preemptive rights and is not subject to conversion (other than as
described below), redemption or sinking fund provisions.

Conversion of Class B common stock. Each share of Class B common stock is convertible at any time at the option of the holder into one
share of Class A common stock. Following the completion of this offering, shares of Class B common stock will automatically convert into
shares of Class A common stock upon sale or transfer (other than certain transfers described in our amended and restated certificate of
incorporation, including estate planning transfers where sole dispositive power and exclusive voting control with respect to the shares of Class
B common stock are retained by the transferring holder and transfers between our co-founders. In addition, each outstanding share of Class
B common stock held by a stockholder who is a natural person, or held by the permitted entities of such natural person (as described in our
amended and restated certificate of incorporation), will convert automatically into one share of Class A common stock upon the death of such
natural person. In the event of the death or permanent and total disability of a co-founder, shares of Class B common stock held by such co-
founder or his permitted entities will convert to Class A common stock, provided that the conversion will be deferred for nine months, or up to
18 months if approved by a majority of our independent directors, following his death or permanent and total disability. Transfers between our
co-founders are permitted transfers and will not result in conversion of the shares of Class B common stock that are transferred. Each share
of Class B common stock will convert automatically into one share of Class A common stock upon (i) a date on or after the one year
anniversary of the closing of our initial public offering that is specified by affirmative vote of the holders of a majority of the then outstanding
shares of Class B common stock, (ii) the date on which the outstanding shares of Class B common stock represent less than two percent of
the aggregate number of shares of the then outstanding Class A common stock and Class B common stock, or (iii) nine months after the
death or total disability of both of our co-founders, or such later date not to exceed a total period of 18 months after such death or disability as
may be approved by a majority of our independent directors.

Fully paid and non assessable. In connection with this offering, our legal counsel will opine that the shares of our Class A common stock to be
issued in this offering will be fully paid and non-assessable.

Preferred stock
Our board of directors is authorized, subject to limitations prescribed by Delaware law, to issue preferred stock in one or more series, to
establish from time to time the number of shares to be included in each series, and to fix the designation, powers, preferences and rights of
the shares of each series and any of its qualifications, limitations or restrictions, in each case without further vote or action by our
stockholders. Our board of directors can also increase or decrease the number of shares of any series of preferred stock, but not below the
number of shares of that series then outstanding, without any further vote or action by our stockholders. Our board of directors may authorize
the issuance of preferred stock with voting or conversion rights that could adversely affect the voting power or other rights of the holders of
our Class A common stock. The issuance of preferred stock, while providing flexibility in connection with possible acquisitions and other
corporate purposes, could, among other things, have the effect of delaying, deferring or preventing a change in control of our company and
might adversely affect the market price of our Class A common stock and the voting and other rights of the holders of our common stock. We
have no current plan to issue any shares of preferred stock.
 

162

Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 290 of 835 PageID #: 1775



9/8/2019 S-1

https://www.sec.gov/Archives/edgar/data/1770787/000119312519224368/d737378ds1.htm 169/238

Table of Contents

Warrants
As of June 30, 2019, warrants to purchase an aggregate of 266,099 shares of Historical Class B common at a weighted-average exercise
price of $1.17 per share were outstanding. Upon the closing of this offering, these warrants will become exercisable for the same number of
shares of Class A common stock.

All of these warrants have a net exercise provision under which its holder may, in lieu of payment of the exercise price in cash, surrender the
warrant and receive a net amount of shares based on the fair market value of our Class A common stock at the time of exercise of the warrant
after deduction of the aggregate exercise price. Each warrant contains provisions for the adjustment of the exercise price and the number of
shares issuable upon the exercise of the warrant in the event of certain stock dividends, stock splits, reorganizations, reclassifications and
consolidations.

Stock options
As of June 30, 2019, we had outstanding stock options to purchase an aggregate of 15,634,182 shares of our Historical Class B common
stock, with a weighted-average exercise price of $3.61 per share, under our equity compensation plans. Upon the closing of this offering,
these options will become exercisable for the same number of shares of Class A common stock.

Amended and Restated Certificate of Incorporation and Amended and Restated Bylaw provisions
Our amended and restated certificate of incorporation and our amended and restated bylaws will include a number of provisions that could
deter hostile takeovers or delay or prevent changes in control of our board of directors or management team, including the following:

Multi-class stock. As described above in “—Common stock—Voting rights”, our amended and restated certificate of incorporation provides for
a multi-class common stock structure, which will provide our pre-offering investors, which includes our executive officers, employees, directors
and their affiliates, with significant influence over matters requiring stockholder approval, including the election of directors and significant
corporate transactions, such as a merger or other sale of our company or its assets.

Board of directors vacancies. Our amended and restated certificate of incorporation and amended and restated bylaws will authorize only our
board of directors to fill vacant directorships, including newly created seats. In addition, the number of directors constituting our board of
directors will be permitted to be set only by a resolution adopted by a majority vote of our entire board of directors. These provisions would
prevent a stockholder from increasing the size of our board of directors and then gaining control of our board of directors by filling the resulting
vacancies with its own nominees. This will make it more difficult to change the composition of our board of directors and will promote
continuity of management.

Classified board of directors. Our amended and restated certificate of incorporation and amended and restated bylaws will provide that our
board of directors is classified into three classes of directors. A third-party may be discouraged from making a tender offer or otherwise
attempting to obtain control of us as it is more difficult and time consuming for stockholders to replace a majority of the directors on a
classified board of directors. See the section titled “Management—Classified board of directors”.

Stockholder action; special meeting of stockholders. Our amended and restated certificate of incorporation and amended and restated bylaws
will provide that our stockholders may not take action by written consent, but may only take action at annual or special meetings of our
stockholders. As a result, a holder controlling a majority of our capital stock would not be able to amend our amended and restated bylaws or
remove directors
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without holding a meeting of our stockholders called in accordance with our amended and restated bylaws. Our amended and restated bylaws
will further provide that special meetings of our stockholders may be called only by a majority of our board of directors, the Chairman of our
board of directors, or our Chief Executive Officer, thus prohibiting a stockholder from calling a special meeting. These provisions might delay
the ability of our stockholders to force consideration of a proposal or for stockholders controlling a majority of our capital stock to take any
action, including the removal of directors.

Advance notice requirements for stockholder proposals and director nominations. Our amended and restated bylaws will provide advance
notice procedures for stockholders seeking to bring business before our annual meeting of stockholders or to nominate candidates for election
as directors at our annual meeting of stockholders. Our amended and restated bylaws will also specify certain requirements regarding the
form and content of a stockholder’s notice. These provisions might preclude our stockholders from bringing matters before our annual
meeting of stockholders or from making nominations for directors at our annual meeting of stockholders if the proper procedures are not
followed. We expect that these provisions may also discourage or deter a potential acquirer from conducting a solicitation of proxies to elect
the acquirer’s own slate of directors or otherwise attempting to obtain control of our company.

No cumulative voting. The Delaware General Corporation Law provides that stockholders are not entitled to cumulate votes in the election of
directors unless a corporation’s certificate of incorporation provides otherwise. Our amended and restated certificate of incorporation does not
provide for cumulative voting.

Directors removed only for cause. Our amended and restated certificate of incorporation will provide that stockholders may remove directors
only for cause by the affirmative vote of holders of at least two-thirds of the voting power of our then outstanding capital stock.

Amendment of charter and bylaws provisions. Any amendment of the above provisions in our amended and restated certificate of
incorporation and amended and restated bylaws would require approval by holders of at least two-thirds of the voting power of our then
outstanding capital stock.

Issuance of undesignated preferred stock. Our board of directors will have the authority, without further action by our stockholders, to issue up
to 100,000,000 shares of undesignated preferred stock with rights and preferences, including voting rights, designated from time to time by
our board of directors. The existence of authorized but unissued shares of preferred stock would enable our board of directors to render more
difficult or to discourage an attempt to obtain control of us by means of a merger, tender offer, proxy contest or other means.

Delaware Law
We will be governed by the provisions of Section 203 of the Delaware General Corporation Law. In general, Section 203 prohibits a public
Delaware corporation from engaging in a “business combination” with an “interested stockholder” for a period of three years after the date of
the transaction in which the person became an interested stockholder, unless:
 

•  any breach of the director’s duty of loyalty to our company or our stockholders;
 

•  the transaction was approved by the board of directors prior to the time that the stockholder became an interested stockholder;
 

•  upon consummation of the transaction which resulted in the stockholder becoming an interested stockholder, the interested stockholder
owned at least 85% of the voting stock of the corporation outstanding at the time the transaction commenced, excluding shares owned by
directors who are also
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 officers of the corporation and shares owned by employee stock plans in which employee participants do not have the right to determine
confidentially whether shares held subject to the plan will be tendered in a tender or exchange offer; or

 

•  at or subsequent to the time the stockholder became an interested stockholder, the business combination was approved by the board of
directors and authorized at an annual or special meeting of the stockholders, and not by written consent, by the affirmative vote of at least
two-thirds of the outstanding voting stock which is not owned by the interested stockholder.

In general, Section 203 defines a “business combination” to include mergers, asset sales and other transactions resulting in financial benefit
to a stockholder and an “interested stockholder” as a person who, together with affiliates and associates, owns, or within three years did own,
15% or more of the corporation’s outstanding voting stock. These provisions may have the effect of delaying, deferring, or preventing changes
in control of our company.

Limitation of liability of directors and officers
Our amended and restated certificate of incorporation will provide that no director will be personally liable to us or our stockholders for
monetary damages for breach of fiduciary duty as a director, except as required by applicable law, as in effect from time to time.
Section 102(b)(7) of the Delaware General Corporation Law permits a corporation to provide in its certificate of incorporation that a director of
the corporation shall not be personally liable to the corporation or its stockholders for monetary damages for breach of fiduciary duty as a
director, except for liability:
 

•  any breach of the director’s duty of loyalty to our company or our stockholders;
 

•  any act or omission not in good faith or which involved intentional misconduct or a knowing violation of law;
 

•  unlawful payments of dividends or unlawful stock repurchases or redemptions as provided in Section 174 of the Delaware General
Corporation Law; and

 

•  any transaction from which the director derived an improper personal benefit.

As a result, neither we nor our stockholders have the right, through stockholders’ derivative suits on our behalf, to recover monetary damages
against a director for breach of fiduciary duty as a director, including breaches resulting from grossly negligent behavior, except in the
situations described above.

Our amended and restated bylaws will also provide that, to the fullest extent permitted by law, we will indemnify any officer or director of our
company against all damages, claims and liabilities arising out of the fact that the person is or was our director or officer, or served any other
enterprise at our request as a director or officer. Amending this provision will not reduce our indemnification obligations relating to actions
taken before an amendment.

Forum selection
Our amended and restated bylaws will provide that, unless we consent in writing to the selection of an alternative forum, the sole and
exclusive forum for the following types of actions or proceedings under Delaware statutory or common law: (i) any derivative action or
proceeding brought on our behalf, (ii) any action asserting a claim of breach of a fiduciary duty owed by any of our directors, officers or other
employees to us or our stockholders, (iii) any action asserting a claim against us or any of our directors or officers arising pursuant to any
provision of the Delaware General Corporation Law, our certificate of incorporation or our amended and
 

165

Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 293 of 835 PageID #: 1778



9/8/2019 S-1

https://www.sec.gov/Archives/edgar/data/1770787/000119312519224368/d737378ds1.htm 172/238

Table of Contents

restated bylaws or (iv) any other action asserting a claim that is governed by the internal affairs doctrine shall be a state or federal court
located within the State of Delaware, in all cases subject to the courts having jurisdiction over indispensable parties named as defendants.
Although we believe these provisions benefit us by providing increased consistency in the application of Delaware law for the specified types
of actions and proceedings, the provisions may have the effect of discouraging lawsuits against us or our directors and officers. Nothing in our
amended and restated bylaws will preclude stockholders that assert claims under the Securities Act or the Exchange Act from bringing such
claims in state or federal court, subject to applicable law. Any person or entity purchasing or otherwise acquiring any interest in shares of our
capital stock shall be deemed to have notice of and consented to the foregoing forum selection provisions.

Anti-takeover effects of some provisions
Certain provisions of Delaware law, our amended and restated certificate of incorporation and our amended and restated bylaws, which are
summarized below, may have the effect of delaying, deferring or discouraging another person from acquiring control of us. They are also
designed, in part, to encourage persons seeking to acquire control of us to negotiate first with our board of directors. We believe that the
benefits of increased protection of our potential ability to negotiate with an unfriendly or unsolicited acquirer outweigh the disadvantages of
discouraging a proposal to acquire us because negotiation of these proposals could result in an improvement of their terms.

Registration rights
After the completion of this offering, certain holders of our Class B common stock will be entitled to rights with respect to the registration of
their shares under the Securities Act. These registration rights are contained in our Amended and Restated Investors’ Rights Agreement (the
“IRA”). We and certain holders of our Convertible Preferred Stock are parties to the IRA. Immediately prior to the completion of this offering,
each share of outstanding Convertible Preferred Stock will convert automatically into one share of Class B common stock. The registration
rights set forth in the IRA will expire two years following the completion of this offering, or, with respect to any particular stockholder, when
such stockholder is able to sell all of its shares on any one day pursuant to Rule 144 of the Securities Act or a similar exemption. We will pay
the registration expenses (other than underwriting discounts, selling commissions and transfer taxes) of the holders of the shares registered
pursuant to the registrations described below. In an underwritten offering, the managing underwriter, if any, has the right, subject to specified
conditions, to limit the number of shares such holders may include. We expect that our stockholders will waive their rights under the IRA (i) to
notice of this offering and (ii) to include their registrable shares in this offering. In addition, in connection with this offering, we expect that each
stockholder that has registration rights will agree not to sell or otherwise dispose of any securities without the prior written consent of the
company and J.P. Morgan Securities LLC and Goldman Sachs & Co. LLC through and including                 , 2020, subject to certain terms and
conditions and early release of certain holders in specified circumstances. See the section titled “Shares eligible for future sale—Lock-up
agreements” for additional information regarding such restrictions.

Certain stockholders who are party to the IRA have waived their registration rights and the registration rights of the other stockholders who
are party to the IRA, in each case, with respect to this offering and have entered into contractual lock-up agreements with the underwriters.
See the sections titled “Shares eligible for future sale” and “Underwriting” for more information.

Demand registration rights. After the completion of this offering, the holders of up to                  shares of our Class B common stock and
                 shares of our Class A common stock will be entitled to certain demand registration rights. At any time beginning six months after
the effective date of this offering, the holders of at
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least 50% of these shares then outstanding can request that we register the offer and sale of their shares, or such request must cover
securities in which the anticipated aggregate public offering price, before payment of underwriting discounts and commissions, is at least
$10,000,000. We are obligated to effect only two such registrations. If we determine that it would be seriously detrimental to us and our
stockholders to effect such a demand registration, we have the right to defer such registration, not more than once in any 12-month period, for
a period of up to 90 days.

S-3 registration rights. After the completion of this offering, the holders of up to                 shares of our Class B common stock and                 
shares of our Class A common stock will be entitled to certain Form S-3 registration rights. The holders of at least 20% of these shares then
outstanding may make a written request that we register the offer and sale of their shares on a registration statement on Form S-3 if we are
eligible to file a registration statement on Form S-3 so long as the request covers securities the anticipated aggregate public offering price of
which, before payment of underwriting discounts and commissions, is at least $1,000,000. These stockholders may make an unlimited
number of requests for registration on Form S-3; however, we will not be required to effect a registration on Form S-3 if we have effected two
such registrations within the 12-month period preceding the date of the request. Additionally, if we determine that it would be seriously
detrimental to us and our stockholders to effect such a registration, we have the right to defer such registration, not more than once in any
12-month period, for a period of up to 120 days.

Piggyback registration rights. After the completion of this offering, if we propose to register the offer and sale of our Class A common stock
under the Securities Act, in connection with the public offering of such Class A common stock, the holders of up to                  shares of our
Class B common stock and                  shares of our Class A common stock will be entitled to certain “piggyback” registration rights allowing
the holders to include their shares in such registration, subject to certain marketing and other limitations. As a result, whenever we propose to
file a registration statement under the Securities Act, other than with respect to (i) a registration in which the only Class A common stock being
registered is Class A common stock issuable upon conversion of debt securities that are also being registered, (ii) a registration related to any
employee benefit plan or a corporate reorganization or other transaction covered by Rule 145 promulgated under the Securities Act, or (iii) a
registration on any registration form which does not include substantially the same information as would be required to be included in a
registration statement covering the public offering of our Class A common stock, the holders of these shares are entitled to notice of the
registration and have the right, subject to certain limitations, to include their shares in the registration.

Listing
We have applied for the listing of our Class A common stock on Nasdaq under the symbol “TXG”.

Transfer agent and registrar
Upon completion of this offering, the transfer agent and registrar for our common stock will be American Stock Transfer & Trust Company,
LLC. The transfer agent and registrar’s address is 6201 15th Avenue, Brooklyn, New York 11219.
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Shares eligible for future sale
Prior to this offering, there has been no public market for our Class A common stock. Future sales of substantial amounts of our Class A
common stock in the public market could adversely affect market prices prevailing from time to time. Furthermore, because only a limited
number of shares will be available for sale shortly after this offering due to existing contractual and legal restrictions on resale as described
below, there may be sales of substantial amounts of our Class A common stock in the public market after the restrictions lapse. This may
adversely affect the prevailing market price and our ability to raise equity capital in the future.

Upon completion of this offering, we will have                  shares of Class A common stock outstanding assuming no exercise by the
underwriters of their stock option to purchase additional shares and no exercise of any stock options or warrants after June 30, 2019 and
                 shares of Class B common stock outstanding. Of these shares,                shares, or                  shares of our Class A common stock
if the underwriters exercise their stock option to purchase additional shares in full, sold in this offering will be freely transferable without
restriction or registration under the Securities Act, except for any shares purchased by one of our existing “affiliates”, as that term is defined in
Rule 144 under the Securities Act. The remaining                  shares of Class A common stock outstanding and all outstanding shares of
Class B common stock (including the shares of Class A common stock into which such shares are convertible) are “restricted shares” as
defined in Rule 144 may be sold in the public market only if registered or if they qualify for an exemption from registration under Rules 144 or
701 of the Securities Act. As a result of the contractual lock-up period through and including                 , 2020 and the provisions of Rules 144
and 701, these shares will be available for sale in the public market as follows:
 
  

Number of Shares   Date
                      On the date of this prospectus
                      After 91 days from the date of this prospectus
                    

  
Beginning                 , 2020 (subject, in some cases, to volume
limitations)

                    
  

At various times after                 , 2020 (subject, in some cases, to
volume limitations)

 

Rule 144
In general, a person who has beneficially owned restricted shares of our Class A common stock for at least six months would be entitled to
sell such securities, provided that (i) such person is not deemed to have been one of our affiliates at the time of, or at any time during the 90
days preceding, a sale and (ii) we are subject to the Exchange Act periodic reporting requirements for at least 90 days before the sale.
Persons who have beneficially owned restricted shares of our Class A common stock for at least six months but who are our affiliates at the
time of, or any time during the 90 days preceding, a sale, would be subject to additional restrictions, by which such person would be entitled to
sell within any three-month period only a number of securities that does not exceed the greater of either of the following:
 

•  1% of the number of shares of our Class A common stock then outstanding, which will equal approximately                  shares immediately
after this offering, assuming no exercise by the underwriters of their stock option to purchase additional shares; or

 

•  the average weekly trading volume of our Class A common stock on Nasdaq during the four calendar weeks preceding the filing of a notice
on Form 144 with respect to the sale;
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provided, in each case, that we are subject to the Exchange Act periodic reporting requirements for at least 90 days before the sale. Such
sales both by affiliates and by non-affiliates must also comply with the manner of sale, current public information and notice provisions of Rule
144 to the extent applicable.

Rule 701
In general, under Rule 701, any of our employees, directors, officers, consultants or advisors who purchases shares from us in connection
with a compensatory stock or stock option plan or other written agreement before the effective date of this offering is entitled to resell such
shares 90 days after the effective date of this offering in reliance on Rule 144, without having to comply with the holding period requirements
or other restrictions contained in Rule 701.

The SEC has indicated that Rule 701 will apply to typical stock options granted by an issuer before it becomes subject to the reporting
requirements of the Exchange Act, along with the shares acquired upon exercise of such stock options, including exercises after the date of
this prospectus. Securities issued in reliance on Rule 701 are restricted securities and, subject to the contractual restrictions described above,
beginning 90 days after the date of this prospectus, may be sold by persons other than “affiliates”, as defined in Rule 144, subject only to the
manner of sale provisions of Rule 144 and by “affiliates” under Rule 144 without compliance with its one-year minimum holding period
requirement.

Registration rights
Upon completion of this offering, the holders of                  shares of Class A common stock, including                 shares of Class A common
stock issuable upon the exercise of outstanding stock options or their transferees, and the holders of                 shares of Class B common
stock, as converted into an equivalent number of shares of our Class A common stock upon such offer and sale, will be entitled to various
rights with respect to the registration of these shares under the Securities Act. Registration of these shares under the Securities Act would
result in these shares becoming freely tradable without restriction under the Securities Act immediately upon the effectiveness of the
registration, except for shares purchased by affiliates. See the sections titled “Description of capital stock—Registration rights” and “—Lock-up
agreements” of such shares are covered by lock-up agreements. Following the expiration of the lock-up period, registration of these shares
under the Securities Act would result in the shares becoming freely tradable without restriction under the Securities Act immediately upon the
effectiveness of the registration.

Stock options
As of June 30, 2019, stock options to purchase a total of 15,634,182 shares of Class A common stock were outstanding. All of the shares
subject to stock options are subject to lock-up agreements. An additional 1,323,858 shares of Class A common stock were available for future
grants under our stock plans at such date. See the section titled “Executive Compensation—Equity incentive plans” for more information
regarding the 2012 Stock Plan and our Omnibus Incentive Plan.

Upon completion of this offering, we intend to file a registration statement under the Securities Act covering all shares of Class A common
stock subject to outstanding stock options or issuable pursuant to the 2012 Stock Plan, our Omnibus Incentive Plan and our ESPP. Subject to
Rule 144 volume limitations applicable to affiliates, shares registered under any registration statements will be available for sale in the open
market, except to the extent that the shares are subject to vesting restrictions with us or the contractual lock-up restrictions described below.
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Lock-up agreements
All of our directors, executive officers and the holders of substantially all of our capital stock and securities convertible or exchangeable for our
Class A common stock will agree, subject to certain exceptions, from the date of this prospectus through and including                 , 2020, that
they will not, without the consent of J.P. Morgan Securities LLC and Goldman Sachs & Co. LLC (i) offer, pledge, sell, contract to sell, sell any
option or contract to purchase, purchase any option or contract to sell, grant any option, right or warrant to purchase, hedge, lend, or
otherwise transfer or dispose of, directly or indirectly, any shares of Class A common stock or any securities convertible into or exercisable or
exchangeable for shares of Class A common stock (including, without limitation, shares of Class A common stock or such other securities
which may be deemed to be beneficially owned by the undersigned in accordance with the rules and regulations of the SEC and securities
which may be issued upon exercise of a stock option or warrant), or publicly disclose the intention to undertake any of the foregoing, (ii) enter
into any swap or other agreement that transfers, in whole or in part, any of the economic consequences of ownership of shares of Class A
common stock or such other securities, whether any such transaction described in clause (i) or (ii) above is to be settled by delivery of shares
of Class A common stock or such other securities, in cash or otherwise or (iii) make any demand for or exercise any right with respect to the
registration of any shares of Class A common stock or any security convertible into or exercisable or exchangeable for shares of Class A
common stock. See the section titled “Underwriting”.
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Material United States federal income and estate tax consequences to
non-U.S. holders
The following is a summary of material United States federal income and estate tax consequences of the purchase, ownership and disposition
of our Class A common stock as of the date hereof. Except where noted, this summary deals only with Class A common stock that is held as
a capital asset by a non-U.S. holder (as defined below).

A “non-U.S. holder” means a beneficial owner of our Class A common stock (other than an entity treated as a partnership for United States
federal income tax purposes) that is not, for United States federal income tax purposes, any of the following:
 

•  an individual citizen or resident of the United States;
 

•  a corporation (or any other entity treated as a corporation for United States federal income tax purposes) created or organized in or under
the laws of the United States, any state thereof or the District of Columbia;

 

•  an estate the income of which is subject to United States federal income taxation regardless of its source; or
 

•  a trust if it (i) is subject to the primary supervision of a court within the United States and one or more United States persons have the
authority to control all substantial decisions of the trust or (ii) has a valid election in effect under applicable United States Treasury
regulations to be treated as a United States person.

This summary is based upon provisions of the Code, regulations, rulings and judicial decisions as of the date hereof. Those authorities may
be changed, perhaps retroactively, so as to result in United States federal income and estate tax consequences different from those
summarized below. This summary does not address all aspects of United States federal income and estate taxes and does not deal with
foreign, state, local or other tax considerations that may be relevant to non-U.S. holders in light of their particular circumstances. In addition, it
does not represent a detailed description of the United States federal income and estate tax consequences applicable to you if you are
subject to special treatment under the United States federal income tax laws (including if you are a United States expatriate, foreign pension
fund, “controlled foreign corporation”, “passive foreign investment company” or a partnership or other pass-through entity for United States
federal income tax purposes). We cannot assure you that a change in law will not alter significantly the tax considerations that we describe in
this summary.

If a partnership (or other entity treated as a partnership for United States federal income tax purposes) holds our Class A common stock, the
tax treatment of a partner will generally depend upon the status of the partner and the activities of the partnership. If you are a partner of a
partnership holding our Class A common stock, you should consult your tax advisors.

If you are considering the purchase of our Class A common stock, you should consult your own tax advisors concerning the
particular United States federal income and estate tax consequences to you of the purchase, ownership and disposition of our
Class A common stock, as well as the consequences to you arising under other United States federal tax laws and the laws of any
other taxing jurisdiction.

Dividends
In the event that we make a distribution of cash or other property (other than certain pro rata distributions of our stock) in respect of our
Class A common stock, the distribution generally will be treated as a dividend for United States federal income tax purposes to the extent it is
paid from our current or accumulated earnings and profits, as determined under United States federal income tax principles. Any portion of a
distribution that
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exceeds our current and accumulated earnings and profits generally will be treated first as a tax-free return of capital, causing a reduction in
the adjusted tax basis of a non-U.S. holder’s Class A common stock, and to the extent the amount of the distribution exceeds a non-U.S.
holder’s adjusted tax basis in our Class A common stock, the excess will be treated as gain from the disposition of our Class A common stock
(the tax treatment of which is discussed below under “—Gain on disposition of Class A common stock”).

Dividends paid to a non-U.S. holder generally will be subject to withholding of United States federal income tax at a 30% rate or such lower
rate as may be specified by an applicable income tax treaty. However, dividends that are effectively connected with the conduct of a trade or
business by the non-U.S. holder within the United States (and, if required by an applicable income tax treaty, are attributable to a United
States permanent establishment) are not subject to the withholding tax, provided certain certification and disclosure requirements are
satisfied. Instead, such dividends are subject to United States federal income tax on a net income basis in the same manner as if the
non-U.S. holder were a United States person as defined under the Code. Any such effectively connected dividends received by a foreign
corporation may be subject to an additional “branch profits tax” at a 30% rate or such lower rate as may be specified by an applicable income
tax treaty.

A non-U.S. holder who wishes to claim the benefit of an applicable treaty rate and avoid backup withholding, as discussed below, for
dividends will be required (i) to provide the applicable withholding agent with a properly executed Internal Revenue Service (“IRS”) Form
W-8BEN or Form W-8BEN-E (or other applicable form) certifying under penalty of perjury that such holder is not a United States person as
defined under the Code and is eligible for treaty benefits or (ii) if our Class A common stock is held through certain foreign intermediaries, to
satisfy the relevant certification requirements of applicable United States Treasury regulations. Special certification and other requirements
apply to certain non-U.S. holders that are pass-through entities rather than corporations or individuals.

A non-U.S. holder eligible for a reduced rate of United States federal withholding tax pursuant to an income tax treaty may obtain a refund of
any excess amounts withheld by timely filing an appropriate claim for refund with the IRS.

Gain on disposition of Class A common stock
Subject to the discussion of backup withholding below, any gain realized by a non-U.S. holder on the sale or other disposition of our Class A
common stock generally will not be subject to United States federal income tax unless:
 

•  the gain is effectively connected with a trade or business of the non-U.S. holder in the United States (and, if required by an applicable
income tax treaty, is attributable to a United States permanent establishment of the non-U.S. holder);

 

•  the non-U.S. holder is an individual who is present in the United States for 183 days or more in the taxable year of that disposition and
certain other conditions are met; or

 

•  we are or have been a “United States real property holding corporation” for United States federal income tax purposes and certain other
conditions are met.

A non-U.S. holder described in the first bullet point immediately above will be subject to tax on the gain derived from the sale or other
disposition in the same manner as if the non-U.S. holder were a United States person as defined under the Code. In addition, if any non-U.S.
holder described in the first bullet point immediately above is a foreign corporation, the gain realized by such non-U.S. holder may be subject
to an additional “branch profits tax” at a 30% rate or such lower rate as may be specified by an applicable income tax treaty. An
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individual non-U.S. holder described in the second bullet point immediately above will be subject to a 30% (or such lower rate as may be
specified by an applicable income tax treaty) tax on the gain derived from the sale or other disposition, which gain may be offset by United
States source capital losses even though the individual is not considered a resident of the United States (provided such individual has timely
filed United States federal income tax returns with respect to such losses).

Generally, a corporation is a “United States real property holding corporation” if the fair market value of its United States real property
interests equals or exceeds 50% of the sum of the fair market value of its worldwide real property interests and its other assets used or held
for use in a trade or business (all as determined for United States federal income tax purposes). We believe we are not and do not anticipate
becoming a “United States real property holding corporation” for United States federal income tax purposes.

Federal estate tax
Class A common stock held by an individual non-U.S. holder at the time of death will be included in such holder’s gross estate for United
States federal estate tax purposes, unless an applicable estate tax treaty provides otherwise.

Information reporting and backup withholding
Distributions paid to a non-U.S. holder and the amount of any tax withheld with respect to such distributions generally will be reported to the
IRS. Copies of the information returns reporting such distributions and any withholding may also be made available to the tax authorities in the
country in which the non-U.S. holder resides under the provisions of an applicable income tax treaty.

A non-U.S. holder will not be subject to backup withholding on dividends received if such holder certifies under penalty of perjury that it is a
non-U.S. holder (and the payor does not have actual knowledge or reason to know that such holder is a United States person as defined
under the Code), or such holder otherwise establishes an exemption.

Information reporting and, depending on the circumstances, backup withholding will apply to the proceeds of a sale or other disposition of our
Class A common stock made within the United States or conducted through certain United States-related financial intermediaries, unless the
beneficial owner certifies under penalty of perjury that it is a non-U.S. holder (and the payor does not have actual knowledge or reason to
know that the beneficial owner is a United States person as defined under the Code), or such owner otherwise establishes an exemption.

Backup withholding is not an additional tax and any amounts withheld under the backup withholding rules will be allowed as a refund or a
credit against a non-U.S. holder’s United States federal income tax liability provided the required information is timely furnished to the IRS.

Additional withholding requirements
Under Sections 1471 through 1474 of the Code (such Sections commonly referred to as “FATCA”), a 30% United States federal withholding
tax may apply to any dividends paid on our Class A common stock to (i) a “foreign financial institution” (as specifically defined in the Code)
which does not provide sufficient documentation, typically on IRS Form W-8BEN-E, evidencing either (a) an exemption from FATCA, or (b) its
compliance (or deemed compliance) with FATCA (which may alternatively be in the form of compliance with an intergovernmental agreement
with the United States) in a manner which avoids withholding, or (ii) a “non-financial foreign entity” (as specifically defined in the Code) which
does not provide sufficient documentation, typically on IRS Form W-8BEN-E,
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evidencing either (x) an exemption from FATCA, or (y) adequate information regarding certain substantial United States beneficial owners of
such entity (if any). If a dividend payment is both subject to withholding under FATCA and subject to the withholding tax discussed above
under “—Dividends”, the withholding under FATCA may be credited against, and therefore reduce, such other withholding tax. Under
applicable Treasury regulations and administrative guidance, withholding under FATCA would have applied to payments of gross proceeds
from the sale or other disposition of stock on or after January 1, 2019, although under recently proposed regulations (the preamble to which
specifies that taxpayers are permitted to rely on such proposed regulations pending finalization), no withholding would apply with respect to
payments of gross proceeds. You should consult your own tax advisors regarding these requirements and whether they may be relevant to
your ownership and disposition of our Class A common stock.
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Underwriting
We are offering the shares of Class A common stock described in this prospectus through a number of underwriters. J.P. Morgan Securities
LLC, Goldman Sachs & Co. LLC and BofA Securities, Inc. are acting as joint book-running managers of the offering and as representatives of
the underwriters. We have entered into an underwriting agreement with the underwriters. Subject to the terms and conditions of the
underwriting agreement, we have agreed to sell to the underwriters, and each underwriter has severally agreed to purchase, at the public
offering price less the underwriting discounts and commissions set forth on the cover page of this prospectus, the number of shares of
Class A common stock listed next to its name in the following table:
 
  

Name   
Number

of shares 
J.P. Morgan Securities LLC   
Goldman Sachs & Co. LLC   
BofA Securities, Inc.   
Cowen and Company, LLC                         

    
 

Total   
  

The underwriters are committed to purchase all the shares of Class A common stock offered by us if they purchase any shares. The
underwriting agreement also provides that if an underwriter defaults, the purchase commitments of non-defaulting underwriters may also be
increased or the offering may be terminated.

The underwriters propose to offer the shares of Class A common stock directly to the public at the initial public offering price set forth on the
cover page of this prospectus and to certain dealers at that price less a concession not in excess of $                per share. After the initial
offering of the shares of Class A common stock to the public, the underwriters may change the offering price and the other selling terms.
Sales of shares made outside of the United States may be made by affiliates of the underwriters. The offering of the shares by the
underwriters is subject to receipt and acceptance and subject to the underwriters’ right to reject any order in whole or in part.

The underwriters have an option to buy up to                additional shares of Class A common stock from us to cover sales of shares by the
underwriters which exceed the number of shares specified in the table above. The underwriters have 30 days from the date of this prospectus
to exercise this option to purchase additional shares. If any shares are purchased with this option to purchase additional shares, the
underwriters will purchase shares in approximately the same proportion as shown in the table above. If any additional shares of Class A
common stock are purchased, the underwriters will offer the additional shares on the same terms as those on which the shares are being
offered.

The underwriting fee is equal to the public offering price per share of Class A common stock less the amount paid by the underwriters to us
per share of Class A common stock. The underwriting fee is $                per share. The following table shows the per share and total
underwriting discounts and commissions to be paid to the underwriters assuming both no exercise and full exercise of the underwriters’ option
to purchase additional shares.
 
   

    

Without
exercise of

option to
purchase

additional shares   

With full
exercise of

option to
purchase

additional shares 
Per share   $                         $                   
Total   $     $   
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We estimate that the total expenses of this offering, including registration, filing and listing fees, printing fees and legal and accounting
expenses, but excluding the underwriting discounts and commissions, will be approximately $                . We have agreed to reimburse the
underwriters for expenses relating to the clearance of this offering with the Financial Industry Regulatory Authority, Inc. in an amount up to
$                .

A prospectus in electronic format may be made available on the websites maintained by one or more underwriters, or selling group members,
if any, participating in the offering. The underwriters may agree to allocate a number of shares to underwriters and selling group members for
sale to their online brokerage account holders. Internet distributions will be allocated by the representatives to underwriters and selling group
members that may make internet distributions on the same basis as other allocations.

We have agreed that we will not, subject to certain exceptions, for a period of 180 days after the date of this prospectus (i) offer, pledge, sell,
contract to sell, sell any option or contract to purchase, purchase any option or contract to sell, grant any option, right or warrant to purchase,
or otherwise transfer or dispose of, directly or indirectly, or file with, or submit to, the SEC a registration statement under the Securities Act
relating to, any shares of Class A common stock or any securities convertible into or exercisable or exchangeable for shares of Class A
common stock, or publicly disclose the intention to make any offer, sale, pledge, disposition, submission or filing, or (ii) enter into any swap,
hedging, or other agreement that transfers, in whole or in part, any of the economic consequences of ownership of shares of Class A common
stock or any such other securities, whether any such transaction described in clause (i) or (ii) above is to be settled by delivery of shares of
Class A common stock or such other securities, in cash or otherwise, without the prior written consent of J.P. Morgan Securities LLC and
Goldman Sachs & Co. LLC. Notwithstanding the foregoing, we may issue shares of our Class A common stock or securities convertible into
or exercisable or exchangeable for shares of our Class A common stock in amount equal to up to     % of the total number of outstanding
shares of our Class A common stock outstanding immediately following the issuance of the shares of Class A common stock to be sold in this
offering plus the shares of Class A common stock reserved for issuance under our 2012 Stock Plan, Omnibus Incentive Plan and ESPP, in
connection with mergers, acquisitions or commercial or strategic transactions (including, without limitation, entry into joint ventures, marketing
or distribution agreements or collaboration agreements or acquisitions of technology, assets or intellectual property licenses) provided that the
recipient execute a lockup agreement with respect to such shares.

All of our directors, executive officers and the holders of substantially all of our capital stock and securities convertible or exchangeable for our
Class A common stock will agree, subject to certain exceptions, from the date of this prospectus through and including                 , 2020, that
they will not, without the consent of J.P. Morgan Securities LLC and Goldman Sachs & Co. LLC (i) offer, pledge, sell, contract to sell, sell any
option or contract to purchase, purchase any option or contract to sell, grant any option, right or warrant to purchase, hedge, lend, or
otherwise transfer or dispose of, directly or indirectly, any shares of Class A common stock or any securities convertible into or exercisable or
exchangeable for shares of Class A common stock (including, without limitation, shares of Class A common stock or such other securities
which may be deemed to be beneficially owned by the undersigned in accordance with the rules and regulations of the SEC and securities
which may be issued upon exercise of a stock option or warrant), or publicly disclose the intention to undertake any of the foregoing, (ii) enter
into any swap or other agreement that transfers, in whole or in part, any of the economic consequences of ownership of shares of Class A
common stock or such other securities, whether any such transaction described in clause (i) or (ii) above is to be settled by delivery of shares
of Class A common stock or such other securities, in cash or otherwise or (iii) make any demand for or exercise any right with respect to the
registration of any shares of Class A common stock or any security convertible into or exercisable or exchangeable for shares of Class A
common stock.

We have agreed to indemnify the underwriters against certain liabilities, including liabilities under the Securities Act.
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We have applied for the listing of our Class A common stock on Nasdaq under the symbol “TXG”.

In connection with this offering, the underwriters may engage in stabilizing transactions, which involves making bids for, purchasing and
selling shares of Class A common stock in the open market for the purpose of preventing or retarding a decline in the market price of the
Class A common stock while this offering is in progress. These stabilizing transactions may include making short sales of the Class A
common stock, which involves the sale by the underwriters of a greater number of shares of Class A common stock than they are required to
purchase in this offering and the purchasing of shares of Class A common stock on the open market to cover positions created by short sales.
Short sales may be “covered” shorts, which are short positions in an amount not greater than the underwriters’ option to purchase additional
shares referred to above, or may be “naked” shorts, which are short positions in excess of that amount. The underwriters may close out any
covered short position either by exercising their option to purchase additional shares, in whole or in part, or by purchasing shares in the open
market. In making this determination, the underwriters will consider, among other things, the price of shares available for purchase in the open
market compared to the price at which the underwriters may purchase shares through the option to purchase additional shares. A naked short
position is more likely to be created if the underwriters are concerned that there may be downward pressure on the price of the Class A
common stock in the open market that could adversely affect investors who purchase in this offering. To the extent that the underwriters
create a naked short position, they will purchase shares in the open market to cover the position.

The underwriters have advised us that, pursuant to Regulation M of the Securities Act, they may also engage in other activities that stabilize,
maintain or otherwise affect the price of the Class A common stock, including the imposition of penalty bids. This means that if the
representatives of the underwriters purchase Class A common stock in the open market in stabilizing transactions or to cover short sales, the
representatives can require the underwriters that sold those shares as part of this offering to repay the underwriting discount received by
them.

These activities may have the effect of raising or maintaining the market price of the Class A common stock or preventing or retarding a
decline in the market price of the Class A common stock and, as a result, the price of the Class A common stock may be higher than the price
that otherwise might exist in the open market. If the underwriters commence these activities, they may discontinue them at any time. The
underwriters may carry out these transactions on Nasdaq, in the over-the-counter market or otherwise.

Prior to this offering, there has been no public market for our Class A common stock. The initial public offering price will be determined by
negotiations between us and the representatives of the underwriters. In determining the initial public offering price, we and the representatives
of the underwriters expect to consider a number of factors including:
 

•  the information set forth in this prospectus and otherwise available to the representatives;
 

•  our prospects and the history and prospects for the industry in which we compete;
 

•  an assessment of our management;
 

•  our prospects for future earnings;
 

•  the general condition of the securities markets at the time of this offering;
 

•  the recent market prices of, and demand for, publicly traded common stock of generally comparable companies; and
 

•  other factors deemed relevant by the underwriters and us.
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Neither we nor the underwriters can assure investors that an active trading market will develop for shares of our Class A common stock, or
that the shares will trade in the public market at or above the initial public offering price.

Other relationships
Certain of the underwriters and their affiliates have provided in the past to us and our affiliates and may provide from time to time in the future
certain commercial banking, financial advisory, investment banking and other services for us and such affiliates in the ordinary course of their
business, for which they have received and may continue to receive customary fees and commissions. In addition, from time to time, certain
of the underwriters and their affiliates may effect transactions for their own account or the account of customers, and hold on behalf of
themselves or their customers, long or short positions in our debt or equity securities or loans, and may do so in the future.

Selling restrictions
Other than in the United States, no action has been taken by us or the underwriters that would permit a public offering of the securities offered
by this prospectus in any jurisdiction where action for that purpose is required. The securities offered by this prospectus may not be offered or
sold, directly or indirectly, nor may this prospectus or any other offering material or advertisements in connection with the offer and sale of any
such securities be distributed or published in any jurisdiction, except under circumstances that will result in compliance with the applicable
rules and regulations of that jurisdiction. Persons into whose possession this prospectus comes are advised to inform themselves about and
to observe any restrictions relating to the offering and the distribution of this prospectus. This prospectus does not constitute an offer to sell or
a solicitation of an offer to buy any securities offered by this prospectus in any jurisdiction in which such an offer or a solicitation is unlawful.

Notice to prospective investors in the European Economic Area
In relation to each Member State of the European Economic Area which has implemented the Prospectus Directive (each, a “Relevant
Member State”), with effect from and including the date on which the Prospectus Directive is implemented in that Relevant Member State, no
offer of shares may be made to the public in that Relevant Member State other than:
 

(i)  to any legal entity which is a qualified investor as defined in the Prospectus Directive;
 

(ii)  to fewer than 150 natural or legal persons (other than qualified investors as defined in the Prospectus Directive), subject to obtaining the
prior consent of the underwriters; or

 

(iii)  in any other circumstances falling within Article 3(2) of the Prospectus Directive,

provided that no such offer of shares shall require the Company or any underwriter to publish a prospectus pursuant to Article 3 of the
Prospectus Directive or supplement a prospectus pursuant to Article 16 of the Prospectus Directive and each person who initially acquires
any shares or to whom any offer is made will be deemed to have represented, acknowledged and agreed to and with each of the underwriters
and the Company that it is a “qualified investor” within the meaning of the law in that Relevant Member State implementing Article 2(1)(e) of
the Prospectus Directive.

In the case of any shares being offered to a financial intermediary as that term is used in Article 3(2) of the Prospectus Directive, each such
financial intermediary will be deemed to have represented, acknowledged and
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agreed that the shares acquired by it in the offer have not been acquired on a non-discretionary basis on behalf of, nor have they been
acquired with a view to their offer or resale to, persons in circumstances which may give rise to an offer of any shares to the public other than
their offer or resale in a Relevant Member State to qualified investors as so defined or in circumstances in which the prior consent of the
representatives has been obtained to each such proposed offer or resale.

For the purposes of this provision, the expression an “offer of shares to the public” in relation to any shares in any Relevant Member State
means the communication in any form and by means of sufficient information on the terms of the offer and the shares to be offered so as to
enable an investor to decide to purchase shares, as the same may be varied in that Member State by any measure implementing the
Prospectus Directive in that Member State, the expression “Prospectus Directive” means Directive 2003/71/EC (as amended, including by
Directive 2010/73/EU), and includes any relevant implementing measure in the Relevant Member State.

Notice to prospective investors in the United Kingdom
In addition, in the United Kingdom, this document is being distributed only to, and is directed only at, and any offer subsequently made may
only be directed at, persons who are “qualified investors” (as defined in the Prospectus Directive) (i) who have professional experience in
matters relating to investments falling within Article 19(5) of the Financial Services and Markets Act 2000 (Financial Promotion) Order 2005,
as amended (the “Order”) and/or (ii) who are high net worth companies (or persons to whom it may otherwise be lawfully communicated)
falling within Article 49(2)(a) to (d) of the Order (all such persons together being referred to as “relevant persons”) or otherwise in
circumstances which have not resulted and will not result in an offer to the public of the shares in the United Kingdom within the meaning of
the Financial Services and Markets Act 2000.

Any person in the United Kingdom that is not a relevant person should not act or rely on the information included in this document or use it as
basis for taking any action. In the United Kingdom, any investment or investment activity that this document relates to may be made or taken
exclusively by relevant persons.

Notice to prospective investors in Canada
The shares may be sold only to purchasers purchasing, or deemed to be purchasing, as principal that are accredited investors, as defined in
National Instrument 45-106 Prospectus Exemptions or subsection 73.3(1) of the Securities Act (Ontario), and are permitted clients, as defined
in National Instrument 31-103 Registration Requirements, Exemptions and Ongoing Registrant Obligations. Any resale of the shares must be
made in accordance with an exemption from, or in a transaction not subject to, the prospectus requirements of applicable securities laws.

Securities legislation in certain provinces or territories of Canada may provide a purchaser with remedies for rescission or damages if this
prospectus (including any amendment thereto) contains a misrepresentation, provided that the remedies for rescission or damages are
exercised by the purchaser within the time limit prescribed by the securities legislation of the purchaser’s province or territory. The purchaser
should refer to any applicable provisions of the securities legislation of the purchaser’s province or territory for particulars of these rights or
consult with a legal advisor.

Pursuant to section 3A.3 of National Instrument 33-105 Underwriting Conflicts (“NI 33-105”), the underwriters are not required to comply with
the disclosure requirements of NI 33-105 regarding underwriter conflicts of interest in connection with this offering.

Notice to prospective investors in Switzerland
The shares may not be publicly offered in Switzerland and will not be listed on the SIX Swiss Exchange (“SIX”) or on any other stock
exchange or regulated trading facility in Switzerland. This document does not constitute a
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prospectus within the meaning of, and has been prepared without regard to the disclosure standards for, issuance prospectuses under art.
652a or art. 1156 of the Swiss Code of Obligations or the disclosure standards for listing prospectuses under art. 27 ff. of the SIX Listing
Rules or the listing rules of any other stock exchange or regulated trading facility in Switzerland. Neither this document nor any other offering
or marketing material relating to the shares or the offering may be publicly distributed or otherwise made publicly available in Switzerland.

Neither this document nor any other offering or marketing material relating to the offering, the Company or the shares has been or will be filed
with or approved by any Swiss regulatory authority. In particular, this document will not be filed with, and the offer of shares will not be
supervised by, the Swiss Financial Market Supervisory Authority FINMA, and the offer of shares has not been and will not be authorized
under the Swiss Federal Act on Collective Investment Schemes (“CISA”). The investor protection afforded to acquirers of interests in
collective investment schemes under the CISA does not extend to acquirers of shares.

Notice to prospective investors in the Dubai International Financial Centre
This document relates to an Exempt Offer in accordance with the Markets Rules 2012 of the Dubai Financial Services Authority (“DFSA”).
This document is intended for distribution only to persons of a type specified in the Markets Rules 2012 of the DFSA. It must not be delivered
to, or relied on by, any other person. The DFSA has no responsibility for reviewing or verifying any documents in connection with Exempt
Offers. The DFSA has not approved this prospectus supplement nor taken steps to verify the information set forth herein and has no
responsibility for this document. The securities to which this document relates may be illiquid and/or subject to restrictions on their resale.
Prospective purchasers of the securities offered should conduct their own due diligence on the securities. If you do not understand the
contents of this document you should consult an authorized financial advisor.

In relation to its use in the Dubai International Financial Centre (“DIFC”), this document is strictly private and confidential and is being
distributed to a limited number of investors and must not be provided to any person other than the original recipient and may not be
reproduced or used for any other purpose. The interests in the securities may not be offered or sold directly or indirectly to the public in the
DIFC.

Notice to prospective investors in the United Arab Emirates
The shares have not been, and are not being, publicly offered, sold, promoted or advertised in the United Arab Emirates (including the DIFC)
other than in compliance with the laws of the United Arab Emirates (and the DIFC) governing the issue, offering and sale of securities.
Further, this prospectus does not constitute a public offer of securities in the United Arab Emirates (including the DIFC) and is not intended to
be a public offer. This prospectus has not been approved by or filed with the Central Bank of the United Arab Emirates, the Securities and
Commodities Authority or the DFSA.

Notice to prospective investors in Australia
This prospectus:
 

•  does not constitute a product disclosure document or a prospectus under Chapter 6D.2 of the Corporations Act 2001 (Cth) (the
“Corporations Act”);

 

•  has not been, and will not be, lodged with the Australian Securities and Investments Commission (“ASIC”), as a disclosure document for
the purposes of the Corporations Act and does not purport to include the information required of a disclosure document under Chapter
6D.2 of the Corporations Act;
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•  does not constitute or involve a recommendation to acquire, an offer or invitation for issue or sale, an offer or invitation to arrange the issue
or sale, or an issue or sale, of interests to a “retail client” (as defined in section 761G of the Corporations Act and applicable regulations) in
Australia; and

 

•  may only be provided in Australia to select investors who are able to demonstrate that they fall within one or more of the categories of
investors (“Exempt Investors”) available under section 708 of the Corporations Act.

The shares may not be directly or indirectly offered for subscription or purchased or sold, and no invitations to subscribe for or buy the shares
may be issued, and no draft or definitive offering memorandum, advertisement or other offering material relating to any shares may be
distributed in Australia, except where disclosure to investors is not required under Chapter 6D of the Corporations Act or is otherwise in
compliance with all applicable Australian laws and regulations. By submitting an application for the shares, you represent and warrant to us
that you are an Exempt Investor.

As any offer of shares under this document will be made without disclosure in Australia under Chapter 6D.2 of the Corporations Act, the offer
of those securities for resale in Australia within 12 months may, under section 707 of the Corporations Act, require disclosure to investors
under Chapter 6D.2 if none of the exemptions in section 708 applies to that resale. By applying for the shares you undertake to us that you
will not, for a period of 12 months from the date of issue of the shares, offer, transfer, assign or otherwise alienate those securities to investors
in Australia except in circumstances where disclosure to investors is not required under Chapter 6D.2 of the Corporations Act or where a
compliant disclosure document is prepared and lodged with ASIC.

Notice to prospective investors in Japan
The shares have not been and will not be registered pursuant to Article 4, Paragraph 1 of the Financial Instruments and Exchange Act.
Accordingly, none of the shares nor any interest therein may be offered or sold, directly or indirectly, in Japan or to, or for the benefit of, any
“resident” of Japan (which term as used herein means any person resident in Japan, including any corporation or other entity organized under
the laws of Japan), or to others for re-offering or resale, directly or indirectly, in Japan or to or for the benefit of a resident of Japan, except
pursuant to an exemption from the registration requirements of, and otherwise in compliance with, the Financial Instruments and Exchange
Act and any other applicable laws, regulations and ministerial guidelines of Japan in effect at the relevant time.

Notice to prospective investors in Hong Kong
The shares have not been offered or sold and will not be offered or sold in Hong Kong, by means of any document, other than (i) to
“professional investors” as defined in the Securities and Futures Ordinance (Cap. 571) of Hong Kong and any rules made under that
Ordinance; or (ii) in other circumstances which do not result in the document being a “prospectus” as defined in the Companies (Winding Up
and Miscellaneous Provisions) Ordinance (Cap. 32) of Hong Kong or which do not constitute an offer to the public within the meaning of that
Ordinance. No advertisement, invitation or document relating to the shares has been or may be issued or has been or may be in the
possession of any person for the purposes of issue, whether in Hong Kong or elsewhere, which is directed at, or the contents of which are
likely to be accessed or read by, the public of Hong Kong (except if permitted to do so under the securities laws of Hong Kong) other than with
respect to shares which are or are intended to be disposed of only to persons outside Hong Kong or only to “professional investors” as
defined in the Securities and Futures Ordinance and any rules made under that Ordinance.

Notice to prospective investors in Singapore
This prospectus has not been registered as a prospectus with the Monetary Authority of Singapore. Accordingly, this prospectus and any
other document or material in connection with the offer or sale, or invitation for
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subscription or purchase, of shares may not be circulated or distributed, nor may the shares be offered or sold, or be made the subject of an
invitation for subscription or purchase, whether directly or indirectly, to persons in Singapore other than (i) to an institutional investor under
Section 274 of the Securities and Futures Act, Chapter 289 of Singapore (the “SFA”), (ii) to a relevant person pursuant to Section 275(1), or
any person pursuant to Section 275(1A), and in accordance with the conditions specified in Section 275 of the SFA or (iii) otherwise pursuant
to, and in accordance with the conditions of, any other applicable provision of the SFA.

Where the shares are subscribed or purchased under Section 275 of the SFA by a relevant person which is:
 

(i)  a corporation (which is not an accredited investor (as defined in Section 4A of the SFA)) the sole business of which is to hold
investments and the entire share capital of which is owned by one or more individuals, each of whom is an accredited investor; or

 

(ii)  a trust (where the trustee is not an accredited investor) whose sole purpose is to hold investments and each beneficiary of the trust is an
individual who is an accredited investor,

securities (as defined in Section 239(1) of the SFA) of that corporation or the beneficiaries’ rights and interest (howsoever described) in that
trust shall not be transferred within six months after that corporation or that trust has acquired the shares pursuant to an offer made under
Section 275 of the SFA except:
 

(i)  to an institutional investor or to a relevant person defined in Section 275(2) of the SFA, or to any person arising from an offer referred to
in Section 275(1A) or Section 276(4)(i)(B) of the SFA;

 

(ii)  where no consideration is or will be given for the transfer;
 

(iii)  where the transfer is by operation of law;
 

(iv)  as specified in Section 276(7) of the SFA; or
 

(v)  as specified in Regulation 32 of the Securities and Futures (Offers of Investments) (Shares and Debentures) Regulations 2005 of
Singapore.

Solely for the purposes of its obligations pursuant to Section 309B of the SFA, we have determined, and hereby notify all relevant persons (as
defined in the CMP Regulations 2018), that the shares are “prescribed capital markets products” (as defined in the CMP Regulations 2018)
and Excluded Investment Products (as defined in MAS Notice SFA 04-N12: Notice on the Sale of Investment Products and MAS Notice
FAA-N16: Notice on Recommendations on Investment Products).

Notice to prospective investors in Bermuda
Shares may be offered or sold in Bermuda only in compliance with the provisions of the Investment Business Act of 2003 of Bermuda which
regulates the sale of securities in Bermuda. Additionally, non-Bermudian persons (including companies) may not carry on or engage in any
trade or business in Bermuda unless such persons are permitted to do so under applicable Bermuda legislation.

Notice to prospective investors in Saudi Arabia
This document may not be distributed in the Kingdom of Saudi Arabia except to such persons as are permitted under the Offers of Securities
Regulations as issued by the board of the Saudi Arabian Capital Market Authority (“CMA”) pursuant to resolution number 2-11-2004 dated
4 October 2004 as amended by resolution number 1-28-2008, as amended (the “CMA Regulations”). The CMA does not make any
representation as to the accuracy or completeness of this document and expressly disclaims any liability whatsoever for any loss arising from,
or
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incurred in reliance upon, any part of this document. Prospective purchasers of the securities offered hereby should conduct their own due
diligence on the accuracy of the information relating to the securities. If you do not understand the contents of this document, you should
consult an authorized financial adviser.

Notice to prospective investors in the British Virgin Islands
The shares are not being and may not be offered to the public or to any person in the British Virgin Islands for purchase or subscription by or
on behalf of the Company. The Company may be offered to companies incorporated under the BVI Business Companies Act, 2004 (British
Virgin Islands) (“BVI Companies”), but only where the offer will be made to, and received by, the relevant BVI Company entirely outside of the
British Virgin Islands. This prospectus has not been, and will not be, registered with the Financial Services Commission of the British Virgin
Islands. No registered prospectus has been or will be prepared in respect of the shares for the purposes of the Securities and Investment
Business Act, 2010 or the Public Issuers Code of the British Virgin Islands.

Notice to prospective investors in China
This prospectus does not constitute a public offer of shares, whether by sale or subscription, in the People’s Republic of China (the “PRC”).
The shares are not being offered or sold directly or indirectly in the PRC to or for the benefit of, legal or natural persons of the PRC.

Further, no legal or natural persons of the PRC may directly or indirectly purchase any of the shares or any beneficial interest therein without
obtaining all prior PRC’s governmental approvals that are required, whether statutorily or otherwise. Persons who come into possession of
this document are required by the issuer and its representatives to observe these restrictions.

Notice to prospective investors in Korea
The shares have not been and will not be registered under the Financial Investments Services and Capital Markets Act of Korea and the
decrees and regulations thereunder (the “FSCMA”) and the shares have been, and will be, offered in Korea as a private placement under the
FSCMA. None of the shares may be offered, sold or delivered directly or indirectly, or offered or sold to any person for re-offering or resale,
directly or indirectly, in Korea or to any resident of Korea except pursuant to the applicable laws and regulations of Korea, including the
FSCMA and the Foreign Exchange Transaction Law of Korea and the decrees and regulations thereunder (the “FETL”). Furthermore, the
purchaser of the shares shall comply with all applicable regulatory requirements (including but not limited to requirements under the FETL) in
connection with the purchase of the shares. By the purchase of the shares, the relevant holder thereof will be deemed to represent and
warrant that if it is in Korea or is a resident of Korea, it purchased the shares pursuant to the applicable laws and regulations of Korea.

Notice to prospective investors in Malaysia
No prospectus or other offering material or document in connection with the offer and sale of the shares has been or will be registered with
the Securities Commission of Malaysia (“Commission”) for the Commission’s approval pursuant to the Capital Markets and Services Act 2007.
Accordingly, this prospectus and any other document or material in connection with the offer or sale, or invitation for subscription or purchase,
of the shares may not be circulated or distributed, nor may the shares be offered or sold, or be made the subject of an invitation for
subscription or purchase, whether directly or indirectly, to persons in Malaysia other than (i) a closed end fund approved by the Commission;
(ii) a holder of a Capital Markets Services License; (iii) a person
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who acquires the shares, as principal, if the offer is on terms that the shares may only be acquired at a consideration of not less than
RM250,000 (or its equivalent in foreign currencies) for each transaction; (iv) an individual whose total net personal assets or total net joint
assets with his or her spouse exceeds RM3 million (or its equivalent in foreign currencies), excluding the value of the primary residence of the
individual; (v) an individual who has a gross annual income exceeding RM300,000 (or its equivalent in foreign currencies) per annum in the
preceding twelve months; (vi) an individual who, jointly with his or her spouse, has a gross annual income of RM400,000 (or its equivalent in
foreign currencies), per annum in the preceding twelve months; (vii) a corporation with total net assets exceeding RM10 million (or its
equivalent in a foreign currencies) based on the last audited accounts; (viii) a partnership with total net assets exceeding RM10 million (or its
equivalent in foreign currencies); (ix) a bank licensee or insurance licensee as defined in the Labuan Financial Services and Securities Act
2010; (x) an Islamic bank licensee or takaful licensee as defined in the Labuan Financial Services and Securities Act 2010; and (xi) any other
person as may be specified by the Commission; provided that, in the each of the preceding categories (i) to (xi), the distribution of the shares
is made by a holder of a Capital Markets Services License who carries on the business of dealing in securities. The distribution in Malaysia of
this prospectus is subject to Malaysian laws. This prospectus does not constitute and may not be used for the purpose of public offering or an
issue, offer for subscription or purchase, invitation to subscribe for or purchase any securities requiring the registration of a prospectus with
the Commission under the Capital Markets and Services Act 2007.

Notice to prospective investors in Taiwan
The shares have not been and will not be registered with the Financial Supervisory Commission of Taiwan pursuant to relevant securities laws
and regulations and may not be sold, issued or offered within Taiwan through a public offering or in circumstances which constitutes an offer
within the meaning of the Securities and Exchange Act of Taiwan that requires a registration or approval of the Financial Supervisory
Commission of Taiwan. No person or entity in Taiwan has been authorized to offer, sell, give advice regarding or otherwise intermediate the
offering and sale of the shares in Taiwan.

Notice to prospective investors in South Africa
Due to restrictions under the securities laws of South Africa, the shares are not offered, and the offer shall not be transferred, sold, renounced
or delivered, in South Africa or to a person with an address in South Africa, unless one or other of the following exemptions applies:
 

(i)  the offer, transfer, sale, renunciation or delivery is to:
 
 (a)  persons whose ordinary business is to deal in securities, as principal or agent;
 
 (b)  the South African Public Investment Corporation;
 
 (c)  persons or entities regulated by the Reserve Bank of South Africa;
 
 (d)  authorized financial service providers under South African law;
 
 (e)  financial institutions recognized as such under South African law;
 

 
(f)  a wholly-owned subsidiary of any person or entity contemplated in (c), (d) or (e), acting as agent in the capacity of an authorized

portfolio manager for a pension fund or collective investment scheme (in each case duly registered as such under South African
law); or

 
 (g)  any combination of the person in (a) to (f); or
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(ii)  the total contemplated acquisition cost of the securities, for any single addressee acting as principal is equal to or greater than
ZAR1,000,000.

No “offer to the public” (as such term is defined in the South African Companies Act, No. 71 of 2008 (as amended or re-enacted) (the “South
African Companies Act”)) in South Africa is being made in connection with the issue of the shares. Accordingly, this document does not, nor is
it intended to, constitute a “registered prospectus” (as that term is defined in the South African Companies Act) prepared and registered under
the South African Companies Act and has not been approved by, and/or filed with, the South African Companies and Intellectual Property
Commission or any other regulatory authority in South Africa. Any issue or offering of the shares in South Africa constitutes an offer of the
shares in South Africa for subscription or sale in South Africa only to persons who fall within the exemption from “offers to the public” set out in
section 96(1)(a) of the South African Companies Act. Accordingly, this document must not be acted on or relied on by persons in South Africa
who do not fall within section 96(1)(a) of the South African Companies Act (such persons being referred to as “SA Relevant Persons”). Any
investment or investment activity to which this document relates is available in South Africa only to SA Relevant Persons and will be engaged
in South Africa only with SA relevant persons.
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Legal matters
The validity of the issuance of the shares of Class A common stock offered hereby will be passed upon for 10x Genomics, Inc. by Simpson
Thacher & Bartlett LLP. Cooley LLP is representing the underwriters.

Experts
Ernst & Young LLP, independent registered public accounting firm, has audited our consolidated financial statements at December 31, 2017
and 2018, and for each of the two years in the period ended December 31, 2018, as set forth in their report. We have included our financial
statements in the prospectus and elsewhere in the registration statement in reliance of Ernst & Young LLP’s report, given on their authority as
experts in accounting and auditing.

Where you can find more information
We have filed with the SEC a registration statement on Form S-1 under the Securities Act with respect to the shares of Class A common stock
offered hereby. This prospectus does not contain all of the information set forth in the registration statement and the exhibits and schedules
thereto. For further information with respect to the company and its Class A common stock, reference is made to the registration statement
and the exhibits and any schedules filed therewith. Statements contained in this prospectus as to the contents of any contract or other
document referred to are not necessarily complete and in each instance, if such contract or document is filed as an exhibit, reference is made
to the copy of such contract or other document filed as an exhibit to the registration statement, each statement being qualified in all respects
by such reference. The SEC maintains a website at www.sec.gov, from which interested persons can electronically access the registration
statement, including the exhibits and any schedules thereto and which contains reports, proxy and information statements and other
information regarding issuers that file electronically with the SEC.

As a result of the offering, we will be required to file periodic reports and other information with the SEC. We also maintain a website at
https://www.10xgenomics.com. Our website and the information contained therein or connected thereto shall not be deemed to be
incorporated into this prospectus or the registration statement of which it forms a part.
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Report of Independent Registered Public Accounting Firm

To the Stockholders and the Board of Directors of 10x Genomics, Inc.

Opinion on the Financial Statements
We have audited the accompanying consolidated balance sheets of 10x Genomics, Inc. (the “Company”) as of December 31, 2017 and

2018, the related consolidated statements of operations and comprehensive loss, convertible preferred stock and stockholders’ equity (deficit)
and cash flows for the years then ended, and the related notes (collectively referred to as the “consolidated financial statements”). In our
opinion, the consolidated financial statements present fairly, in all material respects, the financial position of the Company as of December 31,
2017 and 2018, and the results of its operations and its cash flows for the years then ended in conformity with U.S. generally accepted
accounting principles.

Basis for Opinion
These financial statements are the responsibility of the Company’s management. Our responsibility is to express an opinion on the

Company’s financial statements based on our audits. We are a public accounting firm registered with the Public Company Accounting
Oversight Board (United States) (PCAOB) and are required to be independent with respect to the Company in accordance with the U.S.
federal securities laws and the applicable rules and regulations of the Securities and Exchange Commission and the PCAOB.

We conducted our audits in accordance with the standards of the PCAOB. Those standards require that we plan and perform the audit
to obtain reasonable assurance about whether the financial statements are free of material misstatement, whether due to error or fraud. The
Company is not required to have, nor were we engaged to perform, an audit of its internal control over financial reporting. As part of our audits
we are required to obtain an understanding of internal control over financial reporting but not for the purpose of expressing an opinion on the
effectiveness of the Company’s internal control over financial reporting. Accordingly, we express no such opinion.

Our audits included performing procedures to assess the risks of material misstatement of the financial statements, whether due to error
or fraud, and performing procedures that respond to those risks. Such procedures included examining, on a test basis, evidence regarding the
amounts and disclosures in the financial statements. Our audits also included evaluating the accounting principles used and significant
estimates made by management, as well as evaluating the overall presentation of the financial statements. We believe that our audits provide
a reasonable basis for our opinion.

/s/ Ernst & Young LLP

We have served as the Company’s auditor since 2015.

Redwood City, California
May 10, 2019
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10x Genomics, Inc.

Consolidated Balance Sheets
(in thousands, except share and per share data)

 
   December 31,

 
June 30,

2019  

Pro forma
June 30,

2019     2017  2018

       
(unaudited)

 
(unaudited)

(Note 2)  
Assets      
Current assets:      

Cash and cash equivalents     $ 47,857       $ 65,080     $ 56,034                
Accounts receivable, net    13,341   28,088   26,803  
Inventory    4,838   8,570   12,325  
Tenant allowance receivable    —   1,478   7,944  
Prepaid expenses and other current assets    2,071   3,020   4,120  

              

Total current assets    68,107   106,236   107,226  
Property and equipment, net    6,925   11,127   38,337  
Restricted cash    —   5,008   5,008  
Other assets    577   1,939   5,023  

              

Total assets     $ 75,609    $ 124,310  $ 155,594  
              

Liabilities, Convertible Preferred Stock and Stockholders’ Equity (Deficit)      
Current liabilities:      

Accounts payable     $ 5,443    $ 8,792    $ 9,429  
Accrued compensation and related benefits    4,477   7,047   6,399  
Accrued expenses and other current liabilities    3,662   8,172   16,434  
Term loans, current portion    4,224   4,187   4,887  
Accrued legal expenses    3,223   1,769   3,321  
Deferred revenue, current    1,112   2,395   2,757  

              

Total current liabilities    22,141   32,362   43,227  
Term loans, noncurrent portion    6,335   25,489   24,777  
Accrued contingent liabilities    —   38,000   55,255  
Deferred revenue, noncurrent    713   1,102   1,131  
Deferred rent, noncurrent    1   3,329   15,019  
Other noncurrent liabilities    514   771   889  

              

Total liabilities    29,704   101,053   140,298  
              

Commitments and contingencies (Note 7)      
Convertible preferred stock, $0.00001 par value, 59,730,213 shares authorized, issued and

outstanding as of December 31, 2017, 67,904,871 shares authorized and 67,704,278 shares
issued and outstanding as of December 31, 2018 and June 30, 2019 (unaudited); aggregate
liquidation preference of $242,588 as of December 31, 2018 and June 30, 2019 (unaudited);
no shares issued and outstanding, pro forma (unaudited)    158,414   243,244   243,244  

Stockholders’ equity (deficit):      
Historical common stock, $0.00001 par value; 170,000,000 shares authorized as of

December 31, 2017, 12,883,930 shares issued and outstanding as of December 31,
2017; 190,955,000 shares authorized as of December 31, 2018 and June 30, 2019
(unaudited), 14,549,801 shares issued and outstanding as of December 31, 2018,
16,145,382 shares issued and outstanding as of June 30, 2019 (unaudited);
            shares issued and outstanding, pro forma (unaudited)    1   1   1  

Additional paid-in capital    6,136   11,165   17,715  
Accumulated deficit    (118,631)   (231,116)   (245,630)  
Accumulated other comprehensive loss    (15)   (37)   (34)  

                
 

Total stockholders’ equity (deficit)    (112,509)   (219,987)   (227,948)  
                

 

Total liabilities, convertible preferred stock and stockholders’ equity (deficit)     $ 75,609    $ 124,310  $ 155,594  
              

The accompanying notes are an integral part of these consolidated financial statements.
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10x Genomics, Inc.

Consolidated Statements of Operations and Comprehensive Loss
(in thousands, except share and per share data)

 
   Year Ended December 31,  Six Months Ended June 30,
   2017  2018  2018  2019
       (unaudited)
Revenue     $ 71,085       $ 146,313       $ 59,152       $ 109,397    
Cost of revenue    10,560   28,661   8,520   28,971 

                 

Gross profit    60,525   117,652   50,632   80,426 
Operating expenses:      

Research and development    32,164   47,537   23,372   32,999 
In-process research and development    —   62,363   6,206   — 
Selling, general and administrative    46,736   87,936   41,920   59,464 
Accrued contingent liabilities    —   30,580   —   1,360 

                 

Total operating expenses    78,900   228,416   71,498   93,823 
                 

Loss from operations    (18,375)   (110,764)   (20,866)   (13,397) 
Other income (expense):      

Interest income    308   1,024   461   505 
Interest expense    (811)   (2,409)   (1,062)   (1,379) 
Other income (expense), net    137   (249)   (120)   (141) 

                 

Total other income (expense)    (366)   (1,634)   (721)   (1,015) 
                 

Loss before provision for income taxes    (18,741)   (112,398)   (21,587)   (14,412) 
Provision for income taxes    21   87   29   102 

                 

Net loss     $ (18,762)    $ (112,485)    $ (21,616)   (14,514) 
                 

Other comprehensive income (loss):      
Foreign currency translation adjustment    (15)   (22)   16   3 

                 

Comprehensive loss     $ (18,777)    $ (112,507)    $ (21,600)   (14,511) 
                 

Net loss per share attributable to Historical common stockholders, basic and
diluted     $ (1.62)    $ (8.40)    $ (1.66)    $ (0.96) 

                 

Weighted-average shares used to compute net loss per share attributable to
Historical common stockholders, basic and diluted    11,587,751   13,392,273   12,985,535   15,187,258 

                 

Pro forma net loss per share attributable to Historical common stockholders,
basic and diluted (unaudited)      $ (1.45)     $ (0.18) 

           

Weighted-average shares used to compute pro forma net loss per share
attributable to Historical common stockholders, basic and diluted
(unaudited)     77,494,992    82,891,536 

           

The accompanying notes are an integral part of these consolidated financial statements.
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10x Genomics, Inc.

Consolidated Statements of Convertible Preferred Stock and Stockholders’ Equity (Deficit)
(in thousands, except share data)

 

  
Convertible

Preferred Stock   
Historical Common

Stock  
 

Additional
Paid-in
Capital   

Accumulated
Deficit   

Accumulated
Other

Comprehensive
Loss   

Total
Stockholders’

Deficit      Shares      Amount    Shares   Amount 
Balance as of January 1, 2017   55,264,133  $ 138,450   11,330,679  $ 1  $ 3,437  $ (99,869)  $                 —  $ (96,431) 

Issuance of Series C convertible preferred stock, net of
issuance costs   4,466,080   19,964   —   —   —   —   —   — 

Issuance of Historical Class B common stock upon
exercise of options   —   —   1,628,251   —   926   —   —   926 

Repurchase of unvested Historical Class B common stock
related to early exercised options   —   —   (75,000)   —   —   —   —   — 

Vesting of shares subject to repurchase, including early
exercised options   —   —   —   —   112   —   —   112 

Stock-based compensation   —   —   —   —   1,661   —   —   1,661 
Net loss   —   —   —   —   —   (18,762)   —   (18,762) 
Other comprehensive income (loss)   —   —   —   —   —   —   (15)   (15) 

   
 

       
 

   
 

   
 

   
 

   
 

   
 

Balance as of December 31, 2017   59,730,213   158,414   12,883,930   1   6,136   (118,631)   (15)   (112,509) 
   

 
       

 
   

 
   

 
   

 
   

 
   

 

Issuance of Series D convertible preferred stock, net of
issuance costs   5,224,658   49,878   —   —   —   —   —   — 

Issuance of Series D-1 convertible preferred stock, net of
issuance costs   2,749,407   34,952   —   —   —   —   —   — 

Issuance of Historical Class B common stock upon
exercise of options   —   —   1,508,762   —   1,173   —   —   1,173 

Issuance of Historical Class B common stock for
in-process research and development   —   —   157,109   —   792   —   —   792 

Vesting of shares subject to repurchase, including early
exercised options   —   —   —   —   256   —   —   256 

Issuance of warrants to purchase Historical common stock  —   —   —   —   150   —   —   150 
Stock-based compensation   —   —   —   —   2,658   —   —   2,658 
Net loss   —   —   —   —   —   (112,485)   —   (112,485) 
Other comprehensive income (loss)   —   —   —   —   —   —   (22)   (22) 

   
 

       
 

   
 

   
 

   
 

   
 

   
 

Balance as of December 31, 2018   67,704,278   243,244   14,549,801   1   11,165   (231,116)   (37)   (219,987) 
   

 

       

 

   

 

   

 

   

 

   

 

   

 

Issuance of Historical Class B common stock upon
exercise of options (unaudited)   —   —   1,595,581   —   2,005   —   —   2,005 

Vesting of shares subject to repurchase, including early
exercised options (unaudited)   —   —   —   —   161   —   —   161 

Stock-based compensation (unaudited)   —   —   —   —   4,384   —   —   4,384 
Net loss (unaudited)   —   —   —   —   —   (14,514)   —   (14,514) 
Other comprehensive income (loss) (unaudited)   —   —   —   —   —   —   3   3 

   
 

       
 

   
 

   
 

   
 

   
 

   
 

Balance as of June 30, 2019 (unaudited)   67,704,278  $ 243,244   16,145,382  $ 1  $ 17,715  $ (245,630)  $ (34)  $ (227,948) 
   

 

       

 

   

 

   

 

   

 

   

 

   

 

Balance as of December 31, 2017   59,730,213   158,414   12,883,930   1   6,136   (118,631)   (15)   (112,509) 
   

 
       

 
   

 
   

 
   

 
   

 
   

 

Issuance of Series D convertible preferred stock, net of
issuance costs (unaudited)   5,224,658   49,878   —   —   —   —   —   — 

Issuance of Historical Class B common stock upon
exercise of options (unaudited)   —   —   648,175   —   461   —   —   461 

Vesting of shares subject to repurchase, including early
exercised options (unaudited)   —   —   —   —   18   —   —   18 

Issuance of warrants to purchase Historical common stock
(unaudited)   —   —   —   —   150   —   —   150 

Stock-based compensation (unaudited)   —   —   —   —   1,006   —   —   1,006 
Net loss (unaudited)   —   —   —   —   —   (21,616)   —   (21,616) 
Other comprehensive income (loss) (unaudited)   —   —   —   —   —   —   16   16 

   
 

       
 

   
 

   
 

   
 

   
 

   
 

Balance as of June 30, 2018 (unaudited)   64,954,871   208,292   13,532,105   1   7,771   (140,247)   1   (132,474) 
   

 

       

 

   

 

   

 

   

 

   

 

   

 

The accompanying notes are an integral part of these consolidated financial statements.
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10x Genomics, Inc.

Consolidated Statements of Cash Flows
(in thousands)

 
  Year Ended December 31,  Six Months Ended June 30,
  2017  2018  2018  2019
    (unaudited)
Operating activities     
Net loss    $(18,762)       $ (112,485)       $(21,616)      $(14,514)    
Adjustments to reconcile net loss to net cash used in operating activities:     

Depreciation and amortization   4,305   3,905   2,167   2,180 
Stock-based compensation   1,661   2,658   1,006   4,384 
Historical Class B common stock issued for in-process research and development   —   792   —   — 
Loss on disposal of property and equipment   —   251   12   614 
Accretion of discount on term loans   149   455   206   46 
Changes in operating assets and liabilities:     

Accounts receivable   (5,131)   (14,747)   (3,957)   1,360 
Inventory   (1,995)   (3,732)   (1,600)   (3,755) 
Tenant allowance receivable   —   (1,478)   —   (6,466) 
Prepaid expenses and other current assets   (702)   (951)   (406)   (1,176) 
Other assets   33   (999)   (337)   (73) 
Accounts payable   3,034   2,587   5,118   (986) 
Accrued compensation and other related benefits   3,498   2,600   (1,267)   (645) 
Deferred revenue   1,317   1,673   677   390 
Accrued contingent liabilities   —   38,000   —   17,255 
Accrued expenses and other current liabilities   1,844   1,701   (367)   2,978 
Deferred rent, noncurrent   (68)   3,328   4   11,690 
Other noncurrent liabilities   118   33   134   119 

                

Net cash provided by (used in) operating activities   (10,699)   (76,409)   (20,226)   13,401 
Investing activities     
Purchases of property and equipment   (3,756)   (6,284)   (3,261)   (22,508) 
Purchase of intangible assets   —   (425)   —   — 

                

Net cash used in investing activities   (3,756)   (6,709)   (3,261)   (22,508) 
Financing activities     
Proceeds from term loans   —   19,512   19,512   — 
Payments on term loans   —   (704)   (704)   — 
Payments on capital lease obligations   (393)   (69)   (69)   — 
Proceeds from issuance of preferred stock, net of issuance costs   19,964   84,830   49,878   — 
Repurchase of unvested Historical Class B common stock related to early exercised shares   (80)   —   —  
Proceeds from issuance of Historical Class B common stock upon exercise of stock options   1,092   1,798   461   2,005 
Deferred offering costs for initial public offering   —   —   —   (1,946) 

                

Net cash provided by financing activities   20,583   105,367   69,078   59 
Effect of exchange rates on changes on cash, cash equivalents, and restricted cash   (14)   (18)   11   2 

                

Net increase (decrease) in cash, cash equivalents, and restricted cash   6,114   22,231   45,602   (9,046) 
Cash, cash equivalents, and restricted cash at beginning of year   41,743   47,857   47,857   70,088 

                

Cash, cash equivalents, and restricted cash at end of year    $ 47,857    $ 70,088    $ 93,459    $ 61,042 
                

Supplemental disclosures of cash flow information     
Cash paid for interest    $ 658    $ 1,824    $ 745    $ 1,134 

                

Cash paid for taxes    $ —    $ 6    $ —    $ 22 
                

Noncash investing and financing activities     
Purchases of property and equipment included in accounts payable and accrued expenses and

other current liabilities    $ 250    $ 2,260    $ 294    $ 9,679 
Deferred offering costs in accounts payable and accrued expenses and other current liabilities    $ —    $ —    $ —    $ 1,142 
Debt discount included in accrued expenses and other current liabilities    $ —    $ —    $ —    $ 58 

                

The accompanying notes are an integral part of these consolidated financial statements.
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10x Genomics, Inc.

Notes to Consolidated Financial Statements

1. Description of Business and Basis of Presentation
Organization and Description of Business

10x Genomics, Inc. (the “Company”) was incorporated in the state of Delaware on July 2, 2012. The Company’s integrated solutions
include the Company’s Chromium instruments, which are referred to as “instruments”, its enzymes, reagents, microfluidic chips and other
consumable products, which are referred to as “consumables”, and software for analyzing biological systems. These solutions guide
customers through the workflow from sample preparation to next-generation sequencing to subsequent analysis and visualization. Each of the
Company’s solutions is designed to interrogate a major class of biological information that is impactful to researchers. The Company began
commercial and manufacturing operations and selling its instruments and consumables in 2015. The Company’s headquarters is located in
Pleasanton, California and has wholly-owned subsidiaries in Sweden, Netherlands, Singapore, Germany and China.

Since inception, the Company has incurred net losses. During the years ended December 31, 2017 and 2018, the Company incurred
net losses of $18.8 million and $112.5 million, respectively, and net losses of $21.6 million and $14.5 million during the six months ended June
30, 2018 and 2019 (unaudited), respectively. As of December 31, 2018 and June 30, 2019 (unaudited), the Company had an accumulated
deficit of $231.1 million and $245.6 million, respectively. The Company has historically financed its operations primarily through the issuance
and sale of convertible preferred stock and Historical common stock and the issuance of debt. Management expects to continue to incur
significant expenses for the foreseeable future and to incur operating losses in the near term while the Company makes investments to
support its anticipated growth. While management believes that the Company’s existing cash and cash equivalents, cash generated from
sales of its products and available borrowing capacity under existing credit agreements will be sufficient to meet its anticipated cash needs for
the next 12 months from the date these financial statements are issued, the Company may need to raise additional financing in the future to
fund its operations. The Company has evaluated and concluded there are no conditions or events, considered in the aggregate, that raise
substantial doubt about its ability to continue as a going concern for a period of one year following the date that these financial statements
were issued. The accompanying financial statements have been prepared assuming the Company will continue as a going concern.

Basis of Presentation
The consolidated financial statements include the Company’s accounts and the accounts of its wholly-owned subsidiaries. All

intercompany transactions and balances have been eliminated. The consolidated financial statements have been prepared in conformity with
U.S. generally accepted accounting principles (or “GAAP”). The Company has issued shares of Class A common stock herein referred to as
“Historical Class A common stock” or “Historical Class A” and Class B common stock herein referred to as “Historical Class B common stock”
or “Historical Class B”, and collectively as “Historical common stock”.

2. Summary of Significant Accounting Policies
Use of Estimates

The preparation of financial statements in conformity with GAAP requires management to make judgments, estimates and assumptions
that affect the reported amounts of assets and liabilities at the date of the financial statements, disclosure of contingent assets and liabilities
and the reported amounts of revenue and expense. These judgments, estimates and assumptions are used for, but not limited to, revenue
recognition, inventory valuation and write-downs, loss contingencies, accounting for asset acquisitions and the fair value of common stock
and stock option awards. The Company bases its estimates on various factors and information, which may include, but are not limited to,
history and prior experience, the Company’s forecasts
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and future plans, current economic conditions and information from third-party professionals that management believes to be reasonable
under the circumstances, the results of which form the basis for making judgments about the carrying value of assets and liabilities and
recorded amounts of expenses that are not readily apparent from other sources. Actual results may differ from those estimates and the
differences may be material.

Reclassifications
Certain prior year amounts have been reclassified in the consolidated balance sheets and consolidated statements of cash flows to

conform to the current year presentation. These reclassifications from prepaid expenses and other current assets to tenant allowance
receivable and from other noncurrent liabilities to deferred rent, noncurrent had no impact on total assets, total liabilities or net cash provided
by (used in) operating activities.

Unaudited Pro Forma Information
Unaudited Pro Forma Balance Sheet

The unaudited pro forma balance sheet information as of June 30, 2019, assumes all shares of convertible preferred stock had
automatically converted into an aggregate of 67,704,278 shares of the Company’s Historical Class A common stock upon the completion of a
qualifying initial public offering (“IPO”). The shares of Historical common stock issuable and the proceeds expected to be received upon the
completion of a qualifying IPO are excluded from such pro forma financial information.

Unaudited Pro Forma Net Loss Per Share
Unaudited pro forma basic and diluted net loss per share attributable to Historical common stockholders is computed, using the

if-converted method, to give effect to the automatic conversion of all outstanding shares of the Company’s convertible preferred stock into
67,704,278 shares of Historical Class A common stock.

Unaudited Interim Financial Information
The accompanying interim consolidated balance sheet as of June 30, 2019, the interim consolidated statements of operations and

comprehensive loss, cash flows, convertible preferred stock and stockholders’ equity (deficit) for the six months ended June 30, 2018 and
2019 and the related footnote disclosures are unaudited. The unaudited interim consolidated financial statements have been prepared on the
same basis as the annual consolidated financial statements and include, in the opinion of management, all adjustments, consisting of normal
recurring adjustments, that are necessary for the fair presentation of the Company’s financial position as of June 30, 2019 and results of
operations and cash flows for the six months ended June 30, 2018 and 2019. The results as of and for the six months ended June 30, 2019
are not necessarily indicative of the results to be expected for the year ending December 31, 2019 or for any other future periods.

Cash Equivalents and Restricted Cash
The Company considers all highly liquid investments with an original maturity of three months or less from the date of purchase to be

cash equivalents. Cash equivalents consist primarily of amounts invested in money market funds and are stated at fair value.
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The following table provides a reconciliation of cash, cash equivalents, and restricted cash reported on the consolidated balance sheets
that sum to the total of the same amounts shown in the consolidated statements of cash flows (in thousands):
 

   December 31,  
  

June 30,
2019     2017    2018  

           (unaudited)  
Cash and cash equivalents     $47,857        $65,080        $56,034 
Restricted cash    –      5,008    5,008 

    
 

    
 

    
 

Total cash, cash equivalents, and restricted cash     $47,857        $70,088    $61,042 
    

 

    

 

    

 

Segment Information
The Company operates as a single operating segment. The Company’s chief operating decision maker, its Chief Executive Officer,

manages the Company’s operations on a consolidated basis for the purposes of allocating resources, making operating decisions and
evaluating financial performance.

Fair Value of Financial Instruments
The Company determines the fair value of an asset or liability based on the assumptions that market participants would use in pricing

the asset or liability in an orderly transaction between market participants at the measurement date. The identification of market participant
assumptions provides a basis for determining what inputs are to be used for pricing each asset or liability.

A fair value hierarchy has been established which gives precedence to fair value measurements calculated using observable inputs over
those using unobservable inputs. This hierarchy prioritized the inputs into three broad levels as follows:

Level 1: Quoted prices in active markets for identical instruments;

Level 2: Other significant observable inputs (including quoted prices in active markets for similar instruments); and

Level 3: Significant unobservable inputs (including assumptions in determining the fair value of certain investments).

Money market funds are highly liquid investments and are actively traded. The pricing information on the Company’s money market
funds are readily available and can be independently validated as of the measurement date. This approach results in the classification of
these securities as Level 1 of the fair value hierarchy. There were no transfers between Levels 1, 2 or 3 for any of the periods presented. As
of December 31, 2017 and 2018 and June 30, 2019 (unaudited), the Company held $43.3 million, $44.5 million and $33.4 million,
respectively, in money market funds with no unrealized gains or losses.

The Company has issued common stock warrants for which fair value is determined using Level 3 inputs, see discussion in Note 8.

Accounts Receivable, Net
Accounts receivable consist of amounts due from customers for the sales of products and services. The Company reviews its accounts

receivable and provides allowances of specific amounts if collectability is no
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longer reasonably assured based on historical experience and specific customer collection issues. The allowance for doubtful accounts was
$0.3 million as of December 31, 2018 and $0.4 million as of June 30, 2019 (unaudited). There was no allowance for doubtful accounts as of
December 31, 2017.

Business Concentrations
The Company’s instruments are currently assembled and tested by a single contract manufacturer in the United States. The Company’s

agreement with the contract manufacturer expires in 2020 and may be terminated by either party for any reason by providing the other party
with at least 30 days written notice. The Company’s agreement with the contract manufacturer contains purchase commitments. In addition,
the Company is reliant on several suppliers for key components for its consumables. A significant disruption in the operations of the contract
manufacturer or suppliers may impact the production of the Company’s products for a substantial period of time, which could have a material
adverse effect on its business, financial condition and results of operations.

Concentrations
Financial instruments that potentially subject the Company to credit risk consist of cash equivalents and accounts receivable. The

Company’s cash and cash equivalents are primarily held with a large financial institution in the U.S. and deposits exceed the Federal Deposit
Insurance Corporation’s insurance limit. The Company’s debt is with this same financial institution. The Company performs periodic
evaluations of the risks associated with its investments and the relative credit standing of this financial institution.

The Company performs ongoing credit evaluations of its customers’ financial condition. The Company does not require collateral from
its customers but may require upfront payments from certain customers. The Company has not experienced significant credit losses to date.
For the years ended December 31, 2017 and 2018 and the six months ended June 30, 2018 and 2019 (unaudited), no single customer,
including distributors, represented more than 10% of revenue. As of December 31, 2017 and 2018 and June 30, 2019 (unaudited), no single
customer, including distributors, represented more than 10% of the Company’s outstanding accounts receivable.

Substantially all of the Company’s long-lived assets are located in the United States.

Inventory
Inventory is recorded at the lower of cost, determined on a first-in, first-out basis, or net realizable value. The Company uses judgment

to analyze and determine if the composition of its inventory is obsolete, slow-moving or unsalable and frequently reviews such determinations.
The Company writes down specifically identified unusable, obsolete, slow-moving or known unsalable inventory in the period that it is first
recognized by using a number of factors including product expiration dates, open and unfulfilled orders and sales forecasts. Any write-down of
its inventory to net realizable value establishes a new cost basis and will be maintained even if certain circumstances suggest that the
inventory is recoverable in subsequent periods. Costs associated with the write-down of inventory are recorded to cost of revenue on the
Company’s consolidated statements of operations

Property and Equipment, Net
Property and equipment, net is stated at cost, net of accumulated depreciation. Depreciation is computed using the straight-line method

based on the estimated useful lives of the assets. Assets held under capital leases are recorded at the lower of the net present value of the
minimum lease payments or the fair value of
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the leased assets at the inception of the lease. Amortization expense is computed using the straight-line method over the shorter of the
estimated useful lives of the leased assets or the period of the related lease. Amortization of assets under capital leases is included in
depreciation expense. The estimated useful lives of the Company’s property and equipment are as follows:
 

   Useful Life  
Laboratory equipment and machinery    3 – 5 years 
Computer equipment    2 – 3 years 
Furniture and fixtures    3 years 
Leasehold improvements    1 – 3 years 

Impairment of Long-Lived Assets
The Company evaluates long-lived assets, such as property and equipment and intangible assets, for impairment whenever events or

changes in circumstances indicate that the carrying value of an asset may not be recoverable. If indicators of impairment exist and the
undiscounted future cash flows that the assets are expected to generate are less than the carrying value of the assets, the Company reduces
the carrying amount of the assets to their estimated fair values based on a discounted cash flow approach or, when available and appropriate,
to comparable market values. There were no impairment losses recorded for the years ended December 31, 2017 and 2018 and the six
months ended June 30, 2018 and 2019 (unaudited).

Product Warranties
The Company generally provides a one-year warranty on its instruments. The Company reviews its exposure to estimated warranty

obligations associated with instrument sales and establishes an accrual based on historical product failure rates and actual warranty costs
incurred. This expense is recorded as a component of cost of revenue in the consolidated statements of operations and comprehensive loss.

Deferred Revenue
Deferred revenue consists of payments received in advance of revenue recognition primarily related to instrument service agreements,

also referred to as extended warranties. Revenue under these agreements is recognized over the related service period. Deferred revenue
that will be recognized during the 12 months following the balance sheet date is recorded as current portion of deferred revenue and the
remaining portion is recorded as long term.

Accrued Contingent Liabilities
Accrued contingent liabilities represents the Company’s estimates of possible losses on pending litigations, including related accrued

royalties that are both probable and reasonably estimable. See Note 7.

Revenue Recognition
The Company generates revenue from sales of products and services. The Company’s products consist of instruments and

consumables. The Company also sells instrument service agreements which relate to extended warranties.

The revenue recognition accounting policy described below relates to revenue transactions from January 1, 2019 and onward, which are
accounted for in accordance with Accounting Standards Codification Topic 606 – Revenue from Contracts with Customers.

The Company recognizes revenue when control of the products and services is transferred to its customers in an amount that reflects
the consideration it expects to receive from its customers in exchange for those
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products and services. This process involves identifying the contract with a customer, determining the performance obligations in the contract,
determining the contract price, allocating the contract price to the distinct performance obligations in the contract, and recognizing revenue
when the performance obligations have been satisfied. A performance obligation is considered distinct from other obligations in a contract
when it provides a benefit to the customer either on its own or together with other resources that are readily available to the customer and is
separately identified in the contract. The Company considers a performance obligation satisfied once it has transferred control of a good or
service to the customer, meaning the customer has the ability to use and obtain the benefit of the good or service.

Revenue from product sales is recognized when control of the product is transferred, which is generally upon shipment to the customer.
In instances where right of payment or transfer of title is contingent upon the customer’s acceptance of the product, revenue is deferred until
all acceptance criteria have been met. Instrument service agreements, which relate to extended warranties, are typically entered into for one-
year terms, following the expiration of the standard one-year warranty period Revenue for extended warranties is recognized ratably over the
term of the extended warranty period as a stand ready performance obligation. Revenue is recorded net of discounts, distributor
commissions, and sales taxes collected on behalf of governmental authorities. Customers are invoiced generally upon shipment, or upon
order for services, and payment is typically due within 45 days. Cash received from customers in advance of product shipment or providing
services is recorded as a contract liability. The Company’s contracts with its customer generally do not include rights of return or a significant
financing component.

The Company regularly enters into contracts that include various combinations of products and services which are generally distinct and
accounted for as separate performance obligations. The transaction price is allocated to each performance obligation in proportion to its
standalone selling price. The Company determines standalone selling price using average selling prices with consideration of current market
conditions. If the product or service has no history of sales or if the sales volume is not sufficient, the Company relies upon prices set by
management, adjusted for applicable discounts.

The revenue recognition accounting policy described below relates to revenue transactions prior to January 1, 2019, which are
accounted for in accordance with Accounting Standards Codification Topic 605 – Revenue Recognition.

The Company recognizes revenue when persuasive evidence of an arrangement exists, delivery has occurred or services have been
rendered, the price to the customer is fixed or determinable, and collectability is reasonably assured. The Company assesses collectability
based on factors such as the customer’s creditworthiness and past collection history, if applicable. If collection is not reasonably assured,
revenue recognition is deferred until receipt of payment. The Company also assesses whether a price is fixed or determinable by, among
other things, reviewing contractual terms and conditions related to payment. Delivery occurs when there is a transfer of title and risk of loss
passes to the customer.

Certain of the Company’s sales arrangements involve the delivery of multiple products and services within contractually binding
arrangements. Multiple-deliverable sales transactions typically consist of the sale and delivery of one or more instruments and consumables
together and may include an instrument service agreement.

For sales arrangements that include multiple deliverables, the Company uses the stated contractual price for its instrument service
agreements as its best estimate of selling price, if and when sold, and allocates the remaining contract consideration at the inception of the
contract to the other units of accounting based upon
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their relative selling price. The Company may use its best estimate of selling price for individual deliverables when vendor specific objective
evidence or third-party evidence is unavailable. A delivered item is considered to be a separate unit of accounting when it has value to the
customer on a stand-alone basis.

The Company’s products are typically delivered together or within a short time frame, generally within one to three months of the
contract date. Instrument service agreements, which relate to extended warranties, are typically entered into for one-year terms, following the
expiration of the standard one-year warranty period. The Company’s products are generally sold without the right of return. Amounts received
before revenue recognition criteria are met are classified on the consolidated balance sheets as deferred revenue.

Contract Costs
Beginning January 1, 2019, sales commissions earned by the Company’s sales force are considered incremental and recoverable costs

of obtaining a contract with a customer. Sale commissions related to the sale of extended warranties are deferred and amortized on a straight-
line basis over the service term, which is typically greater than one year from the contract date. Amortization of deferred commissions is
included in sales and marketing expenses in the accompanying consolidated statements of operations and comprehensive loss. As of June
30, 2019, unamortized deferred commissions were immaterial.

Cost of Revenue
Costs of revenue primarily consist of manufacturing costs incurred in the production process, including personnel and related costs,

component materials, labor and overhead, packaging and delivery costs and allocated costs including facilities and information technology. In
addition, costs of product revenue includes royalty costs for licensed technologies included in the Company’s products, warranty costs and
provisions for slow-moving and obsolete inventory. In addition, cost of revenue includes estimated accrued royalties related to the Bio-Rad
litigation. See Note 7.

Shipping and Handling Costs
Shipping and handling charged to customers are recorded as revenue. Shipping and handling costs are included in the Company’s cost

of revenue.

Research and Development
Research and development costs are expensed in the period incurred. Research and development expense consists of personnel and

related costs, independent contractor costs, laboratory supplies, equipment maintenance, prototype and materials expenses, amortization of
developed technology and intangibles and allocated costs including facilities and information technology.

See Note 3 for discussion of in-process research and development included on the consolidated statements of operations.

Advertising Costs
Advertising costs are expensed as incurred. The Company incurred advertising costs of $0.2 million and $0.7 million for the years ended

December 31, 2017 and 2018, respectively, and $0.2 million and $0.4 million for the six months ended June 30, 2018 and 2019 (unaudited),
respectively.
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Stock-Based Compensation

The Company estimates the fair value of share-based payment awards granted to employees and directors on the grant date using the
Black-Scholes option-pricing model. The fair value of share-based payment awards is recognized as compensation expense on a straight-line
basis over the requisite service period in which the awards are expected to vest and forfeitures are recognized as they occur. Share-based
payment awards that include a service condition and a performance condition are considered expected to vest when the performance
condition is probable of being met.

The Black-Scholes model considers several variables and assumptions in estimating the fair value of stock-based awards. These
variables include the per share fair value of the underlying Historical common stock, exercise price, expected term, risk-free interest rate,
expected annual dividend yield and the expected stock price volatility over the expected term. For all stock options granted, the Company
calculated the expected term using the simplified method for “plain vanilla” stock option awards. The Company has no publicly available stock
information and therefore, the Company has used the historical volatility of the stock price of similar publicly traded peer companies. The risk-
free interest rate is based on the yield available on U.S. Treasury zero-coupon issues similar in duration to the expected term of the equity-
settled award.

Stock-based compensation expense for nonemployee stock options is measured based on fair market value using the Black-Scholes
option pricing model and is recorded as the options vest. Prior to January 1, 2019, nonemployee stock options subject to vesting were
revalued periodically over the requisite service period, which was generally the same as the vesting term of the award. From January 1, 2019,
the grant date fair market value of nonemployee stock options is recognized in the consolidated statements of operations on a straight-line
basis over the requisite service period and forfeitures are recognized as they occur.

Foreign Currency
For foreign subsidiaries where the functional currency is the local currency, assets and liabilities are translated to the U.S. dollar using

month-end exchange rates, and revenue and expenses using average exchange rates. The adjustments resulting from these foreign currency
translations are recorded in accumulated other comprehensive loss.

For foreign subsidiaries where the functional currency is the U.S. dollar, monetary assets and liabilities are remeasured using exchange
rates in effect at the balance sheet dates and non-monetary assets and liabilities are remeasured at historical exchange rates. Revenue and
expenses are remeasured at the average exchange rates for the period. Gains or losses from foreign currency remeasurement are included
in other income (expense), net in the consolidated statements of operations and comprehensive loss. The Company recognized foreign
currency transaction gains of $0.1 million for the year ended December 31, 2017, foreign currency transaction losses of $0.3 million for the
year ended December 31, 2018, and foreign currency transaction losses of $0.1 million and $0.1 million for the six months ended June 30,
2018 and 2019 (unaudited), respectively.

Income Taxes
The Company uses the asset and liability method of accounting for income taxes, in which deferred tax assets and liabilities are

recognized for the future tax consequences attributable to the differences between the financial statement carrying amounts of existing assets
and liabilities and their respective tax bases. Deferred tax assets and liabilities are measured using the enacted tax rates expected to apply to
taxable income in the years in which those temporary differences are expected to be reversed. The effect on deferred tax assets and liabilities
of a change in tax rates is recognized as income in the period that includes the enactment date. A valuation allowance is established if it is
more likely than not that all or a portion of the deferred tax asset will not be realized.
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The Company’s tax positions are subject to income tax audits. The Company recognizes the tax benefit of an uncertain tax position only
if it is more likely than not that the position is sustainable upon examination by the taxing authority, based on the technical merits. The tax
benefit recognized is measured as the largest amount of benefit which is more likely than not (greater than 50% likely) to be realized upon
settlement with the taxing authority. The Company recognizes interest accrued and penalties related to unrecognized tax benefits in its tax
provision.

The Company calculates the current and deferred income tax provision based on estimates and assumptions that could differ from the
actual results reflected in income tax returns filed in subsequent years. Adjustments based on filed income tax returns are recorded when
identified. The amount of income tax paid is subject to examination by U.S. federal and state tax authorities. The estimate of the potential
outcome of any uncertain tax issue is subject to management’s assessment of the relevant risks, facts and circumstances existing at that
time. To the extent the assessment of such tax position changes, the change in estimate is recorded in the period in which the determination
is made.

Net Loss Per Share Attributable to Common Stockholders
Net loss per share of Historical common stock is computed using the two-class method required for multiple classes of common stock

and participating securities. The rights, including the liquidation and dividend rights and sharing of losses, of the Historical Class A common
stock and Historical Class B common stock are identical, other than voting rights. As the liquidation and dividend rights and sharing of losses
are identical, the undistributed earnings are allocated on a proportionate basis and the resulting net loss per share attributed to common
stockholders will, therefore, be the same for both Historical Class A and Historical Class B common stock on an individual or combined basis.

The Company’s participating securities include the Company’s convertible preferred stock, as the holders are entitled to receive
noncumulative dividends on a pari passu basis in the event that a dividend is paid on Historical common stock. The Company also considers
any shares issued on the early exercise of stock options subject to repurchase to be participating securities because holders of such shares
have non-forfeitable dividend rights in the event a dividend is paid on Historical common stock. The holders of convertible preferred stock, as
well as the holders of early exercised shares subject to repurchase, do not have a contractual obligation to share in losses.

Basic net loss per share is computed by dividing net loss attributable to Historical common stockholders by the weighted-average
number of shares of Historical common stock outstanding during the period, adjusted for outstanding shares that are subject to repurchase.

For the calculation of diluted net loss per share, basic net loss per share attributable to Historical common stockholders is adjusted by
the effect of dilutive securities, including convertible preferred stock, awards under the Company’s equity compensation plan and common
stock warrants. Diluted net loss per share attributable to Historical common stockholders is computed by dividing net loss attributable to
Historical common stockholders by the weighted-average number of shares of Historical common stock outstanding. For periods in which the
Company reports net losses, diluted net loss per share attributable to Historical common stockholders is the same as basic net loss per share
attributable to Historical common stockholders because potentially dilutive shares of Historical common stock are not assumed to have been
issued if their effect is anti-dilutive.
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Acquisitions of Assets

The Company evaluates acquisitions of assets and other similar transactions to assess whether or not the transaction should be
accounted for as a business combination or asset acquisition by first applying a screen to determine if substantially all of the fair value of the
gross assets acquired is concentrated in a single identifiable asset or group of similar identifiable assets. If the screen is met the transaction is
accounted for as an asset acquisition. If the screen is not met, further determination is required as to whether or not the Company has
acquired inputs and processes that have the ability to create outputs which would meet the requirements of a business.

The Company accounts for an asset acquisition under Accounting Standards Codification (“ASC”), Business Combinations Topic 805,
Subtopic 50, which requires the acquiring entity in an asset acquisition to recognize net assets based on the cost to the acquiring entity on a
relative fair value basis, which includes transaction costs in addition to consideration given. Goodwill is not recognized in an asset acquisition;
any excess consideration transferred over the fair value of the net assets acquired is allocated to the non-monetary identifiable assets based
on relative fair values. In-process research and development expense is expensed as incurred provided there is no alternative future use.

Contingent consideration payments in asset acquisitions are recognized when the contingency is resolved and the consideration is paid
or becomes payable (unless the contingent consideration meets the definition of a derivative, in which case the amount becomes part of the
basis in the asset acquired). Upon recognition of the contingent consideration payment, the amount is included in the cost of the acquired
asset or group of assets.

Recently Adopted Accounting Pronouncements
In January 2017, the Financial Accounting Standards Board (“FASB”) issued Accounting Standards Update (“ASU”) No. 2017-01,

Business Combinations (Topic 805): Clarifying the Definition of a Business. This standard provides guidance to evaluate whether transactions
should be accounted for as acquisitions (or disposals) of assets or businesses. If substantially all of the fair value of the gross assets acquired
(or disposed of) is concentrated in a single asset or a group of similar assets, the assets acquired (or disposed of) are not considered a
business. The Company early adopted the standard as of January 1, 2018 on a prospective basis. As such, the Company applied this
standard to its transactions beginning January 1, 2018.

In March 2016, the FASB issued ASU No. 2016-09, Compensation-Stock Compensation (Topic 718): Improvements to Employee
Share-Based Payment Accounting. This standard relates to the simplification of share-based payments accounting and requires companies to
record excess tax benefits and tax deficiencies as an income tax benefit or expense in the consolidated statements of operations and
comprehensive loss when the awards vest or are settled, eliminates the requirement to reclassify cash flows related to excess tax benefits
from operating activities to financing activities on the consolidated statements of cash flows and provides the option to recognize gross share-
based compensation expense with actual forfeitures recognized as they occur. This standard is effective for annual periods beginning after
December 15, 2017. The Company adopted this standard as of January 1, 2018 on a prospective basis and elected to account for forfeitures
as they occur, rather than estimate expected forfeitures. The adoption of this standard did not have a material impact on the Company’s
consolidated financial statements.

In November 2016, the FASB issued ASU No. 2016-18, Statement of Cash Flows, Restricted Cash (Topic 230). This standard requires
entities to show the changes in total of cash, cash equivalents, restricted cash, and restricted cash equivalents in their statement of cash
flows. As a result, entities will no longer present transfers between cash and cash equivalents and restricted cash and restricted cash
equivalents in the statement of cash
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flows. This standard is effective for annual periods beginning after December 15, 2018, is applied retrospectively, and early adoption is
permitted. The Company early adopted this standard as of January 1, 2018, which did not have an impact on its consolidated financial
statements for the year ended December 31, 2017.

In May 2014, the FASB issued ASU No. 2014-09, Revenue from Contracts with Customers (Topic 606), which supersedes the revenue
recognition requirements in ASC 605, Revenue Recognition. This standard is based on the principle that revenue is recognized to depict the
transfer of goods or services to customers in an amount that reflects the consideration to which the entity expects to be entitled in exchange
for those goods or services. The standard also requires additional disclosure about the nature, amount, timing and uncertainty of revenue and
cash flows arising from customer contracts, including significant judgments and changes in judgments and assets recognized from costs
incurred to obtain or fulfill a contract. The Company adopted this standard as of January 1, 2019 using the modified retrospective approach,
which did not have a material impact on its consolidated financial statements as of the adoption date and for the six months ended June 30,
2019. See Revenue Recognition for further details of the Company’s revenue recognition policy under this standard.

In June 2018, the FASB issued ASU 2018-07, Compensation-Stock Compensation (Topic 718): Improvements to Nonemployee Share-
Based Payment Accounting. This standard expands the scope of Topic 718, Compensation—Stock Compensation (which currently only
includes share-based payments to employees) to include share-based payments issued to nonemployees for goods or services.
Consequently, the accounting for share-based payments to nonemployees and employees will be substantially aligned. This standard is
effective for annual periods beginning after December 15, 2019. The Company early adopted this standard on January 1, 2019 which did not
have a material impact on the Company’s consolidated financial statements.

Recently Issued Accounting Pronouncements
In February 2016, the FASB issued ASU No. 2016-02, Leases (Topic 842), which supersedes the guidance in former ASC 840, Leases.

This standard requires lessees to apply a dual approach, classifying leases as either finance or operating leases based on the principle of
whether or not the lease is effectively a financed purchase by the lessee. The classification will determine whether lease expense is
recognized based on an effective interest method or on a straight-line basis over the term of the lease. A lessee is also required to record a
right-of-use asset and a lease liability for all leases with a term of greater than 12 months regardless of their classification. Leases with a term
of 12 months or less will be accounted for similar to existing guidance for operating leases. This standard is effective for interim and annual
periods beginning after December 15, 2019, with early adoption permitted. The Company is currently evaluating adoption methods and
whether this standard will have a material impact on its consolidated financial statements.

In October 2016, the FASB issued ASU No. 2016-16, Income Taxes (Topic 740): Intra-Entity Transfers of Assets Other Than Inventory.
This standard will require entities to recognize the income tax consequences of an intra-entity transfer of an asset other than inventory when
the transfer occurs instead of when the asset is sold. This standard is effective for annual periods beginning after December 15, 2018. The
Company is currently assessing the impact of this standard to the consolidated financial statements but does not anticipate a material impact
on the adoption due to the valuation allowance.

In August 2018, the FASB issued ASU 2018-15, Intangibles – Goodwill and Other – Internal Use Software (Subtopic 350-40) –
Customer’s Accounting for Implementation Costs Incurred in a Cloud Computing Arrangement That Is a Service Contract, which aligns the
accounting for implementation costs incurred in a hosting arrangement that is a service contract with the accounting for implementation costs
incurred to develop or
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obtain internal-use software under ASC 350-40, in order to determine which costs to capitalize and recognize as an asset and which costs to
expense. This standard is effective for annual periods beginning after December 15, 2020, and interim periods within annual periods
beginning after December 15, 2021. Early adoption is permitted, including adoption in any interim period. This standard can be applied either
retrospectively or prospectively to all implementation costs incurred after the date of adoption. The Company is currently evaluating the impact
of adopting this standard on its consolidated financial statements.

3. Asset Acquisitions
In March 2018, the Company acquired all of the outstanding shares of Epinomics, Inc. for $22.2 million inclusive of acquisition costs of

$0.3 million. The technology licenses acquired in this transaction will enable the Company to develop epigenetics products. The transaction
was accounted for as an asset acquisition. The Company recognized a charge of $22.2 million related to the transaction which is included as
a component of in-process research and development on the consolidated statements of operations and comprehensive loss.

In November 2018, the Company purchased all of the outstanding shares of Spatial Transcriptomics Holdings AB (“Spatial”), for
$38.6 million inclusive of acquisition costs of $0.5 million. The patents acquired in this transaction will enable the Company to develop spatial
products. The transaction was accounted for as an asset acquisition. In connection with this acquisition, the Company acquired patents,
trademarks and customer relationships. The patents acquired were allocated a value of $36.9 million. Accordingly, the Company recognized a
charge of $36.9 million related to the transaction which is included as a component of in-process research and development on the
consolidated statements of operations and comprehensive loss. The Company recognized a total of $0.4 million in intangible assets related to
acquired trademarks and customer relationships which are included in other assets on the consolidated balance sheets. The Company must
also make contingent payments to the sellers of Spatial based on revenue from certain spatial-related technology sales for the years ended
December 31, 2019 through December 31, 2022, which are subject to continuing service requirements. These contingent payments are equal
to a percentage in the teens multiplied by such revenue. Due to continuing service requirements pertaining to earn the contingent payments,
the contingent payments have been deemed to be a compensation arrangement which will be accounted for if and when earned.

The following table summarizes the value of assets acquired and liabilities assumed (in thousands):
 

Assets Acquired and Liabilities Assumed   
In-process research and development     $36,899    
Intangible assets    425    
Other assets and liabilities, net    1,237    

    
 

Total net assets acquired     $38,561    
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4. Other Financial Statement Information
Inventory

Inventory was comprised of the following as of the dates indicated (in thousands):
 

   December 31,  
  

June 30,
    2019            2017           2018     

           (unaudited)  
Purchased materials     $1,618        $3,052        $ 3,807    
Work in progress    1,895       2,553       3,982    
Finished goods    1,325       2,965       4,536    

    
 

    
 

    
 

Inventory     $4,838        $8,570        $12,325    
    

 

    

 

    

 

Property and Equipment, Net
Property and equipment, net consisted of the following as of the dates indicated (in thousands):

 
   December 31,  

  
June 30,
    2019            2017           2018     

           (unaudited)  
Laboratory equipment and machinery     $ 11,634        $ 14,616        $ 16,315    
Computer equipment    2,472       3,303       3,562    
Furniture and fixtures    947       1,002       3,430    
Leasehold improvements    2,291       3,342       14,342    
Construction in progress    614       2,947       15,180    

    
 

    
 

    
 

Total property and equipment    17,958       25,210       52,829    
Less: accumulated depreciation and amortization    (11,033)      (14,083)      (14,492)   

    
 

    
 

    
 

Property and equipment, net     $ 6,925        $ 11,127        $ 38,337    
    

 

    

 

    

 

Depreciation expense was $4.3 million and $3.8 million for the years ended December 31, 2017 and 2018, respectively, and $2.1 million
and $2.1 million for the six months ended June 30, 2018 and 2019 (unaudited), respectively. Included in property and equipment were capital
leases of $1.7 million as of December 31, 2017, and accumulated depreciation related to the capital leases of $1.6 million as of December 31,
2017. There were no capital leases as of December 31, 2018 and June 30, 2019 (unaudited). Depreciation expense related to capital leases
was $0.6 million and $0.1 million for the years ended December 31, 2017 and 2018, respectively and $0.1 million for the six months ended
June 30, 2018 (unaudited). No depreciation expense related to capital leases was recognized related in the six months ended June 30, 2019
(unaudited).
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Accrued Compensation and Related Benefits

Accrued compensation and related benefits was comprised of the following as of the dates indicated (in thousands):
 

   December 31,    June 30,  
       2017           2018           2019     
           (unaudited)  
Accrued bonus     $2,216        $3,545        $2,992    
Accrued commissions    1,903       2,299       1,390    
Other    358       1,203       2,017    

    
 

    
 

    
 

Accrued compensation and related benefits     $4,477        $7,047        $6,399    
    

 

    

 

    

 

Accrued Expenses and Other Current Liabilities
Accrued expenses and other current liabilities was comprised of the following as of the dates indicated (in thousands):

 
   December 31,    June 30,  
       2017           2018           2019     
           (unaudited)  
Accrued royalties for licensed technologies     $1,099       $1,571       $ 1,887   
Accrued property and equipment    –      990      7,227   
Accrued consulting    160      741      979   
Accrued offering costs    –      –      701   
Product warranties    174      804      447   
Customer deposits    715      381      479   
Taxes payable    163      738      797   
Other    1,351      2,947      3,917   

    
 

    
 

    
 

Accrued expenses and other current liabilities     $3,662       $8,172       $16,434   
    

 

    

 

    

 

Product Warranties
Changes in the reserve for product warranties were as follows for the periods indicated (in thousands):

 
   December 31,    June 30,  
       2017           2018           2019     
           (unaudited) 
Beginning of period     $ 35        $ 174        $ 804    
Additions charged to cost of revenue    476       1,685       201    
Repairs and replacements    (337)      (1,055)      (558)   

    
 

    
 

    
 

End of period     $ 174        $ 804        $ 447    
    

 

    

 

    

 

Revenue and Deferred Revenue
As of June 30, 2019, the aggregate amount of the transaction price allocated to remaining performance obligations was $3.9 million, of

which approximately 71% is expected to be recognized to revenue in the next twelve months, with the remainder thereafter.
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As of June 30, 2019, contract liabilities, which consisted of deferred revenue related to extended warranty service agreements’ were
$3.9 million, of which the short-term portions were $2.8 million. Revenue recorded during the six months ended June 30, 2019 included $1.4
million of previously deferred revenue that was included in contract liabilities as of the adoption date of January 1, 2019. Contract assets as of
the adoption date of January 1, 2019 and June 30, 2019 were immaterial.

The following table presents revenue by source for the periods indicated (in thousands):
 

   Year Ended December 31,    Six Months Ended June 30,  
       2017           2018           2018           2019     
           (unaudited)  
Instruments     $24,467       $ 36,540       $15,864        $ 15,150   
Consumables    46,192      107,616      42,482       92,389   
Services    426      2,157      806       1,858    

    
 

    
 

    
 

    
 

Total revenue     $71,085       $146,313       $59,152        $109,397   
    

 

    

 

    

 

    

 

The following table presents revenue by geography based on the location of the customer for the periods indicated (in thousands):
 

   Year Ended December 31,    Six Months Ended June 30,  
       2017           2018           2018           2019     
           (unaudited)  
North America     $43,622       $ 85,132       $35,541       $ 61,455   
Europe, the Middle East and Africa    18,602      35,812      13,725      24,498   
China    3,171      15,075      5,462      15,407   
Asia Pacific    5,690      10,294      4,424      8,037   

    
 

    
 

    
 

    
 

Total revenue     $71,085       $146,313       $59,152        $109,397   
    

 

    

 

    

 

    

 

Revenue for the United States, which is included in North America in the table above, was 58% and 55% of consolidated revenue for the
years ended December 31, 2017 and 2018, respectively, and 56% and 53% of consolidated revenue for the six months ended June 30, 2018
and 2019 (unaudited), respectively.

5. Debt
In September 2016, the Company entered into a loan and security agreement which includes a term loan and revolving line of credit

facility. The Company initially borrowed $10.6 million as a term loan, known as Tranche A, which was originally scheduled to mature in June
2020. Monthly payments of interest were due through December 31, 2017, with equal monthly installments of principal and interest due for
thirty months thereafter. The term loan accrued interest at a floating per annum rate equal to The Wall Street Journal prime rate plus 2.0%.
The Company had an option to borrow an additional $10.0 million as a term loan, known as Tranche B, beginning July 1, 2017, which expired
with no amounts borrowed as of December 31, 2017. Additionally, no amounts were borrowed under the revolving line of credit. The
agreement required an end of term payment of $0.6 million upon maturity of Tranche A.

In February 2018, the loan and security agreement was amended. Under the terms of the amendment, amounts available under
Tranche A were increased to $30.0 million (the “Amended Tranche A”). As of the date of modification, the balance outstanding under Tranche
A was $10.5 million. After giving consideration to the
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end of term payment, the Company borrowed an additional $19.5 million under the Amended Tranche A. Under the amended agreement the
Company has an option to borrow an additional $20.0 million as a term loan, known as the Amended Tranche B, beginning October 1, 2018
through June 30, 2019, or the date of an event of default if earlier, and the revolving line of credit facility was increased from $5.0 million to
$25.0 million.

Monthly payments of interest are due under the Amended Tranche A term loan through June 30, 2019, with monthly installments of
principal and interest due for 42 months thereafter. However, if the Amended Tranche B is borrowed, monthly installments of principal and
interest will be reduced to 36 months. The term loan accrues interest at the greater of the floating per annum rate equal to the greater of The
Wall Street Journal prime rate plus 2.0% or 6.25%. Additionally, an end of term payment is due to the lender in the amount of $1.8 million
upon maturity, prepayment, or acceleration of the term loan, as amended. The end of term payment is being accreted as additional interest
expense over the term of the debt using the effective interest method.

The term loan can be repaid prior to the maturity date, however, a prepayment fee of 3.0% of the outstanding principal balance will be
due in addition to all outstanding principal and interest, if the prepayment is made before the first anniversary date of the loan closing date.
This prepayment fee decreases to 2.0% if the prepayment is made on or after the first anniversary of the loan closing date but before the
second anniversary of the loan closing date and the fee decreases to 1.0% of the outstanding principal amount if paid after the second
anniversary and prior to the maturity date.

The loan and security agreement provides the Company with a revolving line of credit of up to $25.0 million through December 2022.
The amount available on the revolving line of credit is based on 80% of eligible receivables and is subject to a borrowing base calculation.
Principal amounts outstanding under the revolving line of credit accrue interest at the greater of a floating per annum rate equal to the greater
of The Wall Street Journal prime rate plus 0.25% or 4.5% and are repayable monthly. Upon termination of the agreement for any reason prior
to the revolving credit facility’s maturity date, a termination fee of $250,000 will be due in addition to all outstanding principal and interest.
Additionally, the revolving line of credit has a nonrefundable annual commitment fee of $62,500 payable on each anniversary date.

In connection with the amendment of the loan and security agreement and the Amended Tranche A term loan entered into in February
2018, the Company issued the lender a warrant to purchase 125,000 Historical Class B common shares with an exercise price per share of
$1.62. If the Company borrows under the Amended Tranche B term loan, the Company is obligated to issue the lender a warrant to purchase
an additional 133,000 Historical Class B common shares with an exercise price per share of $1.62. The warrants had an estimated fair value
of $150,000 which has been recorded as a debt discount.

Amounts borrowed under the loan and security agreement are collateralized by all of the Company’s assets, except for intellectual
property, but including the proceeds from the sale of any of the Company’s intellectual property. In addition, the Company has provided a
negative pledge regarding its intellectual property and cannot encumber it without the lender’s consent. The loan and security agreement
contains various covenants for reporting, protecting and obtaining adequate insurance coverage for assets collateralized and for coverage of
business operations, and complying with requirements, including the payment of all necessary taxes and fees for all federal, state and local
government entities. Immediately upon the occurrence and during the continuance of an event of default, including the noncompliance with
the above covenants, the lender may increase the interest rate per annum by 5.0% above the rate that is otherwise applicable; stop future
loan advances; require the Company to deposit 105% of any undrawn letters of credit, or 110% if the letter of credit is denominated in a
foreign currency; and take control over all assets collateralizing the loan and
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take necessary means to protect the collateral. The loan and security agreement contains a material adverse change clause, including terms
for subjective acceleration.

As of December 31, 2018 and June 30, 2019 (unaudited), and as of the date of the issuance of these financial statements, the Company
was in compliance with all loan covenants.

In June 2019, the Company’s loan and security agreement was amended to extend the Company’s option to borrow an additional $20.0
million as a term loan (the “Amended Tranche B”) through December 31, 2019. Monthly payments of interest are due through December 31,
2019, with monthly installments of principal and interest due for 36 months thereafter. In connection with the amendment, the Company paid a
one-time fee of $50,000 to the lender. As a result, annual payments due on the term loan decreased by approximately $4.2 million in 2019
and increased by $1.7 million, $1.6 million and $1.5 million in 2020, 2021 and 2022, respectively.

Aggregate annual payments due on the term loan as of December 31, 2018, are as follows (in thousands):
 

2019   $ 6,495 
2020    10,233 
2021    9,576 
2022    10,724 

    
 

Total payments    37,028 
Less: amount representing interest    (7,028) 

    
 

Total term loan    30,000 
Less: unamortized debt discount    (324) 

    
 

Total term loan, net of debt discount    29,676 
Less: current portion    (4,187) 

    
 

Non-current portion   $25,489 
    

 

6. Income Taxes
Loss before provision for income taxes were as follows for the periods indicated (in thousands):

 
   Year Ended December 31,  
       2017           2018     
United States     $(17,275)       $ (77,517)   
International    (1,466)      (34,881)   

    
 

    
 

Total     $(18,741)       $(112,398)   
    

 

    

 

The provision for income taxes was $0.1 million for the year ended December 31, 2018, which related to foreign and state income taxes.
For the year ended December 31, 2017, the provision for income taxes was not material.
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A reconciliation of the federal statutory income tax provision to the effective income tax provision is as follows for the periods indicated
(in thousands):
 

   Year Ended December 31,  
           2017               2018     
Income tax provision at statutory rate     $ (6,372)       $(23,604)   
State taxes, net    (1,180)      (4,479)   
Tax credits    (1,213)      (1,631)   
Foreign taxes    565       41    
Stock-based compensation    481       421    
Change in valuation allowance    (5,230)      19,133    
Change in federal rate    12,912       –    
Acquisition related expenses    –       10,143    
Other    58       63    

    
 

    
 

Total provision for income taxes     $ 21        $ 87    
    

 

    

 

Deferred income taxes reflect the net tax effect of temporary differences between amounts recorded for financial reporting purposes and
amounts used for tax purposes. The major components of deferred tax assets and liabilities are as follows as of the dates indicated (in
thousands):
 

   December 31,  
       2017           2018     
Deferred tax assets     
Net operating loss carryforwards     $ 27,438        $ 31,031    
Research and development tax credits    7,199       10,874    
Fixed assets    140       –    
Accruals and reserves    1,520       12,612    
Other    125       1,616    

    
 

    
 

Total deferred tax assets    36,422       56,133    
    

 
    

 

Valuation allowance    (36,422)      (55,673)  
Net deferred tax assets    –       460    

Deferred tax liabilities     
Fixed assets    –       (460)   

    
 

    
 

Net deferred taxes     $ –        $ –    
    

 

    

 

As of December 31, 2017 and 2018, the Company maintained a full valuation allowance on its net deferred tax assets. The deferred tax
assets predominantly relate to operating losses and tax credits. The valuation allowance was determined in accordance with the provisions of
ASC 740, Accounting for Income Taxes, which requires an assessment of both positive and negative evidence when determining whether it is
more likely than not that deferred tax assets are recoverable. Such assessment is required on a jurisdiction-by-jurisdiction basis. The
Company’s history of cumulative losses, along with expected future U.S. losses, required that a full valuation allowance be recorded against
all net deferred tax assets. The Company intends to maintain a full valuation allowance on net deferred tax assets until sufficient positive
evidence exists to support a reversal of the valuation allowance. The valuation allowance increased by $19.3 million and decreased by
$5.2 million for the years ended December 31, 2018 and 2017. The increase in the valuation allowance in the year ended
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December 31, 2018 primarily related to federal net operating losses (“NOLs”) and accruals recorded for book purposes which are deductible
for tax purposes when paid. The decrease in the valuation allowance in the year ended December 31, 2017 was primarily related to the
change in the statutory tax rate as a result of tax reform.

As of December 31, 2018, the Company had federal NOLs carryforwards of approximately $116.1 million and federal tax credit
carryforwards of approximately $8.3 million. The federal NOL carryforwards generated during and after fiscal 2018 totaling $5.5 million are
carried forward indefinitely, while all others, along with the federal tax credit carryforwards, expire in years beginning in 2032. As of
December 31, 2018, the Company had state net operating loss carryforwards of approximately $93.5 million, which begin to expire in 2032. In
addition, the Company had state tax credit carryforwards of approximately $7.9 million, which do not expire.

The federal and state net operating losses and credit carryforwards are subject to change of ownership limitations provided by the
Internal Revenue Code and similar state provisions. In general, if the Company experiences a greater than 50 percentage point aggregate
change in ownership over a 3-year period (a “Section 382 ownership change”), utilization of its pre-change NOL and credit carryforwards are
subject to an annual limitation. The Company completed a study in early 2019 to determine whether an ownership change had occurred and
determined at that time that an ownership change occurred in 2013. As a result, the Company’s net operating losses generated through
November 1, 2013 may be subject to limitation under Section 382 of the Code. The amount of pre-change loss carryforwards which may be
subject to this limitation is $4.8 million. Such limitations may result in expiration of a portion of the carryforwards before utilization. Depending
on the timing and amount of any future taxable income, the Company may be limited as to the amount of carryforwards that can be utilized.
The Company does not believe these limitations will cause a material amount of its federal credit carryforwards to expire prior to utilization.
The ability of the Company to use its remaining NOL and credit carryforwards may be further limited as a result of future changes in its stock
ownership.

The total balance of unrecognized gross tax benefits for the years ended December 31, 2017 and 2018 resulting primarily from research
and development tax credits claimed on the Company’s annual tax returns were as follows (in thousands):
 

       2017           2018     
Unrecognized tax benefits at beginning of year     $1,859       $2,692   
Additions based on prior year tax provisions    –      118   
Additions based on current year tax provisions    833      1,359   

    
 

    
 

Unrecognized tax benefits at end of year     $2,692       $4,169   
    

 

    

 

The Company has not been audited by the Internal Revenue Service or any state income or franchise tax agency. As of December 31,
2018, its federal returns for the years ended 2012 through the current period and state returns for the years ended 2012 through the current
period are still open to examination. In addition, all of the net operating losses and research and development credit carry-forwards that may
be used in future years are still subject to inquiry given that the statute of limitation for these items would begin in the year of the utilization.
The Company does not expect its unrecognized tax benefits to change significantly over the next 12 months.

No liability related to uncertain tax positions has been recorded in the Company’s consolidated financial statements due to the fact that
such liabilities have been netted against deferred attribute carryovers.
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The Company maintains undistributed earnings overseas as of December 31, 2018. At this time, the Company believes the funds held
by all non-US subsidiaries will be permanently reinvested outside of the U.S. However, if these funds were repatriated to the U.S. or used for
U.S. operations the Company may be subject to withholding taxes in the foreign countries. As a result of tax reform, the Company’s
unrepatriated earnings are no longer subject to income tax in the U.S. when distributed.

The Tax Cuts and Jobs Act (the “Tax Act”), was enacted on December 22, 2017, which reduced the U.S. federal corporate tax rate from
35% to 21%, among other changes, effective January 1, 2018. The Company’s accounting for the elements of the Tax Act is completed and
resulted in $21.9 million reduction in its net deferred tax assets as of December 31, 2017 to reflect the new statutory rate. The rate adjustment
to the deferred tax assets was fully offset by a decrease in the valuation allowance, resulting in no rate impact to the Company. There were no
changes from the original amount booked as of December 31, 2017.

The Tax Act created a new requirement that global intangible low-taxed income (“GILTI”) earned by the Company’s foreign subsidiaries
must be included in gross U.S. taxable income. While the Tax Act provides for a modified territorial tax system, beginning in 2018, GILTI
provisions will be applied providing an incremental tax on low taxed foreign income. The GILTI provisions require the Company to include in
its U.S. income tax return foreign subsidiary earnings in excess of an allowable return on the foreign subsidiary’s tangible assets. During
2018, the Company made an accounting policy election to treat taxes related to GILTI as a current period expense when incurred.

7. Commitments and Contingencies
Indemnification

From time to time, the Company has entered into indemnification provisions under certain agreements in the ordinary course of
business, typically with business partners, customers and suppliers. Pursuant to these agreements, the Company may indemnify, hold
harmless and agree to reimburse the indemnified parties on a case-by-case basis for losses suffered or incurred by the indemnified parties in
connection with any patent or other intellectual property infringement claim by any third party with respect to the Company’s products. The
Company maintains product liability insurance coverage that would generally enable it to recover a portion of the amounts paid. The Company
has also agreed to indemnify its directors and executive officers for costs associated with any fees, expenses, judgments, fines and
settlement amounts incurred by them in any action or proceeding to which any of them are, or are threatened to be, made a party by reason
of their service as a director or officer (see “—Litigation” below). The Company maintains director and officer insurance coverage that would
generally enable it to recover a portion of the amounts paid. The Company also may be subject to indemnification obligations by law with
respect to the actions of its employees under certain circumstances and in certain jurisdictions.

Non-cancelable Purchase Commitments
The Company’s contract manufacturer makes advance purchases of components based on the instrument unit forecasts and purchase

orders placed by the Company. To the extent these components are purchased by the contract manufacturer on the Company’s behalf and
cannot be used by their other customers, the Company is obligated to purchase these components. In addition, certain supplier agreements
require that the Company make minimum annual purchases under the agreements which are not significant. To date, the Company has met
the minimum purchase commitments.

As of December 31, 2018, the Company has entered into non-cancelable arrangements for subscription software services under which
the Company has an obligation to make payments aggregating to $1.7 million over the next three years.
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Intellectual Property Licensing

In July 2018, the Company and The Board of Trustees of the Leland Stanford Junior University (“Stanford”) entered into a license
agreement pursuant to which the Company was granted an exclusive license to ATAC-seq. As the Company receives revenue related to
products covered by these licenses, the Company is required to pay Stanford a low single-digit royalty percentage based on the net revenue
of certain ATAC-seq products during the applicable term of the licensed patents.

In September 2013, the Company and the President and Fellows of Harvard College (“Harvard”) entered into a license agreement
pursuant to which the Company was granted a license to certain intellectual property from Harvard. The Company is required to pay Harvard
a low single-digit royalty percentage based on the net revenue of certain products covered by certain licensed patents during their applicable
term.

In November 2018, the Company and Prognosys Biosciences, Inc. (“Prognosys”) entered into a license agreement pursuant to which
the Company was granted an exclusive license to certain intellectual property relating to spatial analysis from Prognosys. As part of the
agreement, the Company fully expensed total purchase consideration of $3.3 million comprised of cash consideration and shares of the
Company’s Historical Class B common stock.

The minimum commitments related to the above license arrangements aggregate to $5.0 million to be paid over the next 16 years.

Lease Obligations
The Company leases its facilities under noncancelable lease agreements. Certain of these arrangements have free rent, escalating rent

payment provisions and tenant allowances. Under such arrangements, the Company recognizes rent expense on a straight-line basis over
the noncancelable lease term and records the difference between cash rent payments and the recognition of rent expense as a deferred rent
liability within other current liabilities (current portion) and other liabilities (noncurrent portion).

In August 2018, the Company entered into a new lease agreement for office and laboratory space which consists of approximately
150,000 square feet located in Pleasanton, California. The lease term commenced in September 2018 and ends in September 2029. In
connection with the lease, the Company maintains a letter of credit for the benefit of the landlord in the amount of $5.0 million, which is
secured by restricted cash classified as noncurrent restricted cash on the consolidated balance sheets based on the term of the underlying
lease.

Rent expense related to noncancelable operating leases was $1.0 million and $3.5 million for the years ended December 31, 2017 and
2018, respectively, and $0.8 million and $3.5 million for the six months ended June 30, 2018 and 2019 (unaudited), respectively.
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Future minimum lease payments under the leases for facilities as of December 31, 2018, are as follows (in thousands):
 

   
Operating

Leases  
2019     $ 2,847   
2020    5,974   
2021    6,621   
2022    5,860   
2023 and thereafter    44,757   

    
 

Total future minimum lease commitments     $66,059   
    

 

Litigation
The Company is currently a defendant in the lawsuits and proceedings described below. Other than with respect to the 2015 Delaware

Action, losses are not probable or estimable for the described below.

The 2015 Delaware Action
In February 2015, Raindance Technologies, Inc. (“Raindance”) and the University of Chicago filed suit against the Company in the U.S.

District Court for the District of Delaware, accusing substantially all of the Company’s products of infringing certain patents. In May 2017, Bio-
Rad Laboratories, Inc. (“Bio-Rad”) was substituted as the plaintiff following its acquisition of Raindance. In November 2018, a jury found that
the accused products willfully infringed one or more of the asserted patents and awarded Bio-Rad approximately $24 million in damages
through June 30, 2018. Post-trial, Bio-Rad moved for a permanent injunction, treble damages for willful infringement, attorneys’ fees,
supplemental damages as well as pre- and post-judgment interest.

In response to the jury award, the Company established an accrual of $30.6 million as of December 31, 2018, which was recorded as an
operating expense on the consolidated statement of operations for the year ended December 31, 2018. Additionally, beginning in the fourth
quarter of 2018, the Company also began recording an accrual for estimated royalties to Bio-Rad as a cost of revenue on the consolidated
statements of operations based on an estimated royalty rate of 15% of sales of the Company’s Chromium instruments operating its GEM
microfluidic chips and associated consumables. As a result, the Company recorded $7.4 million of royalties for the fourth quarter of 2018. As
of December 31, 2018, the Company recorded a total accrual of $38 million related to this matter which represented the jury award plus the
Company’s estimate of additional damages for the period from June 30, 2018 to the trial date in November 2018 and the royalties accrued in
the fourth quarter of 2018.

During the six months ended June 30, 2019 (unaudited), the Company recorded royalties of $15.9 million as a cost of revenue and an
additional $1.4 million as an operating expense for estimated pre- and post-judgment interest for the period from January 1, 2019 through
June 30, 2019. As of June 30, 2019 (unaudited), the Company has accrued a total of $55.3 million related to this matter. To date the Company
has not made any payments related to the judgment or royalties.

In July 2019, the Court awarded supplemental damages for the period from June 30, 2018 through the end of the trial in November 2018
and established the interest rates for pre- and post-judgment interest, which when combined with the original award, resulted in a $35 million
preliminary judgment in favor of Bio-Rad for
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damages through November 2018 and interest. The Company’s accrual of $55.3 million as of June 30, 2019 is comprised of this judgment,
along with the Company’s estimate of additional royalties and interest for the period from November 2018 through June 30, 2019. In July
2019, the Court denied Bio-Rad’s other post-trial requests such as attorneys’ fees and enhanced damages for willful infringement.

In July 2019, the Court also granted Bio-Rad a permanent injunction against the Company’s GEM microfluidic chips and associated
consumables that were found to infringe the Bio-Rad patents, which constitute substantially all of the Company’s product sales. However,
under the injunction, the Company is permitted to continue to sell its GEM microfluidic chips and associated consumables for use with its
historical installed base of instruments provided that the Company pay a royalty of 15% into escrow on the Company’s net revenue related to
such sales commencing after the injunction effective date. These decisions were entered as a final judgment against the Company in August
2019, with the injunction effective date anticipated to be in late August 2019.

As a result, the Company has asked the Court to allow it to post a bond for the amount of the final judgment of approximately $35
million. The Company expects it will be required to provide cash collateral related to the bond in an amount between $30 and $35 million. The
cash collateral will be held until the conclusion of the Company’s appeal and will not be available to the Company to fund working capital or
other corporate expenditures.

In addition, the Company will be required to place cash into escrow each quarter of an amount equal to 15% of net revenue from sales
of the Company’s GEM microfluidic chips and associated consumables subsequent to the effective date of the injunction, which is anticipated
to be in late August 2019. The amounts will be held in escrow until the conclusion of the Company’s appeal.

The Company intends to appeal the verdict.

The ITC 1068 Action
On July 31, 2017, Bio-Rad and Lawrence Livermore National Security, LLC filed a complaint against the Company in the U.S.

International Trade Commission (“ITC”) pursuant to Section 337 of the Tariff Act of 1930, accusing substantially all of the Company’s products
of infringing certain asserted patents (the “ITC 1068 Action”). In September 2018, the judge found that the Company’s GEM microfluidic chips
infringe certain of the asserted patents, but also that the Company’s gel bead manufacturing microfluidic chip and Next GEM microfluidic chip
do not infringe any claim asserted against them. The judge recommended entry of an exclusion order preventing the Company from importing
its GEM microfluidic chips and a cease and desist order that would prevent the Company from selling such imported chips. A Final
Determination is expected to be issued in late September 2019, which is subject to a 60-day presidential review period before taking effect.
The Company believes this proceeding is without merit and intends to vigorously defend itself.

The Northern District of California Action
On July 31, 2017, Bio-Rad and Lawrence Livermore National Security, LLC also filed suit against the Company in the U.S. District Court

for the Northern District of California, alleging that substantially all of its products infringe certain patents in addition to the patents asserted in
the ITC 1068 Action. The complaint seeks injunctive relief, unspecified monetary damages, costs and attorneys’ fees. The Company believes
that this lawsuit is without merit and intends to vigorously defend itself.
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The Germany Action

On July 31, 2017, Bio-Rad filed suit against the Company in Germany in the Munich Regional Court alleging that the Company infringed
a European patent. Bio-Rad dismissed this action in August 2018.

On February 13, 2018, Bio-Rad filed suit against the Company in Germany in the Munich Region Court alleging that its Chromium
instruments, GEM microfluidic chips and certain accessories infringe a German utility model. Bio-Rad seeks unspecified damages and an
injunction prohibiting sales of these products in Germany and requiring the Company to recall these products sold in Germany subsequent to
February 11, 2018. The Company believes that this lawsuit is without merit and intends to vigorously defend itself.

The 2018 Delaware Action
On October 25, 2018, Bio-Rad filed suit against the Company in the U.S. District Court for the District of Delaware alleging that the

Company infringed certain patents. Bio-Rad seeks injunctive relief, unspecified monetary damages, costs and attorneys’ fees. The Company
believes that this lawsuit is without merit and intends to vigorously defend itself.

The Becton Dickinson Action
On November 15, 2018, Becton, Dickinson and Company and Cellular Research, Inc. filed suit against the Company in the U.S. District

Court for the District of Delaware, alleging that the Company infringed certain patents. Plaintiffs seek injunctive relief, unspecified monetary
damages, costs and attorneys’ fees. The Company believes that this lawsuit is without merit and intends to vigorously defend itself.

8. Capital Stock and Stockholders’ Deficit
The Company’s Amended and Restated Certificate of Incorporation authorizes it to issue 258,859,871 shares of capital stock consisting

of 75,955,000 shares of Historical Class A common stock, 115,000,000 shares of Historical Class B common stock, and 67,904,871 shares of
convertible preferred stock.

Convertible Preferred Stock
Convertible preferred stock authorized, issued and outstanding as of the date indicated below consisted of the following (in thousands,

except share and per share data):
 

As of December 31, 2017  

Series   
Issue
Price    

Shares
Authorized    

Shares
Issued and

Outstanding    
Liquidation
Preference    

Carrying
Value  

A-1   $0.85    5,523,394    5,523,394   $ 4,688   $ 5,882 
A-2   $1.09    20,486,543    20,486,543    22,400    22,265 
B   $3.27    16,972,477    16,972,477    55,500    55,415 
C   $4.48    16,747,799    16,747,799    75,000    74,852 

      
 

    
 

    
 

    
 

Total Convertible Preferred stock      59,730,213    59,730,213   $157,588   $158,414 
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As of December 31, 2018 and June 30, 2019 (unaudited)  

Series   
Issue
Price    

Shares
Authorized    

Shares
Issued and

Outstanding    
Liquidation
Preference    

Carrying
Value  

A-1   $ 0.85    5,523,394    5,523,394   $ 4,688   $ 5,882 
A-2   $ 1.09    20,486,543    20,486,543    22,400    22,265 
B   $ 3.27    16,972,477    16,972,477    55,500    55,415 
C   $ 4.48    16,747,799    16,747,799    75,000    74,852 
D   $ 9.57    5,224,658    5,224,658    50,000    49,878 
D-1   $ 12.73    2,950,000    2,749,407    35,000    34,952 

      
 

    
 

    
 

    
 

Total Convertible Preferred stock      67,904,871    67,704,278   $ 242,588   $ 243,244 
      

 

    

 

    

 

    

 

Redemption
The holders of the Company’s preferred stock have no voluntary rights to redeem shares. A liquidation or winding up of the Company, a

change in control, or a sale of substantially all of the Company’s assets would constitute a redemption event which may be outside of the
Company’s control. Accordingly, these shares are considered contingently redeemable and are classified as temporary equity on the
consolidated balance sheets. The carrying value of the convertible preferred stock has not been adjusted to its redemption value because
redemption was not probable as of the balance sheet dates presented. The carrying value of the convertible preferred stock will be adjusted
to its redemption value if redemption becomes probable in the future.

Conversion
Each share of preferred stock is convertible at the right and option of its holder into such number of fully paid and nonassessable shares

of Historical Class A common stock as is determined by dividing the original issue price per share by the applicable conversion price per
share on the date of conversion. As of December 31, 2017 and 2018 and June 30, 2019 (unaudited), the conversion prices per share for all
series of convertible preferred stock were equal to the original issue prices and the rate at which each share would convert into Historical
Class A common stock was one-for-one.

In the event that the Company, at any time after the original issuance date of any series of preferred stock, issues additional shares of
common stock (including convertible securities) without consideration or for consideration per share that is less than the conversion price of a
particular series of preferred stock in effect on the date of and immediately prior to such issuance, then and in such event, the conversion
price of that series shall be reduced, concurrently with such issuance (down round conversion provision).

Each share of preferred stock will automatically convert into a fully paid, nonassessable share of Historical Class A common stock at the
then-effective conversion rate for such share (i) upon the closing of a firm commitment, underwritten initial public offering of the Company’s
common stock at an aggregate offering price of not less than $50.0 million; or (ii) upon the receipt by the Company of a written request for
such conversion from (A) the holders of a majority of the then outstanding shares of convertible preferred stock (voting together as a single
class on an as-converted basis), (B) the holders of a majority of the then outstanding shares of Series C convertible preferred stock (voting as
a separate class) and (C) the holders of two-thirds of the then outstanding shares of Series D convertible preferred stock and Series D-1
convertible preferred stock (voting together as a separate class).
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Liquidation Preference

Each series of the Company’s convertible preferred stock is contingently redeemable upon the occurrence of a liquidation transaction as
defined in the Company’s amended and restated certificate of incorporation. In the event of a liquidation, dissolution or winding up of the
Company, either voluntary or involuntary, the holders of Series D and D-1 convertible preferred stock shall be entitled to receive, prior and in
preference to any distribution of any of the Company’s assets or funds to Series C convertible preferred stock, Series B convertible preferred
stock, Series A-2 convertible preferred stock, Series A-1 convertible preferred stock, and Historical common stock, an amount per share equal
to $9.57 per share for each outstanding share of Series D convertible preferred stock and $12.73 per share for each outstanding share of
Series D-1 convertible preferred stock, plus any declared but unpaid dividends on such shares. The holders of Series C convertible preferred
stock shall be entitled to receive, prior and in preference to any distribution of any of the Company’s assets or funds to Series B convertible
preferred stock, Series A-2 convertible preferred stock, Series A-1 convertible preferred stock, and Historical common stock, an amount per
share equal to $4.4782 per share for each outstanding share of Series C convertible preferred stock, plus any declared but unpaid dividends
on such shares. The holders of Series B convertible preferred stock shall be entitled to receive, prior and in preference to any distribution of
any of the Company’s assets or funds to Series A-2 convertible preferred stock, Series A-1 convertible preferred stock, and Historical
common stock, an amount per share equal to $3.27 per share for each outstanding share of Series B convertible preferred stock, plus any
declared but unpaid dividends on such shares. The holders of Series A-1 and Series A-2 convertible preferred stock shall be entitled to
receive, prior and in preference to any distribution of any of the Company’s assets or funds to Historical common stock, an amount per share
equal to $0.8488 per share for each outstanding share of Series A-1 convertible preferred stock and $1.0934 per share for each outstanding
share of Series A-2 convertible preferred stock, plus any declared but unpaid dividends on such shares. After liquidation preferences to Series
A-1, Series A-2, Series B, Series C, Series D and Series D-1 convertible preferred stockholders have been paid, the remaining assets of the
Company shall be distributed among the holders of Historical common stock. If, upon liquidation, the assets of the Company legally available
for distribution or any other type of consideration payable to the stockholders are insufficient to permit the distribution or payment to such
holders of the full amounts specified in the Company’s amended and restated certificate of incorporation, then the entire assets of the
Company legally available for distribution or consideration would be payable to the holders of preferred stock in proportion to the full amounts,
with equal priority and pro rata among the holders, of the preferred stock in proportion to the full amounts they would otherwise be entitled to
receive.

Voting Rights
Each share of Series A-1, A-2, B, C, D and D-1 convertible preferred stock has the right to vote on an as-converted to Historical Class A

common stock basis, which equates to 100 votes for each share of Historical common stock into which such preferred stock could be
converted, and with respect to such vote, such holder will have full voting rights and powers equal to the holders of Historical common stock.

Dividends
Each stockholder of Series A-1, A-2, B, C, D and D-1 convertible preferred stock is entitled to receive dividends at the rate of $0.068,

$0.087, $0.262, $0.358, $0.7656 and $1.0184 per share, respectively, per annum, when and if declared by the Board of Directors, in
accordance with the payment preference order set forth in Liquidation Preference discussed above, prior to payment of dividends on
Historical common stock. Dividends are noncumulative and no dividends have been declared to date.
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Historical Common Stock

Historical common stock issued and outstanding was 12,883,930, 14,549,801, and 16,145,382 as of December 31, 2017 and 2018 and
June 30, 2019 (unaudited), respectively. Historical Class A was 8,050,000 as of December 31, 2017 and 2018, and June 30, 2019
(unaudited). Historical Class B was 4,833,930 and 6,499,801 as of December 31, 2017 and 2018, respectively, and 8,095,382 as of June 30,
2019 (unaudited). The Company’s Historical Class A common stock and Historical Class B common stock have a par value of $0.00001 per
share. Each share of Historical Class A common stock has the right to 100 votes and each share of Historical Class B common stock has the
right to one vote per share. All other rights and privileges of Historical Class A and Historical Class B common stock are equivalent. Historical
Class A common shares are convertible to Historical Class B at any time upon written notification and all Historical Class A will convert upon
the date specified by vote or written consent of the holders of a majority of the then outstanding Historical Class A common stock, voting
together as a single class. The holders of common stock are also entitled to receive dividends whenever funds are legally available and when
declared by the Board of Directors, subject to the prior rights of holders of all classes of stock outstanding having priority rights as to
dividends.

Warrants to Purchase Common Stock
In connection with certain debt arrangements, the Company issued the lender warrants to purchase shares of Historical Class B

common stock which have an exercise term of 10 years. The outstanding warrants as of December 31, 2018 and June 30, 2019 (unaudited)
were as follows:
 

Issue Date   
    Exercise Price    

Per Share    
Number

    of Shares     
April 2014   $ 0.21    43,750 
September 2015   $ 0.88    18,349 
September 2016   $ 1.07    79,000 
February 2018   $ 1.62    125,000 

The Company’s common stock warrants were recorded to additional paid-in capital at fair value as of the date of issuance using the
Black-Scholes valuation model. The fair value of the warrants for 125,000 shares of Historical Class B common stock issued in February 2018
was estimated at $150,000 using the following assumptions: fair value of shares of Historical Class B common stock on the issuance date of
$1.62, risk-free interest rate of 1.54%, contractual term of 10 years, no anticipated dividends, and estimated volatility of 68%. The initial
amount allocated to the warrants are accounted for as a discount to the related debt and amortized to interest expense over the loan term
using the effective interest method.

9. Equity Incentive Plans
2012 Stock Plan

In October 2012, the Company adopted the 10x Genomics, Inc. 2012 Stock Plan (the “2012 Stock Plan”) which has been amended in
subsequent years for increases in authorized shares. The 2012 Stock Plan allows for the issuance of incentive stock options (“ISOs”),
non-statutory stock options (“NSOs”) or restricted shares. ISOs may be granted only to the Company’s employees (including officers and
directors who are also considered employees). NSOs and restricted shares may be granted to the Company’s employees and
service providers. Unvested options that were not exercised as of an employee’s termination date revert to the 2012 Stock Plan. As of
December 31, 2018 and June 30, 2019 (unaudited), the number of shares of Historical Class B common stock issuable under the 2012 Stock
Plan is 24,782,088. The 2012 Stock Plan does not allow for the issuance of shares of Historical Class A common stock.
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Options under the 2012 Stock Plan have a contractual term of 10 years. In the case of an ISO granted to an optionee who, at the time
the option is granted, owns stock representing more than 10% of the voting power of all classes of stock of the Company, the term of the
option is five years from the date of grant, or such shorter term as may be provided in the option agreement.

The exercise price of an ISO and NSO shall not be less than 100% of the estimated fair value of the shares on the date of grant, and the
exercise price of an ISO granted to a 10% stockholder shall not be less than 110% of the estimated fair value of the shares on the date of
grant. Stock options granted generally vest over a four-year period.

A summary of the Company’s stock option activity from December 31, 2017 to June 30, 2019, under the 2012 Stock Plan is as follows:
 

   
Outstanding

Options    

Weighted-
Average
Exercise

Price    

Weighted-
Average

Remaining
Terms
(Years)    

Aggregate Intrinsic
Value  

Balance as of December 31, 2017      11,999,004        $0.99        
Granted    4,198,573        $4.21        
Exercised    (1,508,762)       $1.17        
Cancelled    (424,439)       $1.22        

    
 

      

Balance as of December 31, 2018      14,264,376        $1.91         8.2        $ 71,902,234    
Granted (unaudited)      3,283,297        $9.91        
Exercised (unaudited)      (1,595,581)        $1.46        
Cancelled (unaudited)      (317,910)        $3.37        

    
 

      

Balance as of June 30, 2019 (unaudited)      15,634,182        $3.61         8.2        $351,527,047    
    

 

      

Vested and exercisable as of December 31,
2018      5,614,120        $0.97         7.2        $ 33,595,289    

    

 

      

Unvested and exercisable as of December 31,
2018      897,397        $1.18         8.3        $ 5,182,366    

    

 

      

Vested and exercisable as of June 30, 2019
(unaudited)      6,012,392        $1.31         7.1        $148,964,420    

    

 

      

Unvested and exercisable as of June 30, 2019
(unaudited)      1,555,939        $4.32         8.7        $ 33,879,218    

    

 

      

The weighted-average grant date fair value of options granted during the years ended December 31, 2017 and 2018 was $0.66 and
$2.04 per share, respectively, and was $1.31 and $10.22 per share for the six months ended June 30, 2018 and 2019 (unaudited),
respectively. The total intrinsic value of stock options exercised was $0.8 million and $3.3 million during the years ended December 31, 2017
and 2018, respectively, and $0.9 million and $11.9 million during the six months ended June 30, 2018 and 2019 (unaudited), respectively. As
of December 31, 2018 and June 30, 2019 (unaudited), the total unrecognized stock-based compensation related to stock options was
$10.7 million and $39.2 million, respectively, which will be recognized over a weighted-average period of approximately 3.1 years and 3.4
years, respectively.
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Early Exercise of Options

Stock options granted under the 2012 Stock Plan provide for certain employee and director option holders the right to exercise unvested
options in exchange for restricted shares of Historical Class B common stock which are subject to repurchase by the Company at the original
issuance price in the event the optionee’s employment is terminated either voluntarily or involuntarily prior to the applicable vesting date. The
consideration received for the early exercised options is recorded as a liability on the consolidated balance sheets and reclassified to
stockholders’ deficit as the shares vest. As of December 31, 2017 and 2018 and June 30, 2019 (unaudited), the total repurchase liability
related to the unvested early exercised options was $317,000, $652,000 and $825,000, respectively, which is included in other current and
noncurrent liabilities on the consolidated balance sheets. A summary of these restricted shares issued under the 2012 Stock Plan is as
follows:
 

       Number of Shares       
Weighted-Average
    Exercise Price     

Outstanding and unvested as of December 31, 2017    301,372   $ 1.05 
Exercised    124,000   $ 4.76 
Vested    (192,622)   $ 1.33 

    
 

  

Outstanding and unvested as of December 31, 2018    232,750   $ 2.80 
Exercised (unaudited)    29,000   $ 11.48 
Vested (unaudited)    (63,500)   $ 2.52 

    
 

  

Outstanding and unvested as of June 30, 2019 (unaudited)    198,250   $ 4.16 
    

 

  

The fair value of each employee option grant was estimated on the date of grant using the following assumptions for the periods
indicated:
 
   Year Ended December 31,   Six Months Ended June 30,
       2017      2018         2018              2019      
         (unaudited)
Expected volatility   45% –  48%   45% – 46%   45%   45%
Risk-free interest rate   1.9% –  2.3%   2.7% – 3.1%   2.7% – 2.8%   2.2% – 2.5%
Expected term   4.2 –  6.5 years   5.3 – 6.5 years   5.6 –  6.1 years   5.0 –  6.9 years
Expected dividend   –   –   –   –

Stock-Based Compensation for Nonemployees
The Company granted stock options to consultants in exchange for services performed for the Company. The stock options vest over

terms ranging from 12 to 48 months. The stock options generally vest over the contractual period of the consulting arrangement and,
therefore, the Company will revalue the options periodically and record additional compensation expense related to these options over the
remaining vesting period.
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10x Genomics, Inc.

Notes to Consolidated Financial Statements—(Continued)
 

During the years ended December 31, 2017 and 2018 compensation expense related to these options was $33,000, $70,000,
respectively, and $10,000 and $211,000, and during the months ended June 30, 2018 and 2019 (unaudited), respectively.

Stock-Based Compensation Expense
The following table sets forth the total stock-based compensation expense included in the Company’s consolidated statements of

operations and comprehensive loss for the periods indicated (in thousands):
 

   
Year Ended

December 31,    
Six Months Ended

June 30, 2018  
       2017           2018           2018           2019     
           (unaudited)  
Cost of revenue     $ 44       $ 85       $ 36       $ 90   
Research and development    801      1,030      440      1,798   
Selling, general and administrative    816      1,543      530      2,496   

    
 

    
 

    
 

    
 

Total stock-based compensation expense     $1,661       $2,658       $1,006       $4,384   
    

 

    

 

    

 

    

 

10. Employee Benefit Plans
The Company has made available to all full-time United States employees a 401(k) retirement savings plan. Under this plan, employee

and employer contributions and accumulated plan earnings qualify for favorable tax treatment under Section 401(k) of the Internal Revenue
Code. The Company has not contributed to the plan.
 
11. Net Loss Per Share

The following table sets forth the computation of basic and diluted net loss per share for the periods indicated (in thousands, except
share and per share data):
 
   Year Ended December 31,    Six Months Ended June 30,  
   2017    2018    2018    2019  
           (unaudited)  
Net loss attributable to Historical common

stockholders     $ (18,762)       $ (112,485)       $ (21,616)       $ (14,514)   
Weighted-average shares used in

computing net loss per share, basic and
diluted    11,587,751       13,392,273       12,985,535       15,187,258    

    
 

    
 

    
 

    
 

Net loss per share attributable to Historical
common stockholders, basic and diluted     $ (1.62)       $ (8.40)       $ (1.66)       $ (0.96)   
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10x Genomics, Inc.

Notes to Consolidated Financial Statements—(Continued)
 

The following outstanding shares of potentially dilutive securities were excluded from the computation of diluted net loss per share
because including them would have had an anti-dilutive effect for the dates indicated:
 
   As of December 31,    As of June 30,  
   2017    2018    2018    2019  
           (unaudited)  
Convertible preferred stock (on an if-converted basis)    59,730,213      67,704,278      64,954,871      67,704,278   
Stock options to purchase Historical Class B common stock    11,949,004      14,264,376          12,402,386      15,634,182   
Shares subject to repurchase    301,372      232,750      277,750      198,250   
Common stock warrants to purchase Historical Class B

common stock    141,099      266,099      266,099      266,099   
    

 
    

 
    

 
    

 

Total        72,121,688          82,467,503      77,901,106          83,802,809   
    

 

    

 

    

 

    

 

Unaudited Pro Forma Net Loss Per Share
The following table presents the calculation of pro forma basic and diluted net loss per share attributable to Historical common

stockholders for the period indicated (in thousands, except share and per share data):
 

   
Year Ended

December 31, 2018   
Six Months Ended
    June  30, 2019     

       (unaudited)  
Numerator     
Net loss attributable to Historical common stockholders     $ (112,485)       $ (14,514)   
Denominator     

Weighted-average shares used in computing net loss per share, basic and diluted    13,392,273       15,187,258    
Pro forma adjustment to reflect the assumed conversion of the convertible preferred

stock    64,102,719       67,704,278    
    

 
    

 

Weighted-average shares used in computing pro forma net loss per share
attributable to Historical common stockholders, basic and diluted    77,494,992       82,891,536    

    

 

    

 

Pro forma net loss per share attributable to Historical common stockholders     
Basic and diluted     $ (1.45)       $ (0.18)   

    

 

    

 

12. Subsequent Events
The Company evaluated events subsequent to December 31, 2018 through May 10, 2019, the date at which the consolidated financial

statements were available to be issued.

13. Subsequent Events (unaudited)
The Company evaluated events subsequent to December 31, 2018 through August 19, 2019, which is the date the unaudited financial

statements were issued.

In August 2019, the Court entered a final judgment in the amount of approximately $35 million in favor of Bio-Rad related to the
Delaware Action (see Note 7).
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Part II
Information not required in prospectus
Item 13. Other expenses of issuance and distribution
The following table sets forth all costs and expenses, other than underwriting discounts and commissions, payable by us in connection with
the sale of the Class A common stock being registered. All amounts shown are estimates except for the Securities and Exchange
Commission (the “SEC”) registration fee, the Financial Industry Regulatory Authority (“FINRA”) filing fee and the Nasdaq Global Select Market
(“Nasdaq”) listing fee.
 
  

    

Amount paid
or to be paid 

SEC registration fee   $ 12,120 
FINRA filing fee    15,500 
Nasdaq listing fee    * 
Transfer agent’s fees    * 
Printing and engraving expenses    * 
Legal fees and expenses    * 
Accounting fees and expenses    * 
Blue sky fees and expenses    * 
Miscellaneous    * 
Total   $                 * 
  

 

*  To be completed by amendment.

Item 14. Indemnification of directors and officers
Section 145 of the Delaware General Corporation Law provides that a corporation may indemnify directors and officers as well as other
employees and individuals against expenses (including attorneys’ fees), judgments, fines and amounts paid in settlement actually and
reasonably incurred by such person in connection with any threatened, pending, or completed actions, suits or proceedings in which such
person is made a party by reason of such person being or having been a director, officer, employee or agent to the registrant. The Delaware
General Corporation Law provides that Section 145 is not exclusive of other rights to which those seeking indemnification may be entitled
under any bylaw, agreement, vote of stockholders or disinterested directors or otherwise. Section 7 of the registrant’s amended and restated
bylaws provides for indemnification by the registrant of its directors, officers and employees to the fullest extent permitted by the Delaware
General Corporation Law. The registrant has entered into indemnification agreements with each of its current directors, executive officers and
certain other officers to provide these directors and officers additional contractual assurances regarding the scope of the indemnification set
forth in the registrant’s amended and restated certificate of incorporation and amended and restated bylaws and to provide additional
procedural protections. There is no pending litigation or proceeding involving a director or executive officer of the registrant for which
indemnification is sought.

Section 102(b)(7) of the Delaware General Corporation Law permits a corporation to provide in its certificate of incorporation that a director of
the corporation shall not be personally liable to the corporation or its stockholders for monetary damages for breach of fiduciary duty as a
director, except for liability (i) for any breach of the director’s duty of loyalty to the corporation or its stockholders, (ii) for acts or omissions not
in good faith or which involve intentional misconduct or a knowing violation of law, (iii) for unlawful payments of
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dividends or unlawful stock repurchases, redemptions, or other distributions, or (iv) for any transaction from which the director derived an
improper personal benefit. The registrant’s amended and restated certificate of incorporation provides for such limitation of liability.

The registrant maintains policies of insurance under which coverage is provided to its directors and officers against loss rising from claims
made by reason of breach of duty or other wrongful act.

The proposed form of underwriting agreement filed as Exhibit 1.1 to this registration statement provides for indemnification of directors and
officers of the registrant by the underwriters against certain liabilities.

Item 15. Recent sales of unregistered securities
From January 1, 2016 through August 14, 2019, the registrant has issued and sold the following securities without registration under the
Securities Act of 1933:
 

•  16,747,799 shares of Series C Convertible Preferred Stock to 25 accredited investors at a price of $4.48 per share, for aggregate proceeds
of approximately $74,999,994;

 

•  5,224,658 shares of Series D Convertible Preferred Stock to 20 accredited investors at a price of $9.57 per share, for aggregate proceeds
of approximately $49,999,977;

 

•  2,749,407 shares of Series D-1 Convertible Preferred Stock to 6 accredited investors at a price of $12.73 per share, for aggregate
proceeds of approximately $34,999,951;

 

•  Stock options to employees, directors, consultants and other service providers of the Registrant to purchase an aggregate of 15,357,125
shares of Historical Class B common stock under the Registrant’s 2012 Stock Plan, with per share exercise prices ranging from $1.07 to
$30.00;

 

•  5,993,292 shares of Historical Class B common stock to employees, directors, consultants and other service providers of the Registrant
upon the exercise of stock options granted under the Registrant’s 2012 Stock Plan, with per share purchase prices ranging from $0.21 to
$11.48;

 

•  157,109 shares of Historical Class B common stock for in-process research and development; and
 

•  Warrants to purchase an aggregate of 79,000 shares of our Historical Class B common stock, exercisable for a period of 10 years at an
exercise price of $1.07 per share, to a lender in connection with our entry into a Loan and Security Agreement with Silicon Valley Bank in
2016 and an aggregate of 125,000 shares of our Historical Class B common stock, exercisable for a period of 10 years at an exercise price
of $1.62 per share, to a lender in connection with the entry into the Second Amended and Restated Loan and Security Agreement with
Silicon Valley Bank in 2018.

None of the foregoing transactions involved any underwriters, underwriting discounts or commissions, or any public offering. Unless otherwise
stated, the sales of the above securities were deemed to be exempt from registration under the Securities Act in reliance upon Section 4(a)(2)
of the Securities Act (or Regulation D or Regulation S promulgated thereunder) or Rule 701 promulgated under Section 3(b) of the Securities
Act as transactions by an issuer not involving any public offering or pursuant to benefit plans and contracts relating to compensation as
provided under Rule 701. The recipients of the securities in each of these transactions represented their intentions to acquire the securities for
investment only and not with a view to or for sale in connection with any distribution thereof and appropriate legends were placed upon the
stock certificates issued in these transactions.
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Item 16. Exhibits and financial statement schedules
See the Exhibit Index immediately following the signature page for a list of exhibits filed as part of this registration statement, which Exhibit
Index is incorporated herein by reference.

Item 17. Undertakings
(a)    Insofar as indemnification for liabilities arising under the Securities Act may be permitted to directors, officers and controlling persons of
the registrant pursuant to the provisions referenced in Item 14 of this registration statement, or otherwise, the registrant has been advised that
in the opinion of the Securities and Exchange Commission such indemnification is against public policy as expressed in the Securities Act and
is, therefore, unenforceable. In the event that a claim for indemnification against such liabilities (other than the payment by the registrant of
expenses incurred or paid by a director, officer, or controlling person of the registrant in the successful defense of any action, suit, or
proceeding) is asserted by such director, officer, or controlling person in connection with the securities being registered hereunder, the
registrant will, unless in the opinion of its counsel the matter has been settled by controlling precedent, submit to a court of appropriate
jurisdiction the question of whether such indemnification by it is against public policy as expressed in the Securities Act and will be governed
by the final adjudication of such issue.

(b)    The undersigned registrant hereby undertakes that:
 

 

(1)  For purposes of determining any liability under the Securities Act, the information omitted from the form of prospectus filed as
part of this registration statement in reliance upon Rule 430A and contained in a form of prospectus filed by the registrant
pursuant to Rule 424(b)(1) or (4) or 497(h) under the Securities Act shall be deemed to be part of this registration statement as of
the time it was declared effective.

 

 
(2)  For the purpose of determining any liability under the Securities Act, each post-effective amendment that contains a form of

prospectus shall be deemed to be a new registration statement relating to the securities offered therein and the offering of such
securities at that time shall be deemed to be the initial bona fide offering thereof.
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Exhibit index
 
  

Exhibit
Number   Description
  1.1†   Form of Underwriting Agreement.
  3.1   Seventh Amended and Restated Certificate of Incorporation of the Registrant, as currently in effect.
  3.2

  
Form of Amended and Restated Certificate of Incorporation of the Registrant, to be in effect immediately prior to the completion
of this offering.

  3.3   Amended and Restated Bylaws of the Registrant, as currently in effect.
  3.4   Form of Amended and Restated Bylaws of the Registrant, to be in effect immediately prior to the completion of this offering.
  4.1

  
Amended and Restated Investors’ Rights Agreement, dated as of October 18, 2018, by and among the Registrant and the other
parties thereto.

  4.2   Form of Stock Certificate for Class A Common Stock of the Registrant.
  5.1†   Opinion of Simpson Thacher & Bartlett LLP.
10.1

  
Second Amended and Restated Loan and Security Agreement, dated as of February 9, 2018, by and between the Registrant
and Silicon Valley Bank.

10.2
  

First Amendment to Second Amended and Restated Loan and Security Agreement, dated June 26, 2019, by and between the
Registrant and Silicon Valley Bank.

10.3   Lease Agreement, dated August 2, 2018, between the Registrant and 6200 Stoneridge Mall Road Investors LLC.
10.4

  
First Amendment to Lease Agreement, dated May 20, 2019, between the Registrant and 6200 Stoneridge Mall Road Investors
LLC.

10.5*   License Agreement, dated September 26, 2013, between the Registrant and the President and Fellows of Harvard College.
10.6*

  
Amendment No. 1 to License Agreement, dated October 25, 2018, between the Registrant and President and Fellows of
Harvard College.

10.7*
  

Exclusive (Equity) Agreement, dated October 15, 2015, between Epinomics, Inc. and The Board of Trustees of the Leland
Stanford Junior University.

10.8
  

Amendment No. 1 to the License Agreement, dated February 1, 2017, between Epinomics and The Board of Trustees of the
Leland Stanford Junior University.

10.9*
  

Amendment No. 2 to the License Agreement, dated July 27, 2018, between the Registrant and The Board of Trustees of the
Leland Stanford Junior University.

10.10+   Amended and Restated 2012 Stock Plan and forms of award agreements thereunder.
10.11+   2019 Omnibus Incentive Plan and forms of award agreements thereunder, to be in effect upon the completion of this offering.
10.12+   2019 Employee Stock Purchase Plan, to be in effect upon the completion of this offering.
10.13+   Non-Employee Director Compensation Policy, to be in effect upon the completion of this offering.
10.14+   Employment Offer Letter by and between the Registrant and Eric S. Whitaker.
10.15+   Employment Offer Letter by and between the Registrant and Justin McAnear.
10.16+   Form of At-Will Employment, Confidential Information, Invention Assignment, and Arbitration Agreement.
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Exhibit
Number   Description
23.1†   Consent of Simpson Thacher & Bartlett LLP (included in Exhibit 5.1).
23.2   Consent of Independent Registered Public Accounting Firm.
24.1   Power of Attorney (included in the signature page to this Registration Statement).
 

 

†  To be filed by amendment
 

+  Management contract or compensatory plan or arrangement.
 

*  Portions of this exhibit have been omitted pursuant to Item 601 of Regulation S-K promulgated under the Securities Act because the information (i) is not material and (ii) would
be competitively harmful if publicly disclosed.
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Signatures
Pursuant to the requirements of the Securities Act of 1933, the registrant has duly caused this registration statement to be signed on its behalf
by the undersigned, thereunto duly authorized, in the City of Pleasanton, State of California, on the nineteenth day of August, 2019.
 

10x Genomics, Inc.

By:  /s/ Serge Saxonov
 Name:    Serge Saxonov
 Title:      Chief Executive Officer and Director

KNOW ALL PERSONS BY THESE PRESENTS, that each person whose signature appears below constitutes and appoints Serge Saxonov,
Justin J. McAnear and Eric S. Whitaker, and each of them, his or her true and lawful attorneys-in-fact and agents, with full power of
substitution and resubstitution, for him or her and in his or her name, place, and stead, in any and all capacities, to sign any and all
amendments (including post-effective amendments) to this registration statement and any and all additional registration statements pursuant
to Rule 462(b) of the Securities Act of 1933, and to file the same, with all exhibits thereto, and all other documents in connection therewith,
with the Securities and Exchange Commission, granting unto each said attorney-in-fact and agents full power and authority to do and perform
each and every act in person, hereby ratifying and confirming all that said attorneys-in-fact and agents or either of them or their or his or her
substitute or substitutes may lawfully do or cause to be done by virtue hereof.

Pursuant to the requirements of the Securities Act of 1933, this registration statement has been signed by the following persons in the
capacities and on the dates indicated.
 
   

Signature   Title  Date

/s/ Serge Saxonov
  

Chief Executive Officer and Director
(Principal Executive Officer)  

August 19, 2019
Serge Saxonov

/s/ Benjamin J. Hindson
  

President and Director
 

August 19, 2019
Benjamin J. Hindson

/s/ Justin J. McAnear
  

Chief Financial Officer
(Principal Accounting and Financial Officer)  

August 19, 2019
Justin J. McAnear

/s/ John R. Stuelpnagel
  

Chairman of the board of directors
 

August 19, 2019
John R. Stuelpnagel

/s/ Paul A. Conley
  

Director
 

August 19, 2019
Paul A. Conley

/s/ Sridhar Kosaraju
  

Director
 

August 19, 2019
Sridhar Kosaraju

/s/ Mathai Mammen
  

Director
 

August 19, 2019
Mathai Mammen

/s/ Bryan E. Roberts
  

Director
 

August 19, 2019
Bryan E. Roberts

/s/ Shehnaaz Suliman
  

Director
 

August 19, 2019
Shehnaaz Suliman
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US 8,871,444 
Infringement Analysis 

 
 

’444 Claim Language Infringement Support 

1. A method for detecting a product of 
an enzymatic reaction, comprising the 
steps of: 

10X’s Next GEM platform conducts enzymatic barcoding reactions in microfluidic droplets 
and detects the products of those reactions using DNA sequencing: 
 

 
 
Ex. 2 at 2.   
 

Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 362 of 835 PageID #: 1847



 2 
 

’444 Claim Language Infringement Support 

providing a droplet generator to 
produce, under microfluidic control, a 
plurality of aqueous microcapsules 
surrounded by an immiscible 
continuous phase that comprises a 
fluorinated oil that comprises a 
fluorinated polymer surfactant, each of 
the plurality of microcapsules 
comprising an enzyme, a genetic 
element, and reagents for the 
enzymatic reaction; 

10X’s Next GEM platform includes a microfluidic droplet generator, which creates 
aqueous microcapsules: 
 

 
 
Ex. 6. (Video, available at: https://www.10xgenomics.com/solutions/single-cell/).   
 
As shown in 10X’s technology brochure, each of its reagent kits that utilize the Next GEM 
platform use the approach immediately above to generate aqueous microcapsules.  See Ex. 
2 at 3 (single cell partitioning for transcriptome analysis); id. at 4 (single cell partitioning 
for immunology applications); id. at 5 (single cell partition for epigenome analysis). 
 
Additionally, the 10X technology brochure shows that the aqueous microcapsules include 
an enzyme (included with the “RT Reagents in Solution”), a genetic element (the sample 
nucleic acids), and reagents for the enzymatic reaction (the “RT Reagents in Solution” and 
the barcodes included with the “Functionalized Gel Bead”): 
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 3 
 

’444 Claim Language Infringement Support 

 
 

 
 
Id. at 1.  As the image above shows, each aqueous microcapsule is surrounded by an 
immiscible continuous phase (the “Partitioning Oil”).  As confirmed during 10X’s 
November 2018 trial against Bio-Rad in this district, 10X’s products all utilize fluorinated 
chemistry, including a fluorinated oil carrier fluid and a fluorinated polymer surfactant in 
the carrier fluid.    
 

pooling the microcapsules into one or 
more common compartments such that 
a portion of the plurality of 
microcapsules contact each other but 

10X’s technology brochure confirms that “[b]arcoded products are pooled for downstream 
reactions to create short-read sequencer compatible libraries.”  Ex. 2 at 2.  The brochure 
shows that for each of 10X’s Next GEM applications the droplets are pooled in a 
compartment (e.g., a tube), and the droplets contact each other but do not fuse:  
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 4 
 

’444 Claim Language Infringement Support 

do not fuse with each other due to the 
presence of the surfactant; 

 
 
Id. at 3 
 

 
 
Id. at 4. 
 

 
 
Id. at 5.   
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 5 
 

’444 Claim Language Infringement Support 

conducting the enzymatic reaction on 
the genetic element of at least one of 
the plurality of microcapsules within 
the one or more common 
compartments; and 

In 10X’s Next GEM platform, an enzymatic reaction is conducted within the microcapsule 
that is within the compartment.  This is shown in the product brochure, which shows an 
enzymatic reaction based on the use of reverse transcriptase (“RT”) enzyme or another 
enzyme for “Linear Amplification” to yield barcoded DNA fragments: 
 

 
 
Id. at 3. 
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’444 Claim Language Infringement Support 

 
 
Id. at 4. 
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’444 Claim Language Infringement Support 

 
 
Id. at 5. 
 
The product manuals for each of 10X’s Next GEM products further depict the enzymatic 
reaction: 
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 8 
 

’444 Claim Language Infringement Support 

 
 
Ex. 7 at 15. 
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 9 
 

’444 Claim Language Infringement Support 

 
 
Ex. 8 at 16. 
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’444 Claim Language Infringement Support 

 
 
Ex. 9 at 13.   
 

detecting the product of the enzymatic 
reaction. 

In 10X’s Next GEM platform, the product of the enzymatic reaction is detected via 
sequencing: 
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’444 Claim Language Infringement Support 

 
 
Ex. 2 at 2. 
 

  
2. The method of claim 1, wherein the 
genetic elements are nucleic acids, 
proteins, or cells. 

In 10X’s Next GEM platform the genetic elements encompass at least nucleic acids.  This 
is shown in the product brochure, which shows an enzymatic reaction based on the use of 
reverse transcriptase (“RT”) enzyme or another enzyme for “Linear Amplification” to 
yield barcoded DNA fragments: 
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’444 Claim Language Infringement Support 

 
 
Id. at 3. 
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’444 Claim Language Infringement Support 

 
 
Id. at 4. 
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’444 Claim Language Infringement Support 

 
 
Id. at 5. 
 
The product manuals for each of 10X’s Next GEM products further depict the enzymatic 
reaction involving nucleic acids: 
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’444 Claim Language Infringement Support 

 
 
Ex. 7 at 15. 
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’444 Claim Language Infringement Support 

 
 
Ex. 8 at 16. 
 

Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 377 of 835 PageID #: 1862



 17 
 

’444 Claim Language Infringement Support 

 
 
Ex. 9 at 13.   
 
 

  
4. The method of claim 1, wherein the 
genetic elements are labeled. 

In 10X’s Next GEM platform the genetic elements encompass at least nucleic acids.  This 
is shown in the product brochure, which shows an enzymatic reaction based on the use of 
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’444 Claim Language Infringement Support 

reverse transcriptase (“RT”) enzyme or another enzyme for “Linear Amplification” to 
yield barcoded DNA fragments: 
 

 
 
Id. at 3. 
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’444 Claim Language Infringement Support 

 
 
Id. at 4. 
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’444 Claim Language Infringement Support 

 
 
Id. at 5. 
 
The product manuals for each of 10X’s Next GEM products further depict the enzymatic 
reaction involving nucleic acids: 
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’444 Claim Language Infringement Support 

 
 
Ex. 7 at 15. 
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’444 Claim Language Infringement Support 

 
 
Ex. 8 at 16. 
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’444 Claim Language Infringement Support 

 
 
Ex. 9 at 13. 

  
8. The method of claim 1, wherein the 
microcapsules are monodisperse with 
respect to each other. 

10X’s product literature for its Next GEM platform depicts the microcapsules as being 
monodisperse with respect to each other: 
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’444 Claim Language Infringement Support 

 
 
Ex. 2 at 3 
 

 
 
Id. at 4. 
 

 
 
Id. at 5. 
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CG000204 Rev C

USER GUIDE

Chromium 
Next GEM 
Single Cell 3ʹ 
Reagent Kits v3.1 

FOR USE WITH

Chromium Next GEM Single Cell 3ʹ GEM, Library & Gel Bead Kit v3.1, 16 rxns PN-1000121 

Chromium Next GEM Single Cell 3ʹ GEM, Library & Gel Bead Kit v3.1, 4 rxns PN-1000128

Chromium Next GEM Chip G Single Cell Kit, 48 rxns PN-1000120

Chromium Next GEM Chip G Single Cell Kit, 16 rxns PN-1000127

Chromium i7 Multiplex Kit, 96 rxns PN-120262

Next GEM reagents are specific to Next GEM products and should not be used interchangeably with non-Next GEM reagents.
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Notices

Document Number

CG000204 • Rev C

Legal Notices

© 2019 10X Genomics, Inc (10x Genomics). All rights reserved. Duplication and/or reproduction of all or 

any portion of this document without the express written consent of 10x Genomics, is strictly forbidden.  

Nothing contained herein shall constitute any warranty, express or implied, as to the performance of any 

products described herein. Any and all warranties applicable to any products are set forth in the applicable 

terms and conditions of sale accompanying the purchase of such product. 10x Genomics provides no 

warranty and hereby disclaims any and all warranties as to the use of any third-party products or protocols 

described herein. The use of products described herein is subject to certain restrictions as set forth in the 

applicable terms and conditions of sale accompanying the purchase of such product. A non-exhaustive 

list of 10x Genomics’ marks, many of which are registered in the United States and other countries can 

be viewed at: www.10xgenomics.com/trademarks. 10x Genomics may refer to the products or services 

offered by other companies by their brand name or company name solely for clarity, and does not claim any 

rights in those third party marks or names. 10x Genomics products may be covered by one or more of the 

patents as indicated at: www.10xgenomics.com/patents. The use of products described herein is subject 

to 10x Genomics Terms and Conditions of Sale, available at www.10xgenomics.com/legal-notices, or such 

other terms that have been agreed to in writing between 10x Genomics and user. All products and services 

described herein are intended FOR RESEARCH USE ONLY and NOT FOR USE IN DIAGNOSTIC PROCEDURES.

Instrument & Licensed Software Updates Warranties

Updates to existing Instruments and Licensed Software may be required to enable customers to use 

new or existing products.  In the event of an Instrument failure resulting from an update, such failed 

Instrument will be replaced or repaired in accordance with the 10x Limited Warranty, Assurance Plan or 

service agreement, only if such Instrument is covered by any of the foregoing at the time of such failure. 

Instruments not covered under a current 10x Limited Warranty, Assurance Plan or service agreement will 

not be replaced or repaired.

Support

Email: support@10xgenomics.com

10x Genomics

6230 Stoneridge Mall Road 

Pleasanton, CA 94588 USA 

 

Notices
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Title Chromium Next GEM Single Cell 3' Reagent Kits v3.1 
User Guide

Revision Rev B to Rev C

Revision Date Aug 2019

Specific Changes:

• Updated to state that Next GEM reagents are specific to Next GEM products. 

General Changes:

• Updated for general minor consistency of language and terms throughout. 

Document 
Revision 
Summary
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Chromium Next GEM Single Cell 3 ́Library Kit v3.1 
16 rxns PN-1000157 (store at −20°C)

Chromium Next GEM Single Cell 3ʹ GEM, Library & Gel Bead Kit v3.1, 16 rxns PN-1000121

Chromium Next GEM Single Cell 3  ́GEM Kit v3.1 
16 rxns PN-1000123 (store at −20°C)

Chromium
Next GEM 
Single Cell 3ʹ  
GEM Kit v3.1 

RT Reagent B 1 2000165

RT Enzyme C 1 2000085

Template Switch Oligo 1 3000228

Reducing Agent B 1 2000087

Cleanup Buffer 2 2000088

cDNA Primers 1 2000089

Amp Mix 1 2000047

10xGenomics.com

# PN

Chromium
Next GEM 
Single Cell 3ʹ  
Library Kit v3.1  

Fragmentation Enzyme 1 2000090

Fragmentation Buffer 1 2000091

Ligation Buffer 1 2000092

DNA Ligase 1 220110

Adaptor Oligos 1 2000094

SI Primer 1 2000095

Amp Mix 1 2000047

10xGenomics.com

# PN

Chromium Next GEM Single Cell 3ʹ Gel Bead Kit v3.1, 16 rxns PN-1000122 (store at −80°C)

Chromium
Next GEM 
Single Cell 3ʹ 
v3.1 Gel Beads 
 

Single Cell 3ʹ
v3.1 Gel Beads

2 2000164

10xGenomics.com

# PN

Dynabeads™ MyOne™ SILANE PN-2000048 (store at 4°C)

Dynabeads MyOne 
SILANE 1 2000048

# PN

Introduction

Chromium Next GEM Single Cell 3ʹ Reagent Kits v3.1
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Chromium Next GEM Single Cell 3  ́Library Kit v3.1 
4 rxns PN-1000158 (store at −20°C)

Chromium Next GEM Single Cell 3ʹ GEM, Library & Gel Bead Kit v3.1, 4 rxns PN-1000128

Chromium Next GEM Single Cell 3ʹGEM Kit v3.1 
4 rxns PN-1000130 (store at −20°C)

Chromium
Next GEM 
Single Cell 3ʹ  
GEM Kit v3.1 

RT Reagent B 1 2000165

RT Enzyme C 1 2000102

Template Switch Oligo 1 3000228

Reducing Agent B 1 2000087

Cleanup Buffer 1 2000088

cDNA Primers 1 2000089

Amp Mix 1 2000103

10xGenomics.com

# PN

Chromium
Next GEM 
Single Cell 3ʹ  
Library Kit v3.1  

Fragmentation Enzyme 1 2000104

Fragmentation Buffer 1 2000091

Ligation Buffer 1 2000092

DNA Ligase 1 220131

Adaptor Oligos 1 2000094

SI Primer 1 2000095

10xGenomics.com

# PN

Chromium Next GEM Single Cell 3ʹ Gel Bead Kit v3.1, 4 rxns PN-1000129 (store at −80°C)

Chromium
Next GEM 
Single Cell 3ʹ  
v3.1 Gel Beads 

Single Cell 3ʹ
v3.1 Gel Beads
(4 rxns)

1 2000164

10xGenomics.com

# PN

Dynabeads™ MyOne™ SILANE PN-2000048 (store at 4°C)

Dynabeads MyOne 
SILANE 1 2000048

# PN

Introduction

Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 397 of 835 PageID #: 1882



Chromium Next GEM Single Cell 3ʹ Reagent Kits v3.1 User Guide • Rev C 9Click to TOC

Chromium 
Partitioning Oil 
 # PN

Chromium 
Recovery Agent 
 # PN

Partitioning Oil 6 2000190

Chromium 
Next GEM 
Chip G & Gaskets 

Chromium Next GEM Chip G 6 2000177

Gasket, 6-pack 1 370017

# PN

10xGenomics.com

Recovery Agent 6 220016

Chromium 
Partitioning Oil 
 

Partitioning Oil 2 2000190

# PN

Chromium 
Next GEM 
Chip G & Gaskets 

Chromium Next GEM Chip G 2 2000177

Gasket, 2-pack 1 3000072

# PN

10xGenomics.com

Chromium 
Recovery Agent 
 

Recovery Agent 2 220016

# PN

Chromium 
i7 Multiplex Kit 
 

Chromium i7 Sample Index 
Plate 1 220103

# PN

Chromium Next GEM Chip G Single Cell Kit, 48 rxns PN-1000120 
(store at ambient temperature)

Chromium Next GEM Chip G Single Cell Kit, 16 rxns PN-1000127 
(store at ambient temperature)

Chromium i7 Multiplex Kit, 96 rxns PN-120262  (store at −20°C)

Introduction
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Introduction

Recommended 
Thermal Cyclers

Supplier Description Part Number 

BioRad C1000 Touch Thermal Cycler 
with 96-Deep Well Reaction 
Module

1851197

Eppendorf MasterCycler Pro North America 950030010 
International 6321 000.019

Thermo Fisher 
Scientific

Veriti 96-Well Thermal Cycler 4375786

Thermal cyclers used must support uniform heating of 100 µl emulsion volumes.

Chromium 
Accessories

Product Part Number (Kit) Part Number (Item) 

10x Vortex Adapter 120251 330002

10x Magnetic Separator 120250 230003

Chromium Next GEM Secondary Holder 1000195 3000332
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The items in the table below have been validated by 10x Genomics and are highly 
recommended for the Single Cell 3ʹ protocol. Substituting materials may adversely affect 
system performance. 

Additional Kits, 
Reagents & 
Equipment

Supplier Description Part Number (US)

Plastics

Eppendorf PCR Tubes 0.2 ml 8-tube strips
DNA LoBind Tubes, 1.5 ml
DNA LoBind Tubes, 2.0 ml

951010022
022431021
022431048

USA Scientific TempAssure PCR 8-tube strip 1402-4700

Thermo Fisher Scientific MicroAmp 8-Tube Strip, 0.2 ml
MicroAmp 8 -Cap Strip, clear

N8010580
N8010535

Rainin Tips LTS 200UL Filter RT-L200FLR
Tips LTS 1ML Filter RT-L1000FLR
Tips LTS 20UL Filter RT-L10FLR

30389240
30389213
30389226

Kits & Reagents

Thermo Fisher Scientific Nuclease-free Water AM9937

Low TE Buffer (10 mM Tris-HCl pH 8.0, 0.1 mM EDTA) 12090-015

Millipore Sigma Ethanol, Pure (200 Proof, anhydrous) E7023-500ML

Beckman Coulter SPRIselect Reagent Kit B23318

Bio-Rad 10% Tween 20 1662404

Ricca Chemical Company Glycerin (glycerol), 50% (v/v) Aqueous Solution 3290-32

Qiagen Qiagen Buffer EB 19086

Equipment

VWR Vortex Mixer
Divided Polystyrene Reservoirs

10153-838
41428-958

Eppendorf Eppendorf ThermoMixer C
Eppendorf SmartBlock 1.5 ml, Thermoblock for 24 reaction vessel
(alternatively, use a temperature-controlled Heat Block)

5382000023
5360000038

Rainin Pipet-Lite Multi Pipette L8-50XLS+
Pipet-Lite Multi Pipette L8-200XLS+
Pipet-Lite Multi Pipette L8-10XLS+
Pipet-Lite Multi Pipette L8-20XLS+
Pipet-Lite LTS Pipette L-2XLS+
Pipet-Lite LTS Pipette L-10XLS+
Pipet-Lite LTS Pipette L-20XLS+
Pipet-Lite LTS Pipette L-100XLS+
Pipet-Lite LTS Pipette L-200XLS+
Pipet-Lite LTS Pipette L-1000XLS+

17013804
17013805
17013802
17013803
17014393
17014388
17014392
17014384
17014391
17014382

Introduction

Choose either 
Eppendorf, 
USA Scientific or 
Thermo Fisher 
Scientific PCR 
8-tube strips.
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The items in the table below have been validated by 10x Genomics and are highly 
recommended for the Single Cell 3ʹ protocol. Substituting materials may adversely affect 
system performance. 

Additional Kits, 
Reagents & 
Equipment

Supplier Description Part Number (US)

Quantification & Quality Control

Agilent 2100 Bioanalyzer Laptop Bundle
High Sensitivity DNA Kit
4200 TapeStation
High Sensitivity D1000 ScreenTape/Reagents
High Sensitivity D5000 ScreenTape/Reagents

G2943CA
5067-4626
G2991AA
5067-5592/ 5067-5593
5067-5584/ 5067-5585

Thermo Fisher Scientific Qubit 4.0 Flourometer
Qubit dsDNA HS Assay Kit

Q33226
Q32854

Advanced Analytical Fragment Analyzer Automated CE System - 12 cap
Fragment Analyzer Automated CE System - 48/96 cap
High Sensitivity NGS Fragment Analysis Kit

FSv2-CE2F
FSv2-CE10F
DNF-474

KAPA Biosystems KAPA Library Quantification Kit for Illumina Platforms KK4824

Choose Bioanalyzer, 
TapeStation, or Qubit 
based on availability 
& preference. 

Introduction
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Day Steps Timing Stop & Store

2 h

Cell Preparation

Dependent on Cell Type ~1-1.5 h

Step 1 – GEM Generation & Barcoding

1.1  
1.2 
1.3
1.4
1.5

Prepare Reaction Mix
Load Chromium Next GEM Chip G
Run the Chromium Controller
Transfer GEMs
GEM-RT Incubation

20 min
10 min
18 min
3 min

55 min 4°C ≤72 h or −20°C ≤1 week

4 h Step 2 – Post GEM-RT Cleanup & cDNA Amplification

2.1
2.2
2.3
2.4

Post GEM RT-Cleanup – Dynabead
cDNA Amplification
cDNA Cleanup – SPRIselect
cDNA QC & Quantification

45 min
40 min
20 min
50 min

 4°C ≤72 h or −20°C ≤1 week
 4°C ≤72 h −20°C ≤4 weeks

6 h Step 3 – 3ʹ Gene Expression Library Construction

3.1 
3.2

3.3
3.4
3.5
3.6

3.7

Fragmentation, End Repair & A-tailing
Post Fragmentation, End Repair & A-tailing Double 
Sided Size Selection – SPRIselect
Adaptor Ligation
Post Ligation Cleanup- SPRIselect
Sample Index PCR
Post Sample Index PCR Double Sided Size Selection- 
SPRIselect
Post Library Construction QC

50 min
30 min

25 min
20 min
40 min
30 min

50  min

 
 
 4°C ≤72 h
 4°C ≤72 h or -20°C long term8 h

STOP

STOP

STOP

 

Introduction

Protocol Steps & Timing

STOP

STOP
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GEMs are generated by combining 
barcoded Single Cell  3  ́ v3.1 Gel 
Beads, a Master Mix containing 
cells, and Partitioning Oil onto 
Chromium Next GEM Chip G. To 
achieve single cell resolution, 
cells are delivered at a limiting 
dilution, such that the majority 
(~90-99%) of generated GEMs 
contain no cell, while the 
remainder largely contain a 
single cell. 

Stepwise Objectives The Chromium Single Cell Gene Expression Solution upgrades short read sequencers 
to deliver a scalable microfluidic platform for 3ʹ digital gene expression by profiling 
500-10,000 individual cells per sample. A pool of ~3,500,000 10x Barcodes are sampled 
separately to index each cell’s transcriptome. It is done by partitioning thousands of 
cells into nanoliter-scale Gel Beads-in-emulsion (GEMs), where all generated cDNA 
share a common 10x Barcode. Libraries are generated and sequenced from the 
cDNA and 10x Barcodes are used to associate individual reads back to the individual 
partitions. 

This document outlines the protocol for generating Single Cell 3  ́ Gene Expression 
libraries from single cells. 

Introduction

Chromium Next GEM Chip G

10x Barcoded 
Gel Beads

GEMs

Cells
Enzyme

Step 1 
GEM Generation & 
Barcoding

In addition to the poly(dT) primer 
that enables the production of 
barcoded, full-length cDNA from 
poly-adenylated mRNA, the 
Single Cell 3ʹ v3.1 Gel Beads also 
include two additional primer 
sequences (Capture Sequence  1 
and Capture Sequence 2), that 
enable capture and priming of 
Feature Barcoding technology 
compatible targets or analytes 
of interest.

Only the poly(dT) primers 
are used in this protocol for 
generating Single Cell 3  ́ Gene  
Expression libraries.

Single Cell 3ʹ 
v3.1 Gel Beads 

10x
BC

 
TruSeq Read 1  Poly(dT)VN

UMI

Nextera Read 1 
(Read 1N) Capture Seq 1

Capture Seq 2

Gel Bead

Single Cell 3ʹ 
v3.1 Gel Bead

Nextera Read 1 
(Read 1N)

10x
BC

UMI

UMI10x
BC

Partitioning Oil 
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Step 2 
Post GEM-RT Cleanup & 
cDNA Amplification

 After incubation, GEMs are 
broken and pooled fractions 
are recovered. Silane magnetic 
beads are used to purify the 
first-strand cDNA from the 
post GEM-RT reaction mixture, 
which includes leftover 
biochemical reagents and 
primers. Barcoded, full-length 
cDNA is amplified via PCR to 
generate sufficient mass for 
library construction. 

Step 3 
3ʹ Gene Expression 
Library Construction

Introduction

Pooled cDNA amplification

10x
Barcode

Read 1  Poly(dT)VNUMI
TSO

cDNA 

Amplification

Pooled amplified cDNA processed in bulk

10x
Barcode

Read 1  Poly(dT)VNUMI TSO

Enzymatic Fragmentation

End Repair, A-tailing, Ligation

Cleanup & Priming

Sample Index PCR

Sample
Index P7

Read 2

10x
Barcode

Read 1  Poly(dT)VNUMI

P5

P5

10x
Barcode

Read 1  Poly(dT)VNUMI

Poly(dT) Primer

Reverse Transcription

Template Switch Oligo Priming

Template Switch, 
Transcript Extension

Inside individual GEMs

TSO

Step 1 
GEM Generation & 
Barcoding

 Immediately following GEM 
generation, the Gel Bead 
is dissolved, primers are 
released, and any  co-
partitioned cell is lysed. 
Primer containing:

  Enzymatic fragmentation and 
size selection are used to 
optimize the cDNA amplicon 
size. TruSeq Read  1 (read 1 
primer sequence) is added 
to the molecules during GEM 
incubation. P5, P7, a sample 
index, and TruSeq Read  2 
(read  2 primer sequence) are 
added via End Repair, A-tailing, 
Adaptor Ligation, and PCR. The 
final libraries contain the P5 
and P7 primers used in Illumina 
bridge amplification.

• an Illumina TruSeq Read 1  
(read 1 sequencing primer)

• 16 nt 10x Barcode
• 12 nt unique molecular 

identifier (UMI)
• 30 nt poly(dT) sequence 

 are mixed with the cell lysate and 
a Master Mix containing reverse 
transcription (RT) reagents. 
Incubation of the GEMs produces 
barcoded, full-length cDNA  from 
poly-adenylated mRNA.

Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 404 of 835 PageID #: 1889



Chromium Next GEM Single Cell 3ʹ Reagent Kits v3.1 User Guide • Rev C 16Click to TOC

Introduction

Step 4 
Sequencing

A Chromium Single Cell 3’ Gene Expression library comprises standard Illumina 
paired-end constructs which begin and end with P5 and P7. The 16 bp 10x Barcode 
and 12 bp UMI are encoded in Read 1, while Read 2 is used to sequence the cDNA 
fragment. Sample index sequences are incorporated as the i7 index read. TruSeq 
Read 1 and TruSeq Read 2 are standard Illumina sequencing primer sites used in 
paired-end sequencing.

Illumina sequencer compatibility, sample indices, library loading and pooling for 
sequencing are summarized in step 4. 

Chromium Single Cell 3ʹ Gene Expression Library 

10x
Barcode

TruSeq Read 1  Poly(dT)VNUMIP5

Sample
Index

P7TruSeq Read 2
Read 2:91 

Insert     

Read 1:28 
10xBC+UMI

See Appendix for Oligonucleotide Sequences
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Tips & 
Best Practices

TIPS
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Tips & Best Practices

Emulsion-safe 
Plastics

• Use validated emulsion-safe plastic consumables when handling GEMs as some 
plastics can destabilize GEMs.

• Recommended starting point is to load ~1,600 cells per reaction, resulting in recovery 
of ~1000 cells, and a multiplet rate of ~0.8%. The optimal input cell concentration is 
700-1,200 cells/µl.

• The presence of dead cells in the suspension may also reduce the recovery rate. 
Consult the 10x Genomics Single Cell Protocols Cell Preparation Guide and the 
Guidelines for Optimal Sample Preparation flowchart (Documents CG00053 and 
CG000126 respectively) for more information on preparing cells.

Multiplet Rate (%) # of Cells Loaded # of Cells Recovered

~0.4% ~800 ~500

~0.8% ~1,600 ~1,000

~1.6% ~3,200 ~2,000

~2.3% ~4,800 ~3,000

~3.1% ~6,400 ~4,000

~3.9% ~8,000 ~5,000

~4.6% ~9,600 ~6,000

~5.4% ~11,200 ~7,000

~6.1% ~12,800 ~8,000

~6.9% ~14,400 ~9,000

~7.6% ~16,000 ~10,000

Icons

Cell 
Concentration 

!
TIPS

Tips & Best Practices 
section includes 

additional guidance

Signifies critical step 
requiring accurate 

execution

Troubleshooting section 
includes additional 

guidance

Next GEM specific 
protocol step updates
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• Fully thaw and thoroughly mix reagents before use. 

• Keep all enzymes and Master Mixes on ice during setup and use. Promptly move 
reagents back to the recommended storage.

• Calculate reagent volumes with 10% excess of 1 reaction values.

• Cover Partitioning Oil tubes and reservoirs to minimize evaporation.

• If using multiple chips, use separate reagent reservoirs for each chip during loading.

• Thoroughly mix samples with the beads during bead-based cleanup steps. 

• Purchase 50% glycerol solution from Ricca Chemical Company, Glycerin (glycerol), 
50% (v/v) Aqueous Solution, PN-3290-32. 

• Prepare 50% glycerol solution:

i. Mix an equal volume of water and 99% Glycerol, Molecular Biology Grade.

ii. Filter through a 0.2 µm filter.

iii. Store at −20°C in 1-ml LoBind tubes. 50% glycerol solution should be equilibrated 
to room temperature before use.

• Follow manufacturer’s calibration and maintenance schedules. 

• Pipette accuracy is particularly important when using SPRIselect reagents.

• Minimize exposure of reagents, chips, and gaskets to sources of particles and fibers, 
laboratory wipes, frequently opened flip-cap tubes, clothing that sheds fibers, and 
dusty surfaces. 

• After removing the chip from the sealed bag, use in ≤ 24 h. 

• Execute steps without pause or delay, unless indicated. When multiple chips are to be 
used, load, run, and collect the content from one chip before loading the next.

• Fill all unused input wells in rows labeled 1, 2, and 3 on a chip with an appropriate 
volume of 50% glycerol solution before loading the used wells. DO NOT add glycerol 
to the wells in the bottom NO FILL row. 

• Avoid contacting the bottom surface of the chip with gloved hands and other surfaces. 
Frictional charging can lead to inadequate priming of the channels, potentially leading 
to either clogs or wetting failures. 

• Minimize the distance that a loaded chip is moved to reach the Chromium Controller.

• Keep the chip horizontal to prevent wetting the gasket with oil, which depletes the 
input volume and may adversely affect the quality of the resulting emulsion.

Chromium 
Next GEM Chip 
Handling 

Pipette 
Calibration

Tips & Best Practices

50% Glycerol 
Solution

General 
Reagent 
Handling
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• Use one tube of Gel Beads per sample. DO NOT 
puncture the foil seals of tubes not used at the 
time.

• Equilibrate the Gel Beads strip to room 
temperature before use.

• Store unused Gel Beads at −80°C and avoid 
more than 12 freeze-thaw cycles. DO NOT 
store Gel Beads at −20°C.

Chromium 
Next GEM Chip 
Loading

• Snap the tube strip holder with the Gel Bead strip into a 10x Vortex Adapter. Vortex 30 sec.

• Centrifuge the Gel Bead strip for ~5 sec after removing from the holder. Confirm 
there are no bubbles at the bottom of the tubes and the liquid levels look even. Place 
the Gel Bead strip back in the holder and secure the holder lid.

• If the required volume of beads cannot be recovered, place the pipette tips against the 
sidewalls and slowly dispense the Gel Beads back into the tubes. DO NOT introduce 
bubbles into the tubes and verify that the pipette tips contain no leftover Gel Beads. 
Withdraw the full volume of beads again by pipetting slowly.

Gel Bead 
Handling 

Tips & Best Practices

• Align notch on the chip (upper left corner) 
and the holder. 

• Insert the left-hand side of the chip under 
the guide. Depress the right-hand side of the 
chip until the spring-loaded clip engages.

• Close the lid before dispensing reagents into 
the wells.

Chromium 
Next GEM 
Chip & Holder 
Assembly

• Place the assembled chip and holder flat on the 
bench with the lid closed.

• Dispense at the bottom of the wells without 
introducing bubbles. 

• When dispensing Gel Beads into the chip, wait for the 
remainder to drain into the bottom of the pipette tips 
and dispense again to ensure complete transfer.

• Refer to Load Chromium Next GEM Chip G for specific 
instructions. 

Chromium 
Next GEM 
Secondary  
Holders

Guide Clip

Sliders

• Chromium Next GEM Secondary Holders 
encase Chromium Next GEM Chips.

• The holder lid flips over to become a stand, 
holding the chip at 45 degrees for optimal 
recovery well content removal.

• Squeeze the black sliders on the back side 
of the holder together to unlock the lid and 
return the holder to a flat position.

Chromium Next GEM 
Secondary Holder

Chromium 
Next GEM Chip

Assembled 
Next GEM Chip 

Chromium Next GEM 
Secondary Holder

Lid

Gel Bead Strip

Holder
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Magnetic beads mixed with reagent

Separation in progress

Separation continuing

Separation complete; solution is clear

• After reagents are loaded, attach the 
gasket by holding the tongue (curved end, 
to the right) and hook it on the left-hand 
tabs of the holder. Gently pull the gasket 
toward the right and hook it on the two 
right-hand tabs. 

• DO NOT touch the smooth side of the 
gasket. DO NOT press down on the top of 
the gasket after attachment. 

• Keep the assembly horizontal to avoid 
wetting the gasket with Partitioning Oil.

• Offers two positions of the magnets (high 
and low) relative to a tube, depending on 
its orientation. Flip the magnetic separator 
over to switch between high (magnet•High) 
or low (magnet•Low) positions.

• If using MicroAmp 8-Tube Strips, use 
the high position (magnet•High) only 
throughout the protocol.

10x Gasket 
Attachment

10x Magnetic 
Separator

Tips & Best Practices

Notched Cut

Tongue

Magnetic Bead 
Cleanup Steps

• During magnetic bead based cleanup 
steps that specify waiting “until the 
solution clears”, visually confirm clearing 
of solution before proceeding to the next 
step. See adjacent panel for an example.

• The time needed for the solution to clear 
may vary based on specific step, reagents, 
volume of reagents etc. 
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SPRIselect 
Cleanup & 
Size Selection

Tips & Best Practices

• Choose the appropriate sample index sets to ensure that no sample indices overlap in 
a multiplexed sequencing run.

•  Each well in the i7 Sample Index plate contains a unique mix of 4 oligos. 

• The sample indexes can therefore be used in any combination.

• Each sample index set is base-balanced to avoid monochromatic signal issues when 
it is the sole sample loaded on an Illumina sequencer. 

• After aspirating the desired volume of SPRIselect reagent, examine the pipette tips 
before dispensing to ensure the correct volume is transferred. 

• Pipette mix thoroughly as insufficient mixing of sample and SPRIselect reagent will 
lead to inconsistent results. 

• Use fresh preparations of 80% Ethanol. 

 
 Schematic of Double Sided Size Selection 

 After the first SPRI, supernatant is transferred for a second SPRI while larger fragments are 

discarded (green). After the second SPRI, fragments on beads are eluted and kept while smaller 

fragments are discarded (blue). Final sample has a tight fragment size distribution with reduced 

overall amount (black).

Decrease Decrease DecreaseIncrease Increase Increase

 Tutorial — SPRIselect Reagent:DNA Sample Ratios  
SPRI beads selectively bind DNA according to the ratio of SPRIselect reagent (beads).

 Example: Ratio = Volume of SPRIselect reagent added to the sample = 50 µl = 0.5X
   Volume of DNA sample  100 µl

 Tutorial — Double Sided Size Selection 
Step a – First SPRIselect: Add 50 µl SPRIselect reagent to 100 µl sample (0.5X).

 Ratio

 Step b – Second SPRIselect: Add 30 µl SPRIselect reagent to supernatant from step a (0.8X).

 Ratio

= Volume of SPRIselect reagent added to the sample = 50 µl = 0.5X
   Volume of DNA sample  100 µl

= Total Volume of SPRIselect reagent added to the sample (step a + b) = 50 µl + 30 µl  = 0.8X
       Original Volume of DNA sample  100 µl

Sample Indices in 
Sample Index PCR

1st SPRI 2nd SPRI

Enzymatic 
Fragmentation

• Ensure enzymatic fragmentation reactions are prepared on ice and then loaded into a 
thermal cycler pre-cooled to 4°C prior to initiating the Fragmentation, End Repair, and 
A-tailing incubation steps. 
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1

Step 1

GEM Generation & Barcoding
1.1  Prepare Single Cell Master Mix

1.2  Load Chromium Next GEM Chip G

1.3  Run the Chromium Controller

1.4  Transfer GEMs

1.5  GEM-RT Incubation
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1.0  
GET STARTED!

Action Item 10x PN Preparation & Handling Storage

Equilibrate to 
Room 
Temperature

Single Cell 3’ 
v3.1 Gel Beads 

2000164 Equilibrate to room 
temperature 30 min 
before loading the chip. 

−80°C

RT Reagent B 2000165 Vortex, verify no 
precipitate, centrifuge 
briefly.

−20°C

Template Switch 
Oligo

3000228 Centrifuge briefly, 
resuspend in 80 µl Low 
TE Buffer. Vortex 15 
sec at maximum speed, 
centrifuge briefly, leave 
at room temperature 
for ≥ 30 min. After 
resuspension, store at 
−80°C.

−20°C

Reducing Agent B 2000087 Vortex, verify no 
precipitate, centrifuge 
briefly.

−20°C

Place on Ice RT Enzyme C 2000085/ 
2000102

Centrifuge briefly before 
adding to the mix. 

−20°C

Cell Suspension

Obtain Partitioning Oil 2000190 - Ambient

Chromium 
Next GEM Chip G

2000177 - Ambient

10x Gasket 370017/ 
3000072

See Tips & Best Practices. Ambient

Chromium 
Next GEM 
Secondary Holder

3000332 See Tips & Best Practices. Ambient

10x Vortex Adapter 330002 See Tips & Best Practices. Ambient

50% glycerol 
solution 
If using <8 reactions

- See Tips & Best Practices. -

Step 1 GEM Generation & Barcoding

GEM Generation & 
Barcoding

Firmware Version 4.0 or higher 
is required in the Chromium 
Controller or the Chromium 
Single Cell Controller used for 
this Single Cell 3ʹ v3.1 protocol.

!
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Assemble Chromium Next GEM Chip G

After removing the chip from the sealed 
bag, use the chip in ≤ 24 h. 

See Tips & Best Practices for chip handling 
instructions. 

• Align notch on the chip (upper left 
corner) and the holder. 

• Insert the left-hand side of the chip 
under the guide. Depress the right-
hand side of the chip until the spring-
loaded clip engages.

• Close the lid before dispensing 
reagents into the wells.

• The assembled chip is ready for 
loading the indicated reagents. Refer 
to step 1.2 for reagent volumes and 
loading order. 

a. Prepare Master Mix on ice. Pipette mix 15x and centrifuge briefly. 

Master Mix
Add reagents in the order listed

PN 1X (µl)
4X + 

10% (µl)
8X + 

10% (µl)

RT Reagent B 2000165 18.8 82.2 165.0

Template Switch Oligo 3000228 2.4 10.4 20.8

Reducing Agent B 2000087 2.0 8.6 17.3

RT Enzyme C
2000085/
2000102

8.7 38.4 76.8

Total - 31.8 139.9 279.8

b. Add 31.8 µl Master Mix into each tube of a PCR 8-tube strip on ice. 

1.1  
Prepare Master Mix

Step 1 GEM Generation & Barcoding

For GEM generation, load the indicated 
reagents only in the specified rows, 
starting from row labeled 1, followed 
by rows labeled 2 and 3.  DO NOT  load 
reagents in the bottom row labeled 
NO FILL.  See step 1.2 for details. 

!

Notch
Chromium Next GEM Chip G

Chromium Next GEM 
Secondary Holder

Guide

Notch

Clip

!

TIPS

Assembled Chip 

3

2

Partitioning Oil

Master Mix + Sample

Gel Beads

1
NO FILL
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Step 1

Cell Suspension Volume Calculator Table 
(for step 1.2 of Chromium Next GEM Single Cell 3’ v3.1 protocol)

Volume of Cell Suspension Stock per reaction (µl) | Volume of Nuclease-free Water per reaction (µl)

GEM Generation & Barcoding

Cell Stock 
Concentration 

(Cells/µl)

Targeted Cell Recovery

500 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

100
8.3 16.5 33.0

 n/a
 

 n/a
 

n/a 
 

 n/a
 

n/a 
 

 n/a
 

 n/a
 

n/a 
35.0 26.7 10.2

200
4.1 8.3 16.5 24.8 33.0 41.3  

 n/a
 

n/a 
 

 n/a
 

 n/a
 

n/a 
39.1 35.0 26.7 18.5 10.2 2.0

300
2.8 5.5 11.0 16.5 22.0 27.5 33.0 38.5 44.0  

 n/a
 

n/a 
40.5 37.7 32.2 26.7 21.2 15.7 10.2 4.7 -0.8

400
2.1 4.1 8.3 12.4 16.5 20.6 24.8 28.9 33.0 37.1 41.3

41.1 39.1 35.0 30.8 26.7 22.6 18.5 14.3 10.2 6.1 2.0

500
1.7 3.3 6.6 9.9 13.2 16.5 19.8 23.1 26.4 29.7 33.0

41.6 39.9 36.6 33.3 30.0 26.7 23.4 20.1 16.8 13.5 10.2

600
1.4 2.8 5.5 8.3 11.0 13.8 16.5 19.3 22.0 24.8 27.5

41.8 40.5 37.7 35.0 32.2 29.5 26.7 24.0 21.2 18.5 15.7

700
1.2 2.4 4.7 7.1 9.4 11.8 14.1 16.5 18.9 21.2 23.6

42.0 40.8 38.5 36.1 33.8 31.4 29.1 26.7 24.3 22.0 19.6

800
1.0 2.1 4.1 6.2 8.3 10.3 12.4 14.4 16.5 18.6 20.6

42.2 41.1 39.1 37.0 35.0 32.9 30.8 28.8 26.7 24.6 22.6

900
0.9 1.8 3.7 5.5 7.3 9.2 11.0 12.8 14.7 16.5 18.3

42.3 41.4 39.5 37.7 35.9 34.0 32.2 30.4 28.5 26.7 24.9

1000
0.8 1.7 3.3 5.0 6.6 8.3 9.9 11.6 13.2 14.9 16.5

42.4 41.6 39.9 38.3 36.6 35.0 33.3 31.7 30.0 28.4 26.7

1100
0.8 1.5 3.0 4.5 6.0 7.5 9.0 10.5 12.0 13.5 15.0

42.5 41.7 40.2 38.7 37.2 35.7 34.2 32.7 31.2 29.7 28.2

1200
0.7 1.4 2.8 4.1 5.5 6.9 8.3 9.6 11.0 12.4 13.8

42.5 41.8 40.5 39.1 37.7 36.3 35.0 33.6 32.2 30.8 29.5

1300
0.6 1.3 2.5 3.8 5.1 6.3 7.6 8.9 10.2 11.4 12.7

42.6 41.9 40.7 39.4 38.1 36.9 35.6 34.3 33.0 31.8 30.5

1400
0.6 1.2 2.4 3.5 4.7 5.9 7.1 8.3 9.4 10.6 11.8

42.6 42.0 40.8 39.7 38.5 37.3 36.1 35.0 33.8 32.6 31.4

1500
0.6 1.1 2.2 3.3 4.4 5.5 6.6 7.7 8.8 9.9 11.0

42.7 42.1 41.0 39.9 38.8 37.7 36.6 35.5 34.4 33.3 32.2

1600
0.5 1.0 2.1 3.1 4.1 5.2 6.2 7.2 8.3 9.3 10.3

42.7 42.2 41.1 40.1 39.1 38.0 37.0 36.0 35.0 33.9 32.9

1700
0.5 1.0 1.9 2.9 3.9 4.9 5.8 6.8 7.8 8.7 9.7

42.7 42.2 41.3 40.3 39.3 38.3 37.4 36.4 35.4 34.5 33.5

1800
0.5 0.9 1.8 2.8 3.7 4.6 5.5 6.4 7.3 8.3 9.2

42.7 42.3 41.4 40.5 39.5 38.6 37.7 36.8 35.9 35.0 34.0

1900
0.4 0.9 1.7 2.6 3.5 4.3 5.2 6.1 6.9 7.8 8.7

42.8 42.3 41.5 40.6 39.7 38.9 38.0 37.1 36.3 35.4 34.5

2000
0.4 0.8 1.7 2.5 3.3 4.1 5.0 5.8 6.6 7.4 8.3

42.8 42.4 41.6 40.7 39.9 39.1 38.3 37.4 36.6 35.8 35.0

Grey boxes: Volumes that would exceed the allowable water volume in each reaction
Yellow boxes: Indicate a low transfer volume that may result in higher cell load variability
Blue boxes: Optimal range of cell stock concentration to maximize the likelihood of achieving the desired cell recovery target
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a. Dispense 50% Glycerol into Unused Chip Wells (if < 8 samples per chip)
i. 70 µl to unused wells in row labeled 1.
ii. 50 µl to unused wells in row labeled 2.
iii. 45 µl to unused wells in row labeled 3.

b. Prepare Master Mix + Cell Suspension 
Refer to the Cell Suspension Volume Calculator Table. Add the appropriate volume of nuclease-
free water and corresponding volume of single cell suspension to Master Mix for a total of 75 µl 
in each tube. Gently pipette mix the cells suspension before adding to the Master Mix.

c. Load Row Labeled 1 
Gently pipette mix the Master Mix + Cell Suspension and using the same pipette tip, dispense 
70 µl Master Mix + Cell Suspension into the bottom center of each well in row labeled 1 without 
introducing bubbles. 

d. Prepare Gel Beads 
Snap the tube strip holder with the Gel Bead strip into a 10x Vortex 
Adapter. Vortex 30 sec. Centrifuge the Gel Bead strip for ~5 sec. Confirm 
there are no bubbles at the bottom of the tubes and the liquid levels are 
even. Place the Gel Bead strip back in the holder. Secure the holder lid.

e. Load Row Labeled 2
Puncture the foil seal of the Gel Bead tubes. Slowly aspirate 50 µl Gel Beads. Dispense into 
the wells in row labeled 2 without introducing bubbles. Wait 30 sec. 

f. Load Row Labeled 3 
Dispense 45 µl Partitioning Oil into the wells in row labeled 3 from a reagent reservoir.
Failure to add Partitioning Oil to the top row labeled 3 will prevent GEM generation and can 
damage the Chromium Controller. 

g. Attach 10x Gasket
Align the notch with the top left-hand corner. Ensure the gasket holes are aligned with the 
wells. Avoid touching the smooth surface. 

DO NOT add 50% glycerol solution to the bottom 
row of NO FILL wells. DO NOT use any substitute 
for 50% glycerol solution.

1.2 
Load Chromium 
Next GEM Chip G

Step 2
Chip Assembly & Loading

After removing 
the chip from the sealed 
bag, use in ≤ 24 h. When 
loading the chip, raising 
and depressing the pipette 
plunger should each take 
~5 sec. When dispensing, 
raise the pipette tips at 
the same rate as the liquid 
is rising, keeping the tips 
slightly submerged.  

!

Attach the gasket 
and run the chip in the 
Chromium Controller 
immediately after loading 
the Partitioning Oil.  

!

Lid

Gel Bead Strip

Holder

3

2

Partitioning Oil

Master Mix + Sample

Gel Beads

NO FILL
1

Keep horizontal to avoid wetting the gasket. DO NOT press down on the gasket. 

345 µl Partitioning Oil

NO FILL

70 µl Master Mix + 
Cell Suspension 1

The illustrated chip is being loaded for 8 samples. 

NO FILL

50 µl Gel Beads 2

NO FILL
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a. Press the eject button on the Controller to 
eject the tray.

b. Place the assembled chip with the gasket 
in the tray, ensuring that the chip stays 
horizontal. Press the button to retract the tray. 

c. Confirm the Chromium Chip G program on 
screen. Press the play button.

d. At completion of the run (~18 min), the 
Controller will chime. Immediately proceed 
to the next step.

a. Place a tube strip on ice. 

b. Press the  eject button of the Controller and 
remove the chip.

c. Discard the gasket. Open the chip holder. 
Fold the lid back until it clicks to expose the 
wells at 45 degrees.

d. Check the volume in rows labeled 1-2. 
Abnormally high volume in any well 
indicates a clog. 

e. Slowly aspirate 100 µl GEMs from the lowest 
points of the recovery wells in the top row 
labeled 3 without creating a seal between 
the tips and the bottom of the wells. 

f. Withdraw pipette tips from the wells. GEMs 
should appear opaque and uniform across 
all channels. Excess Partitioning Oil (clear) in 
the pipette tips indicates a potential clog. 

g. Over the course of ~20 sec, dispense GEMs 
into the tube strip on ice with the pipette tips 
against the sidewalls of the tubes. 

h. If multiple chips are run back-to-back, cap/
cover the GEM-containing tube strip and 
place on ice for no more than 1 h. 

!

1.3  
Run the Chromium  
Controller

1.4  
Transfer GEMs

Step 1 GEM Generation & Barcoding

Expose Wells at 45 Degrees

Transfer GEMs

GEMs

Firmware Version 4.0 or higher is required 
in the Chromium Controller or the 
Chromium Single Cell Controller used for 
the Single Cell 3’ v3.1 protocol.

!
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 Use a thermal cycler that can accommodate at least 100 µl volume. A volume of 
125 µl is the preferred setting on Bio-Rad C1000 Touch. In alternate thermal cyclers, 
use highest reaction volume setting.

a. Incubate in a thermal cycler with the following protocol. 

Lid Temperature Reaction Volume Run Time

53°C 125 µl ~55 min

Step Temperature Time

1 53°C 00:45:00

2 85°C 00:05:00

3 4°C Hold

b. Store at 4°C for up to 72 h or at −20°C for up to a week, or proceed to the next step. STOP

1.5  
GEM-RT Incubation

Step 1 GEM Generation & Barcoding
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2

Step 2

Post GEM–RT Cleanup & cDNA Amplification 
2.1  Post GEM–RT  Cleanup – Dynabeads

2.2  cDNA Amplification

2.3  cDNA Cleanup – SPRIselect

2.4  cDNA QC & Quantification
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2.0  GET STARTED!

Action Item 10x PN Preparation & Handling Storage

Equilibrate to 
Room 
Temperature

Reducing Agent B 2000087 Thaw, vortex, verify no 
precipitate, centrifuge.

−20°C

cDNA Primers 2000089 Vortex, centrifuge briefly. −20°C

Dynabeads MyOne 
SILANE

2000048 Vortex thoroughly 
(≥30 sec) immediately 
before adding to the mix.

4°C

Beckman Coulter 
SPRIselect 
Reagent

- Manufacturer’s 
recommendations.

-

Agilent 
Bioanalyzer High 
Sensitivity Kit
If used for QC and 
quantification

- Manufacturer’s 
recommendations.

-

Agilent 
TapeStation 
ScreenTape and 
Reagents
If used for QC and 
quantification

- Manufacturer’s 
recommendations.

-

Qubit dsDNA HS 
Assay Kit
If used for QC and 
quantification

- Manufacturer’s 
recommendations.

-

Place on ice Amp Mix 2000047/
2000103

Vortex, centrifuge briefly. −20°C

Thaw at 65°C Cleanup Buffer 2000088 Thaw for 10 min at 
65°C at max speed on a 
thermomixer. Verify no 
visible crystals. Cool to 
room temperature.

−20°C

Obtain Recovery Agent 220016 - Ambient

Qiagen Buffer EB - Manufacturer’s 
recommendations.

-

Bio-Rad 10% 
Tween 20

- Manufacturer’s 
recommendations.

-

10x Magnetic 
Separator 

230003 - Ambient

Prepare 80% Ethanol     - 
Prepare 15 ml 
for 8 reactions.

- -

Step 2 Post GEM-RT Cleanup  & cDNA Amplification

Post GEM-RT Cleanup & 
cDNA Amplification 
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a. Add 125 µl Recovery Agent to each sample   
at room temperature. DO NOT pipette mix 
or vortex the biphasic mixture. Wait 2 min.

 The resulting biphasic mixture contains 
Recovery Agent/Partitioning Oil (pink) and 
aqueous phase (clear), with no persisting 
emulsion (opaque). 

 A smaller aqueous phase volume  indicates 
a clog during GEM generation.

b. Slowly remove and discard 125 µl Recovery 
Agent/Partitioning Oil (pink) from the 
bottom of the tube. DO NOT aspirate any 
aqueous sample. 

c. Prepare Dynabeads Cleanup Mix. 

2.1  
Post GEM-RT Cleanup – 
Dynabeads

Dynabeads Cleanup Mix
Add reagents in the order listed

PN 1X (µl)
4X + 

10% (µl)
8X + 

10% (µl)

Cleanup Buffer 2000088 182 801 1602

Dynabeads MyOne SILANE
Vortex thoroughly (≥30 sec)
immediately before adding to the mix. 
 
Aspirate the full liquid volume with a 
pipette tip to verify that the beads have 
not settled in the bottom of the tube.
If clumps are present, pipette mix to 
resuspend completely. 
DO NOT centrifuge before use.

2000048 8 35 70

Reducing Agent B 2000087 5 22 44

Nuclease-free Water 5 22 44

Total - 200 880 1760

!

d. Vortex and add 200 µl to each sample. 
Pipette mix 10x (pipette set to 200 µl).

e. Incubate 10 min at room temperature. 
Pipette mix again at ~5 min after start of 
incubation to resuspend settled beads. 

Step 2

!

Biphasic Mixture

Remove Recovery Agent

Add Dynabeads Cleanup Mix

Post GEM-RT Cleanup  & cDNA Amplification

Resuspend 
clump

 

If biphasic separation is incomplete: 
Firmly secure the cap on the tube strip, ensuring that no liquid is trapped between the cap 
and the tube rim. Mix by inverting the capped tube strip 5x, centrifuge briefly, and proceed 
to step b. DO NOT invert without firmly securing the caps. 
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f. Prepare Elution Solution I. Vortex and centrifuge briefly.

Elution Solution I
Add reagents in the order listed

PN 1X (µl)
10X 
(µl)

Buffer EB - 98 980

10% Tween 20 - 1 10

Reducing Agent B 2000087 1 10

Total - 100 1000

g. At the end of 10 min incubation, place on a 10x Magnetic Separator•High position 
(magnet•High) until the solution clears.

 A  white interface between the aqueous phase and Recovery Agent is normal. 

h. Remove the supernatant.

i. Add 300 µl 80% ethanol to the pellet while on the magnet. Wait 30 sec. 

j. Remove the ethanol. 

k. Add 200 µl 80% ethanol to pellet. Wait 30 sec. 

l. Remove the ethanol.

m. Centrifuge briefly. Place on the magnet•Low.

n. Remove remaining ethanol. Air dry for 1 min.

o. Remove from the magnet. Immediately add 35.5 µl Elution Solution I.

p. Pipette mix (pipette set to 30 µl) without introducing bubbles.

q. Incubate 2 min at room temperature.

r. Place on the magnet•Low until the solution clears.

s. Transfer 35 µl sample to a new tube strip. 

TIPS

 

Step 2 Post GEM–RT Cleanup & cDNA Amplification
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a. Prepare cDNA Amplification Mix on ice. Vortex and centrifuge briefly.

cDNA Amplification Reaction Mix
Add reagents in the order listed

PN 1X (µl)
4X + 

10% (µl)
8X + 

10% (µl)

Amp Mix 2000047/ 
2000103

50 220 440

cDNA Primers 2000089 15 66 132

Total - 65 286 572

b. Add 65 µl cDNA Amplification Reaction Mix to 35 µl sample.

c. Pipette mix 15x (pipette set to 90 µl). Centrifuge briefly.

d. Incubate in a thermal cycler with the following protocol. 

Lid Temperature Reaction Volume Run Time

105°C 100 µl ~30-45 min

Step Temperature Time

1 98°C 00:03:00

2 98°C 00:00:15

3 63°C 00:00:20

4 72°C 00:01:00

5 Go to Step 2, see table below for total # of cycles

6 72°C 00:01:00

7 4°C Hold

           

 

Targeted Cell Recovery Total Cycles

˂500 13

500–6,000 12

>6,000 11

e. Store at 4°C for up to 72 h or or −20°C for ≤1 week, or proceed to the next step. 

 Recommended starting point for cycle number optimization.

STOP

2.2  
cDNA Amplification

Step 2

 The optimal number of 
cycles is a trade-off between 
generating sufficient final 
mass for library construction 
and minimizing PCR 
amplification artifacts. The 
number of cDNA cycles 
should also be reduced if 
large numbers of cells are 
sampled.

Post GEM–RT Cleanup & cDNA Amplification
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2.3  
cDNA Cleanup – 
SPRIselect

a. Vortex to resuspend the SPRIselect reagent. Add 60 µl SPRIselect reagent (0.6X) to 
each sample and pipette mix 15x (pipette set to 150 µl).

b. Incubate 5 min at room temperature.

c. Place on the magnet•High until the solution clears. 

d. Remove the supernatant.

e. Add 200 µl 80% ethanol to the pellet. Wait 30 sec.

f. Remove the ethanol. 

g. Repeat steps e and f for a total of 2 washes. 

h. Centrifuge briefly and place on the magnet•Low. 

i. Remove any remaining ethanol. Air dry for 2 min. DO NOT exceed 2 min as this will 
decrease elution efficiency. 

j. Remove from the magnet. Add 40.5 µl Buffer EB. Pipette mix 15x.

k. Incubate 2 min at room temperature.

l. Place the tube strip on the magnet•High until the solution clears.

m. Transfer 40 µl sample to a new tube strip.

n. Store at 4°C for up to 72 h or at −20°C for up to 4 weeks, or proceed to the next step.STOP

Step 2 cDNA Amplification & QC
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EXAMPLE CALCULATION

i. Select Region
Under the “Electropherogram” view choose the 
“Region Table”. Manually select the region of 
~200 – ~9000 bp

iii. Calculate
Multiply the cDNA concentration [pg/µl] 
reported via the Agilent 2100 Expert Software 
by the elution volume (40 µl) of the Post cDNA 
Amplification Reaction Clean Up sample (taking 
any dilution factors into account) and then divide 
by 1000 to obtain the total cDNA yield in ng.

Example Calculation of cDNA Total Yield

Concentration: 1244.06 pg/µl
Elution Volume: 40
Dilution Factor: 10

Total cDNA Yield  

Carry forward ONLY 25% of total cDNA 
yield into 3ʹ Gene Expression Library 
Construction (step 3)

Refer to step 3.5 for appropriate number of 
Sample Index PCR cycles based on carry 
forward cDNA yield/input cDNA.

ii. Note Concentration [pg/µl]

 
Alternate Quantification Methods:

• Agilent TapeStation. See Appendix for representative traces

Agilent Bioanalyzer or Agilent TapeStation are the recommended methods for accurate 
quantification. 

(If using Qubit Fluorometer and Qubit dsDNA HS Assay Kit, see Appendix)

= Conc’n (pg/µl) x Elution Volume (µl) x Dilution Factor 
   1000 (pg/ng)

= 1244.06 (pg/µl) x 40 (µl) x 10 = 497.62 ng
  1000 (pg/ng)

!
= 0.25 x Total cDNA yield 

= 0.25 x 497.62= 124.4ng

2.4  
cDNA QC & Quantification a. Run 1 µl of sample  (Dilution Factor 1:10) on an Agilent Bioanalyzer High Sensitivity 

chip. 
For input cells with low RNA content (<1pg total RNA/cell), 1 µl undiluted product may be run.  
Lower molecular weight product (35 – 150 bp) may be present. This is normal and does not affect sequencing or 
application performance.

Step 2 cDNA Amplification & QC

       Representative Traces 
Cell line 

PBMCs
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Step 3

3ʹ Gene Expression Library Construction
3.1  Fragmentation, End Repair & A-tailing

3.2  Post Fragmentation End Repair & A-tailing Double Sided Size Selection – SPRIselect

3.3  Adaptor Ligation

3.4  Post Ligation Cleanup – SPRIselect

3.5  Sample Index PCR

3.6  Post Sample Index PCR Double Sided Size Selection – SPRIselect

3.7  Post Library Construction QC

3
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3.0 GET STARTED!

Action Item 10x PN Preparation & Handling Storage

Equilibrate to 
Room 
Temperature

Fragmentation 
Buffer

2000091 Vortex, verify no 
precipitate, centrifuge 
briefly.

−20°C

Adaptor Oligos 2000094 Vortex, centrifuge briefly. −20°C

Ligation Buffer 2000092 Vortex, verify no 
precipitate, centrifuge 
briefly.

−20°C

SI Primer 2000095 - −20°C

Chromium i7 
Sample Index Plate

220103 - −20°C

Beckman Coulter 
SPRIselect 
Reagent

- Manufacturer’s 
recommendations.

-

Agilent TapeStation 
Screen Tape and 
Reagents
If used for QC

Manufacturer’s 
recommendations.

Agilent 
Bioanalyzer High 
Sensitivity kit 

- Manufacturer’s 
recommendations.

-

Place on Ice Fragmentation 
Enzyme  

2000090/ 
2000104

Centrifuge briefly. −20°C

DNA Ligase 220110/ 
220131

Centrifuge briefly. −20°C

Amp Mix 2000047/ 
2000103

Centrifuge briefly. −20°C

KAPA Library 
Quantification Kit
for Illumina 
Platforms

- Manufacturer’s 
recommendations.

-

Obtain Qiagen Buffer EB - - Ambient

10x Magnetic Separator 230003 See Tips & Best Practices. Ambient

Prepare 80% Ethanol 
Prepare 20 ml 
for 8 reactions 

- Prepare fresh. Ambient

Step 3 3ʹ Gene Expression Library Construction

3ʹ Gene Expression 
Library Construction
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Example: Library Construction Input Mass & SI PCR Cycles

Cell Type Targeted  
Cell Recovery

Total cDNA 
Yield  
(ng)

cDNA Input into 
Fragmentation 

SI PCR 
Cycle 

NumberVolume  
(µl)

Mass  
(ng)

High RNA Content 
250 ng 10 µl 62.5 ng 13

1900 ng 10 µl 475 ng 10

Low RNA Content
1 ng 10 µl 0.25 ng 16

200 ng 10 µl 50 ng 12

Step Overview 
(Step 3.1d)

Correlation between input & library complexity

A Single Cell 3’ Gene Expression library is generated using a fixed proportion 
(10 µl, 25%) of the total cDNA (40 µl) obtained at step 2.3m. The complexity of this 
library will be comparable to one generated using a higher proportion (>25%) of the 
cDNA. The remaining proportion (30 µl, 75%) of the cDNA may be stored at 4°C for 
up to 72 h or at −20°C for longer-term storage (up to 4 weeks).  
 

Step 3 3ʹ Gene Expression Library Construction

Correlation: cDNA input & Library Complexity 

 
Recommended 

cDNA Volume (µl)
(% total cDNA)

10 µl
(25%)

20 µl
(50%)

30 µl
(75%)

40 µl
(100%)

Li
br

ar
y 

Co
m

pl
ex

ity
 

(M
ed

ia
n 

ge
ne

s/
U

M
I’s

)

 
High

 
Low

Note that irrespective of the total cDNA yield (ng), which may vary based on cell 
type, targeted cell recovery etc., this protocol has been optimized for a broad range 
of input mass (ng), as shown in the example below. The total number of SI PCR 
cycles (step 3.5e) should be optimized based on carrying forward a fixed proportion 
(10 µl, 25%) of the total cDNA yield calculated during Post cDNA Amplification QC & 
Quantification (step 2.4).

 
High

 
Low
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Step 3

a. Prepare a thermal cycler with the following incubation protocol. 

Lid Temperature Reaction Volume Run Time

65°C 50 µl ~35 min

Step Temperature Time

Pre-cool block
Pre-cool block prior to 

preparing the Fragmentation Mix

4°C Hold

Fragmentation 32°C 00:05:00

End Repair & A-tailing 65°C 00:30:00

Hold 4°C Hold

b. Vortex Fragmentation Buffer. Verify there is no precipitate.

c. Prepare Fragmentation Mix on ice. Pipette mix and centrifuge briefly. 

Fragmentation Mix
Add reagents in the order listed

PN 1X (µl) 4X + 
10% (µl)

8X + 
10% (µl)

Fragmentation Buffer 2000091 5 22 44

Fragmentation Enzyme  2000090/ 
2000104

10 44 88

Total - 15 66 132

d. Transfer ONLY 10 µl purified cDNA sample from cDNA Cleanup (step 2.3n) to a tube 
strip. 
Note that only 10 µl (25%) cDNA sample is sufficient for generating 3ʹ Gene Expression library. 
The remaining 30 µl (75%) cDNA sample can be stored at 4°C for up to 72 h or at −20°C for up 
to 4 weeks for generating additional 3ʹ Gene Expression libraries.

e. Add 25 µl Buffer EB to each sample.

f. Add 15 µl Fragmentation Mix to each sample. 

g. Pipette mix 15x (pipette set to 35 µl) on ice. Centrifuge briefly.

h. Transfer into the pre-cooled thermal cycler (4°C) and press “SKIP” to initiate the 
protocol.

!

3.1  
Fragmentation,  
End Repair & A-tailing

3ʹ Gene Expression Library Construction
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3.2  
Post Fragmentation,  
End Repair & A-tailing 
Double Sided Size 
Selection – SPRIselect

a. Vortex to resuspend SPRIselect reagent. Add 30 µl SPRIselect (0.6X) reagent to each 
sample. Pipette mix 15x (pipette set to 75 µl). 

b. Incubate 5 min at room temperature.

c. Place on the magnet•High until the solution clears. DO NOT discard supernatant.  

d. Transfer 75 µl supernatant to a new tube strip.

e. Vortex to resuspend SPRIselect reagent. Add 10 µl SPRIselect reagent (0.8X)  to each 
sample. Pipette mix 15x (pipette set to 80 µl). 

f. Incubate 5 min at room temperature.

g. Place on the magnet•High until the solution clears. 

h. Remove 80 µl supernatant. DO NOT discard any beads.

i. Add 125 µl 80% ethanol to the pellet. Wait 30 sec.

j. Remove the ethanol.

k. Repeat steps i and j for a total of 2 washes. 

l. Centrifuge briefly. Place on the magnet•Low until the solution clears. Remove 
remaining ethanol. DO NOT over dry to ensure maximum elution efficiency.

m. Remove from the magnet. Add 50.5 µl Buffer EB to each sample. Pipette mix 15x.

n. Incubate 2 min at room temperature.

o. Place on the magnet•High until the solution clears.

p. Transfer 50 µl  sample to a new tube strip.

Step 3 3ʹ Gene Expression Library Construction
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3.3  
Adaptor Ligation

Step 3

a. Prepare Adaptor Ligation Mix. Pipette mix and centrifuge briefly.

Adaptor Ligation Mix
Add reagents in the order listed

PN 1X (µl)
4X + 

10% (µl)
8X + 

10% (µl)

Ligation Buffer 2000092 20 88 176

DNA Ligase 220110/ 
220131

10 44 88

Adaptor Oligos 2000094 20 88 176

Total - 50 220 440

b. Add 50 µl Adaptor Ligation Mix to 50 µl sample. Pipette mix 15x (pipette set to 90 µl). 
Centrifuge briefly.

c. Incubate in a thermal cycler with the following protocol.

Lid Temperature Reaction Volume Run Time

30°C 100 µl 15 min

Step Temperature Time

1 20°C 00:15:00 

2 4°C Hold

3ʹ Gene Expression Library Construction
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3.4  
Post Ligation Cleanup – 
SPRIselect

Step 3

a. Vortex to resuspend SPRIselect Reagent. Add 80 µl SPRIselect Reagent (0.8X) to each 
sample. Pipette mix 15x (pipette set to 150 µl).

b. Incubate 5 min at room temperature.

c. Place on the magnet•High until the solution clears.

d. Remove the supernatant.

e. Add 200 µl 80% ethanol to the pellet. Wait 30 sec.

f. Remove the ethanol. 

g. Repeat steps e and f for a total of 2 washes. 

h. Centrifuge briefly. Place on the magnet•Low. 

i. Remove any remaining ethanol. Air dry for 2 min. DO NOT exceed 2 min as this will 
decrease elution efficiency.

j. Remove from the magnet. Add 30.5 µl Buffer EB. Pipette mix 15x. 

k. Incubate 2 min at room temperature.

l. Place on the magnet•Low until the solution clears.

m. Transfer 30 µl sample to a new tube strip.

3ʹ Gene Expression Library Construction
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3.5  
Sample Index PCR

Step3

a. Choose the appropriate sample index sets to ensure that no sample indices overlap in a 
multiplexed sequencing run. Record the 10x Sample Index name (PN-220103 Chromium 
i7 Sample Index Plate well ID) used.

b. Prepare Sample Index PCR Mix. 

Sample Index PCR Mix
Add reagents in the order listed

PN 1X (µl)
4X + 

10% (µl)
8X + 

10% (µl)

Amp Mix 2000047/ 
2000103

50 220 440

SI Primer 2000095 10 44 88

Total - 60 264 528

c. Add 60 µl Sample Index PCR Mix to 30 µl sample.

d. Add 10 µl of an individual Chromium i7 Sample Index to each well and record the well 
ID used. Pipette mix 5x (pipette set to 90 µl). Centrifuge briefly.

e. Incubate in a thermal cycler with the following protocol.

Lid Temperature Reaction Volume Run Time

105°C 100 µl ~25-40 min

Step Temperature Time

1 98°C 00:00:45

2 98°C 00:00:20

3 54°C 00:00:30

4 72°C 00:00:20

5 Go to step 2, see below for # of cycles

6 72°C 00:01:00

7 4°C Hold

cDNA Input Total Cycles

0.25-25 ng 14-16

25-150 ng 12-14

150-500 ng 10-12

500-1,000 ng 8-10

1,000-1,500 ng 6-8

>1500 ng 5

!

f.  Store at 4°C for up to 72 h or 
proceed to the next step.

STOP

Recommended cycle numbers 

3ʹ Gene Expression Library Construction

 The total cycles should be optimized based 
on 25% carry forward cDNA yield/input 
calculated during Post cDNA Amplification QC 
& Quantification (step 2.4)

!
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3.6  
Post Sample Index 
PCR Double Sided Size 
Selection – SPRIselect

a. Vortex to resuspend the SPRIselect reagent. Add 60 µl SPRIselect Reagent (0.6X) to  
      each sample. Pipette mix 15x (pipette set to 150 µl). 

b. Incubate 5 min at room temperature.

c. Place the magnet•High until the solution clears. DO NOT discard supernatant.

d. Transfer 150 µl supernatant to a new tube strip.

e. Vortex to resuspend the SPRIselect reagent. Add 20 µl SPRIselect Reagent (0.8X) to          
      each sample. Pipette mix 15x (pipette set to 150 µl). 

f. Incubate 5 min at room temperature.

g. Place the magnet•High until the solution clears. 

h. Remove 165 µl supernatant. DO NOT discard any beads.

i. With the tube still in the magnet, add 200 µl 80% ethanol to the pellet. Wait 30 sec. 

j. Remove the ethanol.

k. Repeat steps i and j for a total of 2 washes.

l. Centrifuge briefly. Place on the magnet•Low. Remove remaining ethanol. 

m. Remove from the magnet. Add 35.5 µl Buffer EB. Pipette mix 15x.

n. Incubate 2 min at room temperature.

o. Place on the magnet•Low until the solution clears.

p. Transfer 35 µl to a new tube strip.

q. Store at 4°C for up to 72 h or at −20°C for long-term storage. STOP

Step 3 3ʹ Gene Expression Library Construction
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3.7  
Post Library Construction 
QC

Run 1 µl sample at 1:10 dilution on an Agilent Bioanalyzer High Sensitivity chip. 

Step 3

Determine the average fragment size from the Bioanalyzer trace. This will be used as 
the insert size for library quantification.

Alternate QC Method:

• Agilent TapeStation. See Appendix for representative traces

See Appendix for Post Library Construction Quantification 

3ʹ Gene Expression Library Construction

Representative Trace
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4

Sequencing
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 Single Cell 3ʹ Gene Expression libraries comprise standard Illumina paired-end 
constructs which begin with P5 and end with P7. 16  bp 10x Barcodes are encoded at 
the start of TruSeq Read 1, while 8 bp sample index sequences are incorporated as 
the i7 index read. TruSeq Read 1 and Read 2 are standard Illumina sequencing primer 
sites used in paired-end sequencing. TruSeq Read 1 is used to sequence 16 bp 10x 
Barcodes and 12 bp UMI. Sequencing these libraries produce a standard Illumina BCL 
data output folder.

 The compatibility of the listed sequencers has been verified by 10x Genomics. Some 
variation in assay performance is expected based on sequencer choice. For more 
information about performance variation, visit the 10x Genomics Support website.

• MiSeq
• NextSeq 500/550*
• HiSeq  2500 (Rapid Run)
• HiSeq 3000/4000
• NovaSeq

 *Sequencing Chromium Single Cell libraries on the NextSeq 500/550 platform may yield reduced 
sequence quality and sensitivity relative to the MiSeq, HiSeq, and NovaSeq platforms. Refer to the 10x 
Genomics Support website for more information. 

 

 Each sample index in the Chromium i7 Sample Index Kit (PN-120262) is a mix of 
4 different sequences to balance across all 4 nucleotides. If multiple samples are 
pooled in a sequence lane, the sample index name (i.e. the Chromium i7 Sample Index 
plate well ID, SI-GA-) is needed in the sample sheet used for generating FASTQs with 
“cellranger mkfastq”. Samples utilizing the same sample index should not be pooled 
together, or run on the same flow cell lane, as this would not enable correct sample 
demultiplexing.

Illumina Sequencer 
Compatibility

Sample Indices

Sequencing

Sequencing Libraries

Step 4

Chromium Single Cell 3ʹ Gene Expression Library 

10x
Barcode

TruSeq Read 1  Poly(dT)VNUMIP5

i7:8
Sample
Index

P7TruSeq Read 2
Read 2:91 

Insert     

Read 1:28 
10xBC+UMI

Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 437 of 835 PageID #: 1922



Chromium Next GEM Single Cell 3ʹ Reagent Kits v3.1 User Guide • Rev C 49Click to TOC

Sequencing

 Once quantified and normalized, the 3ʹ Gene Expression libraries should be 
denatured and diluted as recommended for Illumina sequencing platforms. Refer 
to Illumina documentation for denaturing and diluting libraries. Refer to the 10x 
Genomics Support website, for more information. 

Instrument Loading Concentration (pM) PhiX (%)

MiSeq 11 1

NextSeq 500/550 1.8 1

HiSeq 2500 (RR) 11 1

HiSeq 4000 240 1

NovaSeq 150*/300 1

* Use 150 pM loading concentration for Illumina XP workflow. 

 The 3ʹ Gene Expression libraries maybe pooled for sequencing, taking into account 
the differences in cell number and  per-cell read depth requirements between 
each library.  Samples utilizing the same sample index should not be pooled 
together, or run on the same flow cell lane, as this would not enable correct sample 
demultiplexing.

Library Loading 

Step 4

Library Pooling

3ʹ Gene Expression 
Library Sequencing Depth 
& Run Parameters

Sequencing Depth Minimum 20,000 read pairs per cell

Sequencing Type Paired-end, single indexing

Sequencing Read Recommended Number of Cycles

Read 1
i7 Index
i5 Index
Read 2

28 cycles
8 cycles
0 cycles
91 cycles
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5

Troubleshooting 
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GEMs

Troubleshooting

A       B      C        D       E       F      G       H

STEP NORMAL REAGENT CLOGS & WETTING FAILURES

1.4 d
After Chip G is 
removed from the 
Controller and the 
wells are exposed

 

All 8 recovery wells are similar in 
volume and opacity.

Recovery well G indicates a reagent clog.
Recovery well C and E indicate a wetting 
failure. Recovery wells B, D, and F are 
normal. Wells A and H contain 50% Glycerol 
Solution.  

1.4 f
Transfer GEMs
from Chip G 
Row Labeled 3

All liquid levels are similar in volume and 
opacity without air trapped in the pipette 
tips.

Pipette tips C and E indicate a wetting 
failure. Pipette tip C contains partially 
emulsified GEMs. Emulsion is absent 
in pipette tip E. Pipette tip G indicates a 
reagent clog.

 A      B     C      D      E     F     G      H  A      B     C      D      E     F     G      H
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STEP NORMAL REAGENT CLOGS & WETTING FAILURES

2.1 a
After transfer of the 
GEMs + 
Recovery Agent 

All liquid levels are similar in the 
aqueous sample volume (clear) and 
Recovery Agent/Partitioning Oil (pink).

Tube G indicates a reagent clog has 
occurred. There is a decreased volume of 
aqueous layer (clear).
Tube C and E indicate a wetting failure has 
occurred. There is an abnormal volume of 
Recovery Agent/Partitioning Oil (pink).

2.1 b
After aspiration of 
Recovery Agent/
Partitioning Oil

All liquid volumes are similar in the 
aqueous sample volume (clear) and 
residual Recovery Agent/Partitioning Oil 
(pink).

Tube G indicates a reagent clog has 
occurred. There is a decreased volume 
of aqueous layer (clear). There is also 
a greater residual volume of Recovery 
Agent/Partitioning Oil (pink).
Tube C and E indicate a wetting failure has 
occurred. There is an abnormal residual 
volume of Recovery Agent/Partitioning Oil 
(pink).

2.1 d
After addition of 
Dynabeads 
Cleanup Mix 

All liquid volumes are similar after 
addition of the Dynabeads Cleanup Mix.

Tube G indicates a reagent clog has 
occurred. There is an abnormal ratio 
of Dynabeads Cleanup Mix (brown) to 
Recovery Agent/Partitioning Oil (appears 
white).
Tube C and E indicate a wetting failure 
has occurred. There is an abnormal ratio 
of Dynabeads Cleanup Mix (brown) to 
Recovery Agent/Partitioning Oil (appears 
white). 

 

Troubleshooting

If a channel clogs or wetting failure occurs during GEM generation, it is 
recommended that the sample be remade. If any of the listed issues occur, take 
a picture and send it to support@10xgenomics.com for further assistance.

A        B          C        D         E          F        G          H  A          B          C         D        E         F         G         H

A         B          C        D          E        F         G          H A         B         C         D         E          F        G         H

A         B         C         D         E          F        G         HA         B          C        D          E        F         G          H
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 If the Chromium Controller or the Chromium Single Cell Controller fails to start, an 
error tone will sound and one of the following error messages will be displayed:

a. Chip not read – Try again: Eject the tray, remove and/or reposition the Chromium 
Next GEM Secondary Holder assembly and try again. If the error message is still 
received after trying this more than twice, contact support@10xgenomics.com for 
further assistance.

b. Check gasket:  Eject the tray by pressing the eject button to check that the 10x Gasket 
is correctly installed on the Chromium Next GEM Chip. If the error message persists, 
contact support@10xgenomics.com for further assistance.

c. Pressure not at Setpoint:

i. If this message is received within a few seconds of starting a run, eject the tray by 
pressing the eject button and check for dirt or deposits on the 10x Gasket. If dirt is 
observed, replace with a new 10x Gasket and try again. If the error message is still 
received after trying this more than twice, contact support@10xgenomics.com for 
further assistance.

ii. If this message is received after a few minutes into the run, the Chromium 
Next GEM Chip must be discarded. Do not try running this Chromium Next GEM 
Chip again as this may damage the Chromium Controller.

d. Invalid Chip CRC Value: This indicates that a Chromium Next GEM Chip has been used  
with an older firmware version. The chip must be discarded.  
Contact support@10xgenomics.com for further assistance.

 

Chromium Controller 
Errors

Troubleshooting
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6

Appendix
Post Library Construction Quantification

Agilent TapeStation Traces

Oligonucleotide Sequences 
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a. Thaw KAPA Library Quantification Kit for Illumina Platforms. 

b. Dilute 2 µl sample with deionized water to appropriate dilutions that fall within the 
linear detection range of the KAPA Library Quantification Kit for Illumina Platforms. 
(For more accurate quantification, make the dilution(s) in duplicate).

c. Make enough Quantification Master Mix for the DNA dilutions per sample and the DNA 
Standards (plus 10% excess) using the guidance for 1 reaction volume below.

Quantification Master Mix 1X (µl)

SYBR Fast Master Mix + Primer 12

Water 4

Total 16

d. Dispense 16 µl Quantification Master Mix for sample dilutions and DNA Standards into 
a 96 well PCR plate.

e. Add 4 µl sample dilutions and 4 µl DNA Standards to appropriate wells. Centrifuge 
briefly. 

f. Incubate in a thermal cycler with the following protocol.

Step Temperature Run Time

1 95°C 00:03:00

2 95°C 00:00:05

3 67°C 00:00:30

4 Go to Step 2, 29X (Total 30 cycles)

g. Follow the manufacturer’s recommendations for qPCR-based quantification. For 
library quantification for sequencer clustering, determine the concentration based on 
insert size derived from the Bioanalyzer/TapeStation trace.

 Post Library Construction 
Quantification

Appendix
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Agilent TapeStation Traces 
Agilent TapeStation High Sensitivity D5000 ScreenTape  was used. 
Protocol steps correspond to the Chromium Next GEM Single Cell 3ʹ Reagent Kits v3.1 User Guide (CG000204).

Protocol Step 2.4 – cDNA QC & Quantification

Protocol Step 3.7 – Post Library Construction QC

Alternate QC Method:
Qubit Fluorometer and Qubit dsDNA HS Assay Kit

Multiply the cDNA concentration reported via the Qubit Fluorometer by the elution volume (40 µl) to obtain the total cDNA 
yield in ng. To determine the equivalent range using the Agilent 2100 Expert Software, select the region encompassing 
35-10,000 bp.

Appendix

Agilent TapeStation Traces 

Cell line 

PBMCs

       Representative Trace

       

       Representative Trace 

Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 445 of 835 PageID #: 1930



Chromium Next GEM Single Cell 3ʹ Reagent Kits v3.1 User Guide • Rev C 57Click to TOC

 Protocol steps correspond to the Chromium Next GEM Single Cell 3ʹ Reagent Kits v3.1 User Guide (CG000204)

Protocol Step 1.5  – GEM-RT Incubation

Gel Bead 
Primers

5’-CTACACGACGCTCTTCCGATCT-NNNNNNNNNNNNNNNN-NNNNNNNNNNNN-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTVN-3’

5’-GTCAGATGTGTATAAGAGACAG-NNNNNNNNNNNNNNNN-NNNNNNNNNNNN-TTGCTAGGACCGGCCTTAAAGC-3’

Template Switch 
Oligonucleotide
PN-3000228 5’-AAGCAGTGGTATCAACGCAGAGTACATrGrGrG-3’

PCR Product

                                       5’-CTACACGACGCTCTTCCGATCT-NNNNNNNNNNNNNNNN-NNNNNNNNNNNN-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTVN-cDNA_Insert-CCCATGTACTCTGCGTTGATACCACTGCTT-3’

Protocol Step 2.2 – cDNA Amplification

cDNA Primers 
PN-2000089

Forward Primer:
                           

 5’-CTACACGACGCTCTTCCGATCT-3’ 

Reverse Primer:

5’-AAGCAGTGGTATCAACGCAGAG-3’

Amplification 
Products

5’-CTACACGACGCTCTTCCGATCT-NNNNNNNNNNNNNNNN-NNNNNNNNNNNN-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTVN-cDNA_Insert-CCCATGTACTCTGCGTTGATACCACTGCTT-3’

3’-GATGTGCTGCGAGAAGGCTAGA-NNNNNNNNNNNNNNNN-NNNNNNNNNNNN-AAAAAAAAAAAAAAAAAAAAAAAAAAAAAABN-cDNA_Insert-GGGTACATGAGACGCAACTATGGTGACGAA-5’

Protocol Step 3.3  – Adaptor Ligation

Adaptor Oligos
PN -2000094

 

5’- GATCGGAAGAGCACACGTCTGAACTCCAGTCA-3’  

3’-TCTAGCCTTCTCG-5’

Ligation 
Product

5’-CTACACGACGCTCTTCCGATCT-NNNNNNNNNNNNNNNN-NNNNNNNNNNNN-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTVN-cDNA_Insert-AGATCGGAAGAGC ACACGTCTGAACTCCAGTCAC-3’  
3’-GATGTGCTGCGAGAAGGCTAGA-NNNNNNNNNNNNNNNN-NNNNNNNNNNNN-AAAAAAAAAAAAAAAAAAAAAAAAAAAAAABN-cDNA_Insert-TCTAGCCTTCTCG-5’

Gel
Bead

10x
BarcodeTruSeq Read 1  Poly(dT)VNUMI

Nextera Read 1 
(Read 1N)

10x
Barcode

UMI Capture Seq 1

TSO

TSORead 1 10x Barcode UMI  Poly(dT)VN

Partial Read 1 Partial TSO

Read 2Read 1 10x Barcode UMI  Poly(dT)VN

Appendix

Oligonucleotide Sequences

TSORead 1 10x Barcode UMI  Poly(dT)VN

Primer not used for 3’ Gene Expression 

Partial Read 2
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Protocol Step 3.5  – Sample Index PCR

Sample Index 
PCR Primer 
PN-2000095

Chromium 
i7Sample Index 
PN-220103 

 
 5’-AATGATACGGCGACCACCGAGATCT-ACACTCTTTCCCTACACGACGCTC-3’ 5’-CAAGCAGAAGACGGCATACGAGAT-NNNNNNNN GTGACTGGAGTTCAGACGTGT-3’

Sample Index 
PCR Product 

5’-AATGATACGGCGACCACCGAGATCT-ACACTCTTTCCCTACACGACGCTCTTCCGATCT-NNNNNNNNNNNNNNNN-NNNNNNNNNNNN -TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTVN- cDNA_Insert-AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC-NNNNNNNN-ATCTCGTATGCCGTCTTCTGCTTG-3’ 

3’-TTACTATGCCGCTGGTGGCTCTAGA-TGTGAGAAAGGGATGTGCTGCGAGAAGGCTAGA-NNNNNNNNNNNNNNNN-NNNNNNNNNNNN-AAAAAAAAAAAAAAAAAAAAAAAAAAAAAABN- cDNA_Insert-TCTAGCCTTCTCGTGTGCAGACTTGAGGTCAGTG-NNNNNNNN-TAGAGCATACGGCAGAAGACGAAC-5’

Sample 
Index

P7 Partial Read 2P5 Partial Read 1

P5 Read 2Read 1 10x Barcode UMI  Poly(dT)VN Sample 
Index

P7

Appendix

 
Oligonucleotide Sequences
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CG000207 Rev D

USER GUIDE

Chromium 
Next GEM 
Single Cell V(D)J 
Reagent Kits v1.1

FOR USE WITH

Chromium Next GEM Single Cell 5' Library & Gel Bead Kit v1.1, 16 rxns PN-1000165

Chromium Next GEM Single Cell 5' Library & Gel Bead Kit v1.1, 4 rxns PN-1000167

Chromium Single Cell 5' Library Construction Kit, 16 rxns PN-1000020

Chromium Single Cell V(D)J Enrichment Kit, Human T Cell, 96 rxns PN-1000005

Chromium Single Cell V(D)J Enrichment Kit, Human B Cell, 96 rxns PN-1000016

Chromium Single Cell V(D)J Enrichment Kit, Mouse T Cell, 96 rxns PN-1000071

Chromium Single Cell V(D)J Enrichment Kit, Mouse B Cell, 96 rxns PN-1000072

Chromium Next GEM Chip G Single Cell Kit, 48 rxns PN-1000120

Chromium Next GEM Chip G Single Cell Kit, 16 rxns PN-1000127

Chromium i7 Multiplex Kit, 96 rxns PN-120262

Next GEM reagents are specific to Next GEM products and should not be used interchangeably with non-Next GEM reagents.
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Notices

Document Number

CG000207 • Rev D

Legal Notices

© 2019 10X Genomics, Inc (10x Genomics). All rights reserved. Duplication and/or reproduction of all or 

any portion of this document without the express written consent of 10x Genomics, is strictly forbidden.  

Nothing contained herein shall constitute any warranty, express or implied, as to the performance of any 

products described herein. Any and all warranties applicable to any products are set forth in the applicable 

terms and conditions of sale accompanying the purchase of such product. 10x Genomics provides no 

warranty and hereby disclaims any and all warranties as to the use of any third-party products or protocols 

described herein. The use of products described herein is subject to certain restrictions as set forth in the 

applicable terms and conditions of sale accompanying the purchase of such product. A non-exhaustive 

list of 10x Genomics’ marks, many of which are registered in the United States and other countries can 

be viewed at:  www.10xgenomics.com/trademarks. 10x Genomics may refer to the products or services 

offered by other companies by their brand name or company name solely for clarity, and does not claim any 

rights in those third party marks or names. 10x Genomics products may be covered by one or more of the 

patents as indicated at: www.10xgenomics.com/patents. The use of products described herein is subject 

to 10x Genomics Terms and Conditions of Sale, available at www.10xgenomics.com/legal-notices, or such 

other terms that have been agreed to in writing between 10x Genomics and user. All products and services 

described herein are intended FOR RESEARCH USE ONLY and NOT FOR USE IN DIAGNOSTIC PROCEDURES.

Instrument & Licensed Software Updates Warranties

Updates to existing Instruments and Licensed Software may be required to enable customers to use 

new or existing products.  In the event of an Instrument failure resulting from an update, such failed 

Instrument will be replaced or repaired in accordance with the 10x Limited Warranty, Assurance Plan or 

service agreement, only if such Instrument is covered by any of the foregoing at the time of such failure. 

Instruments not covered under a current 10x Limited Warranty, Assurance Plan or service agreement will 

not be replaced or repaired.

Support

Email: support@10xgenomics.com

10x Genomics

6230 Stoneridge Mall Road

Pleasanton, CA 94588 USA 

 

Notices
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• Updates for general minor consistency of language and terms throughout.
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Chromium Next GEM Single Cell 5ʹ Library Kit v1.1, 16 rxns PN-1000166 (store at −20°C)

Chromium
Next GEM 
Single Cell 5ʹ  
Reagents Module 1 v1.1 

RT Reagent B 1 2000165

RT Enzyme Mix B 1 2000010

Additive A 1 220074

Poly-dT RT Primer 1 2000007

Buffer Sample Clean 
Up 1 2 220020

Amplification Master Mix 2 220125

cDNA Primer Mix 1 220106

cDNA Additive 1 220067

10xGenomics.com

# PN

Chromium
Next GEM 
Single Cell 5ʹ  
Reagents Module 2 v1.1 

Fragmentation Enzyme 
Blend 1 220107

Fragmentation Buffer 1 220108

Ligation Buffer 1 220109

DNA Ligase 1 220110

Adaptor Mix 1 220026

SI-PCR Primer 1 220111

Amplification Master Mix 1 220125

10xGenomics.com

# PN

Chromium Next GEM Single Cell 5' Gel Bead Kit v1.1, 16 rxns PN-1000169 (store at −80°C)

Chromium
Next GEM 
Single Cell 5ʹ  
Gel Beads v1.1 

Single Cell VDJ 5ʹ Gel 
Beads v1.1 2 2000209

10xGenomics.com

# PN

Dynabeads™ MyOne™ SILANE PN-2000048 (store at 4°C)

Dynabeads MyOne 
SILANE 1 2000048

# PN

Introduction

Chromium Next GEM Single Cell 5ʹ Library and Gel Bead Kit v1.1, 16 rxns PN-1000165

Chromium Next GEM Single Cell V(D)J Reagent Kits v1.1
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Chromium Next GEM Single Cell 5' Library and Gel Bead Kit v1.1, 4 rxns PN-1000167

Chromium Next GEM Single Cell 5' Library Kit v1.1, 4 rxns PN-1000168 (store at −20°C)

Chromium
Next GEM 
Single Cell 5ʹ 
Reagents Module 1 v1.1

RT Reagent B 1 2000165

RT Enzyme Mix B 1 2000021

Additive A 1 220074

Poly-dT RT Primer 1 2000007

Buffer Sample Clean 
Up 1 1 220020

Amplification Master Mix 1 220125

cDNA Primer Mix 1 220106

cDNA Additive 1 220067

10xGenomics.com

# PN

Chromium
Next GEM 
Single Cell 5ʹ 
Reagents Module 2 v1.1

Fragmentation Enzyme 
Blend 1 220130

Fragmentation Buffer 1 220108

Ligation Buffer 1 220109

DNA Ligase 1 220131

Adaptor Mix 1 220026

SI-PCR Primer 1 220111

10xGenomics.com

# PN

Chromium Next GEM Single Cell 5ʹ Gel Bead Kit v1.1, 4 rxns PN-1000170 (store at −80°C)

Chromium
Next GEM 
Single Cell 5ʹ 
Gel Beads v1.1 

Single Cell VDJ 5ʹ Gel 
Beads v1.1 1 2000209

10xGenomics.com

# PN

Dynabeads™ MyOne™ SILANE PN-2000048 (store at 4°C)

Dynabeads MyOne 
SILANE 1 2000048

# PN

Introduction
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Chromium Single Cell 5ʹ Library Construction Kit, 16 rxns PN-1000020 (store at -20°C)

Chromium
Single Cell 5ʹ 
Library Construction Kit

cDNA Additive 2 220067

Fragmentation Enzyme 
Blend 1 220107

Fragmentation Buffer 1 220108

Ligation Buffer 1 220109

DNA Ligase 1 220110

Amplification Master Mix 3 220125

Adapter Mix 1 220026

SI-PCR Primer 1 220111

10xGenomics.com

# PN

Introduction
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Human T Cell, 96 rxns
PN-1000005 

Chromium
Single Cell V(D)J Enrichment Kit  
Human T Cell 

Human T Cell Mix 1 6 2000008

Human T Cell Mix 2 6 2000009

10xGenomics.com

# PN

Introduction

Chromium
Single Cell V(D)J Enrichment Kit 
Human B Cell 

Human B Cell Mix 1 6 2000035

Human B Cell Mix 2 6 2000036

10xGenomics.com

# PN

Human B Cell, 96 rxns 
PN-1000016 

Chromium Single Cell V(D)J Enrichment Kits, Mouse (store at −20°C)

Mouse B Cell, 96 rxns 
PN-1000072 

Chromium
Single Cell V(D)J Enrichment Kit  
Mouse T Cell 

Mouse T Cell Mix 1 6 2000075

Mouse T Cell Mix 2 6 2000079

10xGenomics.com

# PN

Chromium
Single Cell V(D)J Enrichment Kit 
Mouse B Cell 

Mouse B Cell Mix 1 6 2000080

Mouse B Cell Mix 2 6 2000081

10xGenomics.com

# PN

Mouse T Cell, 96 rxns 
PN-1000071 

Chromium Single Cell V(D)J Enrichment Kits, Human (store at −20°C)
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Chromium 
Partitioning Oil

Partitioning Oil 2 2000190

# PN

# PN

10xGenomics.com

Chromium 
Recovery Agent

Recovery Agent 2 220016

# PN

Chromium 
Next GEM 
Chip G & Gaskets

Chromium Next GEM Chip G 2 2000177

Gasket, 2-pack 1 3000072

Chromium 
i7 Multiplex Kit

Chromium i7 Sample Index 
Plate 1 220103

# PN

Chromium Next GEM Chip G Single Cell Kit, 48 rxns PN-1000120 
(store at ambient temperature)

Chromium Next GEM Chip G Single Cell Kit, 16 rxns PN-1000127 
(store at ambient temperature)

Chromium i7 Multiplex Kit, 96 rxns PN-120262 (store at −20°C)

Introduction

Chromium 
Partitioning Oil 
 # PN

Chromium 
Recovery Agent 
 # PN

Chromium 
Next GEM 
Chip G & Gaskets

Chromium Next GEM Chip G 6 2000177

Gasket, 6-pack 1 370017

# PN

10xGenomics.com

Recovery Agent 6 220016Partitioning Oil 6 2000190
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Introduction

Recommended 
Thermal Cyclers

Supplier Description Part Number 

BioRad C1000 Touch Thermal Cycler 
with 96-Deep Well Reaction 
Module

1851197

Eppendorf MasterCycler Pro North America 950030010 
International 6321 000.019

Thermo Fisher 
Scientific

Veriti 96-Well Thermal Cycler 4375786

Thermal cyclers used must support uniform heating of 100 µl emulsion volumes.

Chromium 
Accessories

Product PN (Kit) PN (Item) 

10x Vortex Adapter 120251 330002

Chromium Next GEM Secondary Holder 1000195 3000332

10x Magnetic Separator 120250 230003
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The items in the table below have been validated by 10x Genomics and are highly 
recommended for the Single Cell V(D)J protocol. Substituting materials may adversely 
affect system performance. 

Additional Kits, 
Reagents & 
Equipment

Supplier Description Part Number (US)

Plastics

Eppendorf PCR Tubes 0.2 ml 8-tube strips
DNA LoBind Tubes, 1.5 ml
DNA LoBind Tubes, 2.0 ml

951010022
022431021
022431048

USA Scientific TempAssure PCR 8-tube strip 1402-4700

Thermo Fisher Scientific MicroAmp 8-Tube Strip, 0.2 ml
MicroAmp 8-Cap Strip, clear

N8010580
N8010535

Rainin Tips LTS 200UL Filter RT-L200FLR
Tips LTS 1ML Filter RT-L1000FLR
Tips LTS 20UL Filter RT-L10FLR

30389240
30389213
30389226

Kits & Reagents

Thermo Fisher Scientific Nuclease-free Water AM9937

Millipore Sigma Ethanol, Pure (200 Proof, anhydrous) E7023-500ML

Beckman Coulter SPRIselect Reagent Kit B23318

Bio-Rad 10% Tween 20 1662404

Ricca Chemical Company Glycerin (glycerol), 50% (v/v) Aqueous Solution 3290-32

Qiagen Qiagen Buffer EB 19086

Equipment

VWR Vortex Mixer
Divided Polystyrene Reservoirs

10153-838
41428-958

Eppendorf Eppendorf ThermoMixer C
Eppendorf SmartBlock 1.5 ml, Thermoblock for 24 reaction vessel
(alternatively, use a temperature-controlled Heat Block)

5382000023
5360000038

Rainin Pipet-Lite Multi Pipette L8-50XLS+
Pipet-Lite Multi Pipette L8-200XLS+
Pipet-Lite Multi Pipette L8-10XLS+
Pipet-Lite Multi Pipette L8-20XLS+
Pipet-Lite LTS Pipette L-2XLS+
Pipet-Lite LTS Pipette L-10XLS+
Pipet-Lite LTS Pipette L-20XLS+
Pipet-Lite LTS Pipette L-100XLS+
Pipet-Lite LTS Pipette L-200XLS+
Pipet-Lite LTS Pipette L-1000XLS+

17013804
17013805
17013802
17013803
17014393
17014388
17014392
17014384
17014391
17014382

Introduction

Choose either 
Eppendorf, 
USA Scientific or 
Thermo Fisher 
Scientific PCR 
8-tube strips.
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The items in the table below have been validated by 10x Genomics and are highly 
recommended for the Single Cell V(D)J protocol. Substituting materials may adversely 
affect system performance. 

Additional Kits, 
Reagents & 
Equipment

Supplier Description Part Number (US)

Quantification & Quality Control

Agilent 2100 Bioanalyzer Laptop Bundle
High Sensitivity DNA Kit
4200 TapeStation
High Sensitivity D5000 ScreenTape
High Sensitivity D5000 Reagents

G2943CA
5067-4626
G2991AA
5067-5592
5067-5593

Thermo Fisher Scientific Qubit 4.0 Fluorometer
Qubit dsDNA HS Assay Kit

Q33226
Q32854

KAPA Biosystems KAPA Library Quantification Kit for Illumina Platforms KK4824

Introduction

Choose Bioanalyzer, 
TapeStation or Qubit 
based on availability 
& preference. 
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Day Steps Timing Stop & Store

2 h

Cell Preparation

Dependent on Cell Type ~1-1.5 h

Step 1 – GEM Generation & Barcoding

1.1  
1.2 
1.3
1.4
1.5

Prepare Reaction Mix
Load Chromium Next GEM Chip G
Run the Chromium Controller
Transfer GEMs
GEM-RT Incubation

20 min
10 min
18 min
3 min

55 min 4°C ≤72 h or −20°C ≤1 week

4 h

Step 2 – Post GEM RT Cleanup

2.1 Post GEM-RT Cleanup – Dynabead 45 min

Step 3 – cDNA Amplification & QC*

3.1
3.2
3.3

cDNA Amplification
cDNA Cleanup
cDNA Quantification & QC

50 min
15 min
50 min

4°C ≤72 h or −20°C ≤1 week

6 h
Step 4 – Target Enrichment from cDNA

4.1 
4.2 
4.3
4.4

4.5

Target Enrichment 1
Post Target Enrichment 1 Cleanup – SPRIselect
Target Enrichment 2 
Post Target Enrichment 2 Double Sided Size Selection – 
SPRIselect
Post Target Enrichment QC & Quantification

40 min
20 min
40 min
30 min

50 min

4°C ≤72 h
4°C ≤72 h or −20°C ≤1 week

4°C ≤72 h

4°C ≤72 h or −20°C ≤1 week

8 h + 
plus

Step 5 – Enriched Library Construction  

5.1
5.2
5.3
5.4
5.5
5.6

Fragmentation, End Repair & A – tailing
Adaptor Ligation
Post Ligation Cleanup – SPRIselect
Sample Index PCR
Post Sample Index PCR Cleanup – SPRIselect
Post Library Construction QC

45 min
25 min
20 min
40 min
20 min
50 min

4°C ≤72 h
4°C ≤72 h or −20°C long-term

Step 6 – 5’ Gene Expression (GEX) Library Construction 

6.1
6.2

6.3
6.4
6.5
6.6

6.7

GEX Fragmentation, End Repair & A-tailing
GEX Post Fragmentation, End Repair & A-tailing Double 
Sided Size Selection – SPRIselect
GEX Adaptor Ligation
GEX Post Ligation Cleanup – SPRIselect
GEX Sample Index PCR
GEX Post Sample Index PCR Double Sided Cleanup – 
SPRIselect
GEX Post Library Construction QC

45 min
30 min

25 min
20 min
40 min
30 min

50 min

4°C ≤72 h
4°C ≤72 h or −20°C long-term

STOP

6 h

STOP

8 h plus*

*Time dependent 
on Stop options 

used and protocol 
steps executed 
(steps 4-5 only/
steps 4,5 & 6) 

STOP

STOP

STOP

STOP

STOP

STOP

STOP

STOP

 

3 h

Introduction

Protocol Steps & Timing

*After cDNA Amplification & QC, for Target Enrichment & Enriched Library Construction proceed to steps 4-5. For 5’ Gene 
Expression Library Construction proceed directly to step 6.
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GEMs are generated by 
combining barcoded Single Cell 
VDJ 5’ Gel Beads v1.1, a Master 
Mix with cells, and Partitioning 
Oil on Chromium Next GEM 
Chip G. To achieve single cell 
resolution, cells are delivered 
at a limiting dilution, such that 
the majority (~90 – 99%) of 
generated GEMs contains no 
cell, while the remainder largely 
contain a single cell. 

Immediately following GEM 
generation, the Gel Bead is 
dissolved and any co-partitioned 
cell is lysed. Oligonucleotides 
containing (i)  an Illumina R1 
sequence (read 1 sequencing 
primer), (ii) a 16 nt 10x Barcode, 
(iii) a 10 nt unique molecular 
identifier (UMI), and (iv) 13 nt 
template switch oligo (TSO) 
are released and mixed with 
the cell lysate and a Master Mix 
containing reverse transcription 
(RT) reagents and poly(dT) 
RT primers. Incubation of the 
GEMs produces 10x Barcoded, 
full-length cDNA from poly-
adenylated mRNA.

Stepwise Objectives 

Step 1 
GEM Generation & 
Barcoding

The Single Cell V(D)J protocols offer comprehensive, scalable solutions for 
measuring immune repertoire information and gene expression from the same cell. 
Profile full-length (5’ UTR to constant region), paired T-cell receptor (TCR), or B-cell 
immunoglobulin (Ig) transcripts from 100-10,000 individual cells per sample. A pool 
of ~750,000 barcodes are sampled separately to index each cell’s transcriptome. It 
does so by partitioning thousands of cells into nanoliter-scale Gel Beads-in-emulsion 
(GEMs), where all generated cDNA share a common 10x Barcode. Libraries are 
generated and sequenced and 10x Barcodes are used to associate individual reads 
back to the individual partitions. This document outlines the protocol to generate an 
enriched T-cell library and/or an enriched B-cell library, and/or a 5’ Gene Expression 
library from amplified cDNA from the same cells.

Introduction

Chromium Next GEM Chip G

10x Barcoded 
Gel Beads

GEMs

Cells
Enzyme

10x
Barcode

Read 1 TSOUMI Poly-dT 
Reverse Transcription

Template Switch Oligo Priming

Template Switch, 
Transcript Extension

10x
Barcode

TSO

Inside individual GEMs

Gel Beads

Gel Beads

Non Poly-dT

Partitioning Oil
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 10x Barcoded, full-length 
cDNA is amplified via PCR with 
primers against common 5’ 
and 3’ ends added during GEM-
RT. Amplification generates 
sufficient material to construct 
multiple libraries from the 
same cells, e.g. both T cell and/
or B cell enriched libraries 
(steps 4 and 5) and 5’ Gene 
Expression libraries (step 6). 

Step 3 
cDNA Amplification & QC

Step 2 
Post GEM-RT Cleanup & 
QC

 GEMs are broken and pooled after GEM-RT reaction mixtures are recovered. Silane 
magnetic beads are used to purify the 10x Barcoded first-strand cDNA from the post 
GEM-RT reaction mixture, which includes leftover biochemical reagents and primers. 
After cleanup a user may decide to pursue target enrichment directly from first-
strand cDNA, in which case, consult Demonstrated Protocol - Chromium Single Cell 
V(D)J Reagent Kits-Direct Target Enrichment (Document CG000166). Otherwise, users 
should proceed to cDNA amplification in this protocol. 

Step 4 
Target Enrichment from 
cDNA

 Enzymatic fragmentation 
and size selection are used 
to generate variable length 
fragments that collectively 
span the V(D)J segments of the 
enriched TCR or Ig transcripts 
prior to library construction. 

Introduction

 Full-length V(D)J segments 
(10x Barcoded) are enriched 
from amplified cDNA via PCR 
amplification with primers 
specific to either the TCR or 
Ig constant regions. If both T 
and B cells are expected to 
be present in the partitioned 
cell population, TCR and Ig 
transcripts can be enriched in 
separate reactions from the 
same amplified cDNA material. 
P5 is added during enrichment.

Read 1
Full 

Length 
cDNA 10x

Barcode

TSOUMI

cDNA 

Amplification

Step 5 
Enriched Library 
Construction

P5

 P7, a sample index, and an Illumina R2 sequence (read 2 primer sequence) are added 
via End Repair, A-tailing, Adaptor Ligation, and Sample Index PCR. The final libraries 
contain the P5 and P7 priming sites used in Illumina sequencing.

Pooled cDNA amplification

Pooled amplified cDNA processed in bulk

Inner 
Primer         

Sample
Index P7

Read 2

Sample
Index

Target Enrichment 1

Target Enrichment 2

Enzymatic Fragmentation

End Repair, A-tailing, Ligation

Cleanup & Priming

Sample Index PCR

P5

Outer 
Primer         

V     D   J       C         Read 1 TSOUMI

UMIRead 1 TSO V     D   J       C         Read 2 P7P5 10x
Barcode
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 Illumina-ready sequencing libraries can be sequenced at the recommended depth & 
run parameters. Illumina sequencer compatibility, sample indices, library loading and 
pooling for sequencing are summarized in step 7. 

Step 7 
Sequencing

Step 6 
5ʹ Gene Expression (GEX)
Library Construction

 Enzymatic fragmentation and size 
selection are used to optimize the 
cDNA amplicon size prior to 5’ Gene 
Expression library construction. P5, 
P7, a sample index, and Illumina R2 
sequence (read 2 primer sequence) 
are added via End Repair, A-tailing, 
Adaptor Ligation, and Sample Index 
PCR. The final libraries contain the P5 
and P7 priming sites used in Illumina 
sequencers. 

Introduction

Read 1 TSOUMI Insert       Read 2 P7P5

Sample
Index

Read 2

Sample
Index P7

Enzymatic Fragmentation

End Repair, A-tailing, Ligation

Cleanup & Priming

Sample Index PCR

Read 1 TSOUMI

10x
Barcode

10x
Barcode

P5

10x
Barcode

Read 1 TSOUMI Read 2 P7P5

V      D    J         C         

i7:8
Sample
Index

Chromium Single Cell V(D)J  Enriched Library 

P5 10x
Barcode

Read 1 TSOUMI Read 2 P7

i7:8
Sample
Index

Chromium Single Cell 5ʹ Gene Expression Library

Pooled amplified cDNA processed in bulk

See Appendix for Oligonucleotide Sequences 

5ʹ

5ʹ

Full 
Length 

cDNA

5ʹ

Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 466 of 835 PageID #: 1951



Chromium Next GEM Single Cell V(D)J Reagent Kits v1.1 User Guide • Rev D 19Click to TOC

TIPS

Tips & 
Best Practices
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Tips & Best Practices

Emulsion-safe 
Plastics

Cell 
Concentration

• Use validated emulsion-safe plastic consumables when handling GEMs as some 
plastics can destabilize GEMs.

• Recommended starting point is to load ~1700 cells per reaction, resulting in recovery 
of ~1000 cells, and a multiplet rate of ~0.8%. The optimal input cell concentration is 
700-1,200 cells/µl.

• The presence of dead cells in the suspension may also reduce the recovery rate. 
Consult the 10x Genomics Single Cell Protocols Cell Preparation Guide and the 
Guidelines for Optimal Sample Preparation flowchart (Documents CG00053 and 
CG000126 respectively) for more information on preparing cells.

• Refer to the 10x Genomics Support website for more information regarding cell type 
specific sample preparation, for example, the Demonstrated Protocol for Enrichment 
of CD3+ T Cells from Dissociated Tissues for Single Cell RNA Sequencing and 
Immune Repertoire Profiling (Document CG000123).

Multiplet Rate (%) # of Cells Loaded # of Cells Recovered

~0.4% ~870 ~500

~0.8% ~1,700 ~1,000

~1.6% ~3,500 ~2,000

~2.3% ~5,300 ~3,000

~3.1% ~7,000 ~4,000

~3.9% ~8,700 ~5,000

~4.6% ~10,500 ~6,000

~5.4% ~12,200 ~7,000

~6.1% ~14,000 ~8,000

~6.9% ~15,700 ~9,000

~7.6% ~17,400 ~10,000

• Fully thaw and thoroughly mix reagents before use. 

• Keep all enzymes and Master Mixes on ice during setup and use. Promptly move 
reagents back to the recommended storage after use.

• Calculate reagent volumes with 10% excess of 1 reaction values.

• Cover Partitioning Oil tubes and reservoirs to minimize evaporation.

• If using multiple chips, use separate reagent reservoirs for each chip during loading.

• Thoroughly mix samples with the beads during bead-based cleanup steps.

Icons

General 
Reagent 
Handling

!
TIPS

Tips & Best Practices 
section includes 

additional guidance

Signifies critical step 
requiring accurate 

execution

Troubleshooting section 
includes additional 

guidance

Next GEM specific 
protocol step updates
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• Purchase 50% glycerol solution from Ricca Chemical Company, Glycerin (glycerol), 
50% (v/v) Aqueous Solution, PN-3290-32. 

• Prepare 50% glycerol solution:

i. Mix an equal volume of water and 99% Glycerol, Molecular Biology Grade.

ii. Filter through a 0.2-µm filter.

iii. Store at −20°C in 1-ml LoBind tubes. 50% glycerol solution should be equilibrated 
to room temperature before use.

• Follow manufacturer’s calibration and maintenance schedules. 

• Pipette accuracy is particularly important when using SPRIselect reagents.

• Minimize exposure of reagents, chips, and gaskets to sources of particles and fibers, 
laboratory wipes, frequently opened flip-cap tubes, clothing that sheds fibers, and 
dusty surfaces. 

• After removing the chip from the sealed bag, use in ≤ 24 h. 

• Execute steps without pause or delay, unless indicated. When multiple chips are to be 
used, load, run, and collect the content from one chip before loading the next.

• Fill all unused input wells in rows labeled 1, 2, and 3 on a chip with an appropriate 
volume of 50% glycerol solution before loading the used wells. DO NOT add glycerol 
to the wells in the bottom NO FILL row.

• Avoid contacting the bottom surface of the chip with gloved hands and other surfaces. 
Frictional charging can lead to inadequate priming of the channels, potentially leading 
to either clogs or wetting failures. 

• Minimize the distance that a loaded chip is moved to reach the Chromium Controller.

• Keep the chip horizontal to prevent wetting the gasket with oil, which depletes the 
input volume and may adversely affect the quality of the resulting emulsion.

Chromium 
Next GEM 
Chip Handling 

• Chromium Next GEM Secondary Holders 
encase Chromium Next GEM Chips.

• The holder lid flips over to become a stand, 
holding the chip at 45 degrees for optimal 
recovery well content removal.

• Squeeze the black sliders on the back side 
of the holder together to unlock the lid and 
return the holder to a flat position.

Pipette 
Calibration

Tips & Best Practices

50% Glycerol 
Solution

Chromium Next GEM 
Secondary Holder

Sliders

Chromium 
Next GEM 
Secondary 
Holders

ClipGuide
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• Place the assembled chip and holder flat 
on the bench with the lid closed.

• Dispense at the bottom of the wells without 
introducing bubbles. 

• When dispensing Gel Beads into the chip, 
wait for the remainder to drain into the 
bottom of the pipette tips and dispense 
again to ensure complete transfer.

• Refer to Load Chromium Next GEM Chip G 
for specific instructions. 

• Use one tube of Gel Beads per sample. 
DO NOT puncture the foil seals of tubes not 
used at the time.

• Equilibrate the Gel Beads strip to room 
temperature before use.

• Store unused Gel Beads at −80°C and 
avoid more than 10 freeze-thaw cycles. 
DO NOT store Gel Beads at −20°C. 

Chromium 
Next GEM 
Chip Loading

• Snap the tube strip holder with the Gel Bead strip into a 10x Vortex Adapter. Vortex 
30 sec.

• Centrifuge the Gel Bead strip for ~5 sec after removing from the holder. Confirm 
there are no bubbles at the bottom of the tubes and the liquid levels look even. Place 
the Gel Bead strip back in the holder and secure the holder lid. 

• If the required volume of beads cannot be recovered, place the pipette tips against the 
sidewalls and slowly dispense the Gel Beads back into the tubes. DO NOT introduce 
bubbles into the tubes and verify that the pipette tips contain no leftover Gel Beads. 
Withdraw the full volume of beads again by pipetting slowly.

Gel Bead 
Handling

Tips & Best Practices

Chromium 
Next GEM 
Chip & Holder 
Assembly

Chromium Next 
GEM Chip

Assembled Next 
GEM  Chip 

• Align notch on the chip (upper left corner) 
and the holder. 

• Insert the left-hand side of the chip under 
the guide. Depress the right-hand side of the 
chip until the spring-loaded clip engages.

• Close the lid before dispensing reagents into 
the wells.

Chromium Next GEM 
Secondary Holder

Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 470 of 835 PageID #: 1955



Chromium Next GEM Single Cell V(D)J Reagent Kits v1.1 User Guide • Rev D 23Click to TOC

• After reagents are loaded, attach the 
gasket by holding the tongue (curved end, 
to the right) and hook it on the left-hand 
tabs of the holder. Gently pull the gasket 
toward the right and hook it on the two 
right-hand tabs. 

• DO NOT touch the smooth side of the 
gasket. DO NOT press down on the top of 
the gasket after attachment. 

• Keep the assembly horizontal to avoid 
wetting the gasket with Partitioning Oil.

• Offers two positions of the magnets (high 
and low) relative to a tube, depending on 
its orientation. Flip the magnetic separator 
over to switch between high (magnet•High) 
or low (magnet•Low) positions.

• If using MicroAmp 8-Tube Strips, use 
the high position (magnet•High) only 
throughout the protocol.

10x Gasket 
Attachment

10x Magnetic 
Separator

Tips & Best Practices

Notched Cut

Tongue

Magnetic Bead 
Cleanup Steps

• During magnetic bead based cleanup 
steps that specify waiting “until the 
solution clears”, visually confirm clearing 
of solution before proceeding to the next 
step. See adjacent panel for an example.

• The time need for the solution to clear 
may vary based on specific step, reagents, 
volume of reagents used etc.
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Tips & Best Practices

• Follow cycle number recommendations for high and low RNA content cells based on 
Targeted Cell Recovery and cell sample. 

• Cycle numbers in the table below have been optimized assuming that the sample has 
>80% T and/or B cells. Samples with lower fraction of T and/or B cells may require 
additional cycle number optimization and/or may be enriched to increase the fraction 
of T or B cells. Refer to the Demonstrated Protocol for Enrichment of CD3+ T Cells 
from Dissociated Tissues for Single Cell RNA Sequencing and Immune Repertoire 
Profiling (Document CG000123).

• If the fraction of T and/or B cells in a cell sample is known, adjust PCR cycle number 
based on that fraction to ensure sufficient product generation.

cDNA 
Amplification 
PCR Cycle 
Numbers

 Tutorial – Optimizing cDNA Amplification PCR Cycle Numbers 

    

Targeted Cell 
Recovery

Low RNA  
Content Cells
Total Cycles

High RNA 
Content Cells 
Total Cycles

100–500 18 16

501–2,000 16 14

2,001–6,000 14 12

6,001–10,000 13 11

 

 Recommended starting point for cycle number optimization.
 Examples 

Sample A: 
Primary cells with 15% T cell fraction. 
Targeted Cell Recovery is 10,000 cells.  
Only 1,500 (15%) cells are T cells. 
Total PCR cycles – 16. 

 Sample B: 
Cell line with high RNA content. 
Targeted Cell Recovery is 10,000 cells. 
Total PCR cycles – 11. 

 Sample C: 
Cell mix with 90% low RNA content and 
10% high RNA content B cells. 
Targeted Cell Recovery is 10,000 cells. 
90% B cells are low RNA content. 
Total PCR cycles – 13.

Enzymatic 
Fragmentation

• Ensure enzymatic fragmentation reactions are prepared on ice and then loaded into a 
thermal cycler pre-cooled to 4°C prior to initiating the Fragmentation, End Repair, and 
A-tailing incubation steps.
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SPRIselect 
Cleanup & 
Size Selection

Sample Indices in 
Sample Index PCR

Tips & Best Practices

• Choose the appropriate sample index sets to ensure that no sample indices overlap in 
a multiplexed sequencing run.

•  Each well in the i7 Sample Index plate contains a unique mix of 4 oligos. 

• The sample indices can therefore be used in any combination.

• Each sample index set is base-balanced to avoid monochromatic signal issues when 
it is the sole sample loaded on an Illumina sequencer. 

• After aspirating the desired volume of SPRIselect reagent, examine the pipette tips 
before dispensing to ensure the correct volume is transferred. 

• Pipette mix thoroughly as insufficient mixing of sample and SPRIselect reagent will 
lead to inconsistent results. 

• Use fresh preparations of 80% Ethanol. 

 
 Schematic of Double Sided Size Selection 

 After the first SPRI, supernatant is transferred for a second SPRI while larger fragments are 

discarded (green). After the second SPRI, fragments on beads are eluted and kept while smaller 

fragments are discarded (blue). Final sample has a tight fragment size distribution with reduced 

overall amount (black).

 Tutorial — SPRIselect Reagent:DNA Sample Ratios  
SPRI beads selectively bind DNA according to the ratio of SPRIselect reagent (beads).

 Example: Ratio = Volume of SPRIselect reagent added to the sample = 50 µl = 0.5X
   Volume of DNA sample  100 µl

 Tutorial — Double Sided Size Selection 
Step a – First SPRIselect: Add 50 µl SPRIselect reagent to 100 µl sample (0.5X).

 Ratio

 Step b – Second SPRIselect: Add 30 µl SPRIselect reagent to supernatant from step a (0.8X).

 Ratio

= Volume of SPRIselect reagent added to the sample = 50 µl = 0.5X
   Volume of DNA sample  100 µl

= Total Volume of SPRIselect reagent added to the sample (step a + b) = 50 µl + 30 µl  = 0.8X
       Original Volume of DNA sample  100 µl

1st SPRI 2nd SPRI

Decrease Decrease DecreaseIncrease Increase Increase
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1

Step 1

GEM Generation & Barcoding
1.1  Prepare Master Mix

1.2  Load Chromium Next GEM Chip G

1.3  Run the Chromium Controller

1.4  Transfer GEMs

1.5  GEM-RT Incubation
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1.0  
GEM Generation & 
Barcoding

GET STARTED!

Action Item 10x PN Preparation & Handling Storage

Equilibrate to 
Room 
Temperature

Chromium 
Next GEM 
Single Cell 5' 
Gel Bead v1.1

2000209 Equilibrate to room 
temperature 30 min 
before loading the chip. 

−80°C

RT Reagent B 2000165 Vortex, verify no 
precipitate, centrifuge 
briefly.

−20°C

Poly-dT RT Primer 2000007 Vortex, verify no 
precipitate, centrifuge 
briefly.

−20°C

Additive A 220074 Vortex, verify no 
precipitate, centrifuge 
briefly.

−20°C

Place on Ice RT Enzyme Mix B 2000010/
2000021

Centrifuge briefly before 
adding to the mix. 

−20°C

Obtain Partitioning Oil 2000190 - Ambient

Chromium 
Next GEM Chip G

2000177 - Ambient

10x Gasket 370017/
3000072

See Tips & Best Practices. Ambient

Chromium 
Next GEM 
Secondary Holder

3000332 See Tips & Best Practices. Ambient

10x Vortex Adapter 330002 See Tips & Best Practices. Ambient

50% glycerol 
solution 
If using <8 reactions

- See Tips & Best Practices. -

Step 1 GEM Generation & Barcoding

Firmware Version 4.0 or higher is 
required in the Chromium Controller or 
the Chromium Single Cell Controller used 
for the Single Cell V(D)J v1.1 protocols.

!
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a. Prepare Master Mix on ice. Pipette mix 15x and centrifuge briefly. 

Master Mix
Add reagents in the order listed

PN 1X (µl)
4X + 

10% (µl)
8X + 

10% (µl)

RT Reagent B 2000165 18.8 82.5 165.0

Poly-dT RT Primer 2000007 6.4 28.1 56.2

Additive A 220074 2.0 8.8 17.6

RT Enzyme Mix B
2000010/
2000021 10.0 44.0 88.0

Total - 37.2 163.4 326.8

b. Add 37.2 µl Master Mix into each tube of a PCR 8-tube strip on ice.

1.1  
Prepare Reaction Mix

Step 1 GEM Generation & Barcoding

Assembled Chip 

Assemble Chromium Next GEM Chip G

After removing the chip from the sealed 
bag, use the chip in ≤ 24 h. 

See Tips & Best Practices for chip handling 
instructions. 

• Align notch on the chip (upper left 
corner) and the holder.

• Insert the left-hand side of the chip 
under the guide. Depress the right-
hand side of the chip until the spring-
loaded clip engages.

• Close the lid before dispensing 
reagents into the wells.

• The assembled chip is ready for 
loading the indicated reagents. Refer 
to step 1.2 for reagent volumes and 
loading order.  

For GEM generation, load the indicated 
reagents only in the specified rows, 
starting from row labeled 1, followed 
by rows labeled 2 and 3.   DO NOT  load 
reagents in the bottom row labeled 
NO FILL.  See step 1.2 for details. 

! 3

2

Partitioning Oil

Master Mix + Sample

Gel Beads

1

Notch
Chromium Next GEM Chip G

Chromium Next GEM 
Secondary Holder

Guide

Notch

Clip

!

TIPS

NO FILL
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Step 1

Cell Suspension Volume Calculator Table  
(for step 1.2 of Chromium Next GEM Single Cell V(D)J v1.1 protocol)

Volume of Cell Suspension Stock per reaction (µl) | Volume of Nuclease-free Water per reaction (µl)

 

GEM Generation & Barcoding

Grey boxes:  Volumes that would exceed the allowable water volume in each reaction 
Yellow boxes: Indicate a low transfer volume that may result in higher cell load variability
Blue boxes: Optimal range of cell stock concentration to maximize the likelihood of achieving the desired cell recovery target

 Cell Stock
Concentration

(Cells/µl)

Targeted Cell Recovery

500 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

100
8.3 16.5 33.0

 n/a   n/a  n/a   n/a  n/a n/a  n/a   n/a
29.5 21.3 4.8

200
4.1 8.3 16.5 24.8 33.0

n/a  n/a  n/a  n/a  n/a n/a
33.7 29.5 21.3 13.0 4.8

300
2.8 5.5 11.0 16.5 22.0

 n/a  n/a  n/a  n/a n/a  n/a 
35.0 32.3 26.8 21.3 15.8

400
2.1 4.1 8.3 12.4 16.5 20.6 24.8 28.9 33.0

 n/a n/a
35.7 33.7 29.5 25.4 21.3 17.2 13.0 8.9 4.8

500
1.7 3.3 6.6 9.9 13.2 16.5 19.8 23.1 26.4 29.7 33.0

36.1 34.5 31.2 27.9 24.6 21.3 18.0 14.7 11.4 8.1 4.8

600
1.5 2.8 5.5 8.3 11.0 13.8 16.5 19.3 22.0 24.8 27.5

36.3 35.0 32.3 29.5 26.8 24.0 21.3 18.5 15.8 13.0 10.3

700
1.2 2.4 4.7 7.1 9.4 11.8 14.1 16.5 18.9 21.2 23.6

36.6 35.4 33.1 30.7 28.4 26.0 23.7 21.3 18.9 16.6 14.2

800
1.0 2.1 4.1 6.2 8.3 10.3 12.4 14.4 16.5 18.6 20.6

36.8 35.7 33.7 31.6 29.5 27.5 25.4 23.4 21.3 19.2 17.2

900
0.9 1.8 3.7 5.5 7.3 9.2 11.0 12.8 14.7 16.5 18.3

36.9 36.0 34.1 32.3 30.5 28.6 26.8 25.0 23.1 21.3 19.5

1000
0.8 1.7 3.3 5.0 6.6 8.3 9.9 11.6 13.2 14.8 16.5

37.0 36.1 34.5 32.8 31.2 29.5 27.9 26.2 24.6 23.0 21.3

1100
0.8 1.5 3.0 4.5 6.0 7.5 9.0 10.5 12.0 13.5 15.0

37.0 36.3 34.8 33.3 31.8 30.3 28.8 27.3 25.8 24.3 22.8

1200
0.7 1.4 2.8 4.1 5.5 6.9 8.3 9.6 11.0 12.4 13.8

37.1 36.4 35.0 33.7 32.3 30.9 29.5 28.2 26.8 25.4 24.0

1300
0.6 1.3 2.5 3.8 5.1 6.3 7.6 8.9 10.2 11.4 12.7

37.2 36.5 35.3 34.0 32.7 31.5 30.2 28.9 27.6 26.4 25.1

1400
0.6 1.2 2.4 3.5 4.7 5.9 7.1 8.3 9.4 10.6 11.8

37.2 36.6 35.4 34.3 33.1 31.9 30.7 29.5 28.4 27.2 26.0

1500
0.5 1.1 2.2 3.3 4.4 5.5 6.6 7.7 8.8 9.9 11.0

37.3 36.7 35.6 34.5 33.4 32.3 31.2 30.1 29.0 27.9 26.8

1600
0.5 1.0 2.1 3.1 4.1 5.2 6.2 7.2 8.3 9.3 10.3

37.3 36.8 35.7 34.7 33.7 32.6 31.6 30.6 29.5 28.5 27.5

1700
0.5 1.0 1.9 2.9 3.9 4.9 5.8 6.8 7.8 8.7 9.7

37.3 36.8 35.9 34.9 33.9 32.9 32.0 31.0 30.0 29.1 28.1

1800
0.5 0.9 1.8 2.8 3.7 4.6 5.5 6.4 7.3 8.3 9.2

37.3 36.9 36.0 35.0 34.1 33.2 32.3 31.4 30.5 29.5 28.6

1900
0.4 0.9 1.7 2.6 3.5 4.3 5.2 6.1 6.9 7.8 8.7

37.4 36.9 36.1 35.2 34.3 33.5 32.6 31.7 30.9 30.0 29.1

2000
0.4 0.8 1.7 2.5 3.3 4.1 5.0 5.8 6.6 7.4 8.3

37.4 37.0 36.1 35.3 34.5 33.7 32.8 32.0 31.2 30.4 29.5
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a. Dispense 50% Glycerol into Unused Chip Wells (if < 8 samples per chip)
i. 70 µl to unused wells in row labeled 1.
ii. 50 µl to unused wells in row labeled 2.
iii. 45 µl to unused wells in row labeled 3.

b. Prepare Master Mix + Cell Suspension 
Refer to the Cell Suspension Volume Calculator Table. Add the appropriate volume of nuclease-
free water and corresponding volume of single cell suspension to Master Mix for a total of 75 µl 
in each tube. Gently pipette mix the cells suspension before adding to the Master Mix.

c. Load Row Labeled 1 
Gently pipette mix the Master Mix + Cell Suspension and using the same pipette tip, dispense 
70 µl Master Mix + Cell Suspension into the bottom center of each well in row labeled 1 without 
introducing bubbles. 

d. Prepare Gel Beads 
Snap the tube strip holder with the Gel Bead strip into a 10x Vortex 
Adapter. Vortex 30 sec. Centrifuge the Gel Bead strip for ~5 sec. Confirm 
there are no bubbles at the bottom of the tubes and the liquid levels are 
even. Place the Gel Bead strip back in the holder. Secure the holder lid.

e. Load Row Labeled 2
Puncture the foil seal of the Gel Bead tubes. Slowly aspirate 50 µl Gel Beads. Dispense into 
the wells in row labeled 2 without introducing bubbles. Wait 30 sec. 

f. Load Row Labeled 3 
Dispense 45 µl Partitioning Oil into the wells in row labeled 3 from a reagent reservoir. 
Failure to add Partitioning Oil to the top row labeled 3 will prevent GEM generation and can 
damage the Chromium Controller. 

g. Attach 10x Gasket
Align the notch with the top left-hand corner. Ensure the gasket holes are aligned with the 
wells. Avoid touching the smooth surface. 

DO NOT add 50% glycerol solution to the bottom 
row of NO FILL wells. DO NOT use any substitute 
for 50% glycerol solution.

The illustrated chip is being loaded for 8 samples. 

1.2 
Load Chromium 
Next GEM Chip G

Step 2
Chip Assembly & Loading

After removing 
the chip from the sealed 
bag, use in ≤ 24 h. For all 
chip loading steps, raising 
and depressing the pipette 
plunger should each take 
~5 sec. When dispensing, 
raise the pipette tips at 
the same rate as the liquid 
is rising, keeping the tips 
slightly submerged.  

!

Attach the gasket 
and run the chip in the 
Chromium Controller 
immediately after loading 
the Partitioning Oil.  

!

Lid

Gel Bead Strip

Holder

70 µl Master Mix + 
Cell Suspension 1

NO FILL

50 µl Gel Beads 2

NO FILL

345 µl Partitioning Oil

NO FILL

3

2

Partitioning Oil

Master Mix + Sample

Gel Beads

1

Keep horizontal to avoid wetting the gasket. DO NOT press down on the gasket. 

NO FILL

Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 478 of 835 PageID #: 1963



Chromium Next GEM Single Cell V(D)J Reagent Kits v1.1 User Guide • Rev D 31Click to TOC

1.3  
Run the Chromium 
Controller

1.4  
Transfer GEMs

Step 1 GEM Generation & Barcoding

Expose Wells at 45 Degrees

Transfer GEMs

GEMs

a. Press the eject button on the Controller to 
eject the tray.

b. Place the assembled chip with the gasket 
in the tray, ensuring that the chip stays 
horizontal. Press the button to retract the tray. 

c. Confirm the Chromium Chip G program on 
screen. Press the play button.

d. At completion of the run (~18 min), the 
Controller will chime. Immediately proceed to 
the next step.

a. Place a tube strip on ice. 

b. Press the  eject button of the Controller and 
remove the chip.

c. Discard the gasket. Open the chip holder. Fold 
the lid back until it clicks to expose the wells at 
45 degrees.

d. Check the volume in rows labeled 1-2. 
Abnormally high volume in any well indicates 
a clog. 

e. Slowly aspirate 100 µl GEMs from the lowest 
points of the recovery wells in the top row 
labeled 3 without creating a seal between the 
pipette tips and the bottom of the wells. 

f. Withdraw pipette tips from the wells. GEMs 
should appear opaque and uniform across all 
channels. Excess Partitioning Oil (clear) in the 
pipette tips indicates a potential clog. 

g. Over the course of ~20 sec, dispense GEMs 
into the tube strip on ice with the pipette tips 
against the sidewalls of the tubes. 

h. If multiple chips are run back-to-back, cap/
cover the GEM-containing tube strip and place 
on ice for no more than 1 h. 

!

Firmware Version 4.0 or higher is required 
in the Chromium Controller or the 
Chromium Single Cell Controller used for 
the Single Cell V(D)J v1.1 protocol.

!
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 Use a thermal cycler that can accommodate at least 100 µl volume. A volume of 125 
µl is the preferred setting on Bio-Rad C1000 Touch. In alternate thermal cyclers, use 
highest reaction volume setting.

a. Incubate in a thermal cycler with the following protocol. 

Lid Temperature Reaction Volume Run Time

53°C 125 µl ~55 min

Step Temperature Time

1 53°C 00:45:00

2 85°C 00:05:00

3 4°C Hold

b. Store at 4°C for up to 72 h or at −20°C for up to a week, or proceed to the next step. STOP

1.5  
GEM-RT Incubation

Step 1 GEM Generation & Barcoding
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2

Step 2

Post GEM-RT Cleanup 
2.1  Post GEM-RT Cleanup – Dynabeads
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2.0  
Post GEM-RT Cleanup GET STARTED!

Action Item 10x PN Preparation & Handling Storage

Equilibrate to 
Room 
Temperature

Additive A 220074 Thaw, vortex, verify no 
precipitate, centrifuge 
briefly.

−20°C

Dynabeads MyOne 
SILANE

2000048 Vortex thoroughly 
(≥30 sec) immediately 
before adding to the mix. 
If still clumpy, pipette mix 
to resuspend completely. 
DO NOT centrifuge before 
use. 

4°C

Thaw at 65°C Buffer Sample 
Clean Up 1

220020 Thaw for 10 min at 
65°C at max speed on a 
thermomixer. Verify there 
are no visible crystals. 
Cool to room temperature.

−20°C

Obtain Recovery Agent 220016 - Ambient

Qiagen Buffer EB - Manufacturer’s 
recommendations.

-

Bio-Rad 10% 
Tween 20

- Manufacturer’s 
recommendations.

-

10x Magnetic 
Separator 

230003 - Ambient

Prepare 
80% Ethanol
Prepare 15 ml for 8 
reactions.

- Prepare fresh. -

Step 2 Post GEM-RT Cleanup 
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a. Add 125 µl Recovery Agent to each 
sample (post GEM-RT incubation) at room 
temperature. DO NOT pipette mix or vortex 
the biphasic mixture. Wait 2 min. 
 
The resulting biphasic mixture contains 
Recovery Agent/Partitioning Oil (pink) and 
aqueous phase (clear), with no persisting 
emulsion (opaque). 

A smaller aqueous phase volume indicates a 
clog during GEM generation. 

b. Slowly remove and discard 125 µl Recovery 
Agent/Partitioning Oil (pink) from the bottom 
of the tube. DO NOT aspirate any aqueous 
sample. 

c. Prepare Dynabeads Cleanup Mix. 

!

2.1  
Post GEM-RT Cleanup – 
Dynabeads

Dynabeads Cleanup Mix
Add reagents in the order listed

PN 1X (µl)
4X + 

10% (µl)
8X + 

10% (µl)

Nuclease-free Water 5 22 44

Buffer Sample Clean Up 1 220020 182 801 1602

Dynabeads MyOne SILANE
Vortex thoroughly (≥30 sec) 
immediately before adding to the mix. 

Aspirate the full liquid volume with a 
pipette tip to verify that the beads have 
not settled in the bottom of the tube. 
If clumps are present, pipette mix to 
resuspend completely.  
DO NOT centrifuge before use.

2000048 8 35 70

Additive A 220074 5 22 44

Total - 200 880 1760

!

d. Vortex and add 200 µl to each sample. 
Pipette mix 5x (pipette set to 200 µl).

e. Incubate 10 min at room temperature. 

Step 2 Post GEM–RT Cleanup

Biphasic Mixture

Remove Recovery Agent

Add Dynabeads Cleanup Mix

Resuspend 
clump

 

If biphasic separation is incomplete: 
Firmly secure the cap on the tube strip, ensuring that no liquid is trapped between the cap 
and the tube rim. Mix by inverting the capped tube strip 5x, centrifuge briefly, and proceed 
to step b. DO NOT invert without firmly securing the caps. 
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f.  Prepare Elution Solution I. Vortex and centrifuge briefly.

Elution Solution I
Add reagents in the order listed

PN 1X (µl)
10X 
(µl)

Buffer EB - 98 980

10% Tween 20 - 1 10

Additive A 220074 1 10

Total - 100 1000

g. At the end of 10 min incubation, place on a 10x Magnetic Separator•High position 
(magnet•High) until the solution clears.

 A  white interface between the aqueous phase and Recovery Agent is normal. 

h. Remove the supernatant.

i. Add 300 µl 80% ethanol to the pellet while on the magnet. Wait 30 sec. 

j. Remove the ethanol. 

k. Add 200 µl 80% ethanol to pellet. Wait 30 sec. 

l. Remove the ethanol.

m. Centrifuge briefly. Place on the magnet•Low.

n. Remove remaining ethanol. Air dry for 2 min.

o. Remove from the magnet. Immediately add 35.5 µl Elution Solution I.

p. Pipette mix (pipette set to 30 µl) without introducing bubbles. Pipette mix 15x. If beads 
still appear clumpy, continue pipette mixing until fully resuspended.

q. Incubate 1 min at room temperature.

r. Place on the magnet•Low until the solution clears.

s. Transfer 35 µl sample to a new tube strip. 

 

Step 2 Post GEM–RT Cleanup
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3

Step 3

cDNA Amplification & QC
3.1  cDNA Amplification

3.2  cDNA Cleanup – SPRIselect

3.3  cDNA QC & Quantification 

Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 485 of 835 PageID #: 1970



Chromium Next GEM Single Cell V(D)J Reagent Kits v1.1 User Guide • Rev D 38Click to TOC

cDNA Amplification & QC

3.0  
cDNA Amplification & QC GET STARTED!

Action Item 10x PN Preparation & Handling Storage

Equilibrate to 
Room 
Temperature

cDNA Additive 220067 Vortex, centrifuge briefly. −20°C

cDNA Primer Mix 220106 Vortex, centrifuge briefly. −20°C

Beckman Coulter 
SPRIselect 
Reagent

- Manufacturer’s 
recommendations.

-

Agilent 
Bioanalyzer High 
Sensitivity Kit
If used for QC and 
quantification

- Manufacturer’s 
recommendations.

-

Agilent 
TapeStation 
ScreenTape and 
Reagents 
If used for QC and 
quantification

- Manufacturer’s 
recommendations.

-

Qubit dsDNA HS 
Assay Kit
If used for 
quantification

- Manufacturer’s 
recommendations.

-

Place on ice Amplification 
Master Mix

220125 Vortex, centrifuge briefly. −20°C

Obtain Qiagen Buffer EB - Manufacturer’s 
recommendations.

-

10x Magnetic 
Separator

230003 - Ambient

Prepare 80% 
Ethanol
Prepare 15 ml for 8 
samples

- Prepare fresh. -

Step 3
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a. Prepare cDNA Amplification Mix on ice. Vortex and centrifuge briefly.

cDNA Amplification  Mix
Add reagents in the order listed

PN 1X (µl)
4X + 

10% (µl)
8X + 

10% (µl)

Nuclease-free Water - 8 35 70

Amplification Master Mix 220125 50 220 440

cDNA Additive 220067 5 22 44

cDNA Primer Mix 220106 2 9 18

Total - 65 286 572

b. Add 65 µl cDNA Amplification Mix to 35 µl sample (Post GEM-RT Cleanup).

c. Pipette mix 5x (pipette set to 90 µl). Centrifuge briefly.

d. Incubate in a thermal cycler with the following protocol. 

Lid Temperature Reaction Volume Run Time

105°C 100 µl ~25-50 min

Step Temperature Time

1 98°C 00:00:45

2 98°C 00:00:20

3 67°C 00:00:30

4 72°C 00:01:00

5 Go to Step 2, see table below for total # of cycles

6 72°C 00:01:00

7 4°C Hold

            

Targeted Cell 
Recovery

Primary Cells
Total Cycles

Cell Lines
Total Cycles

100 – 500 18 16

501 – 2,000 16 14

2,001 – 6,000 14 12

6,001 – 10,000 13 11

e. Store at 4°C for up to 72 h or proceed to the next step. 

3.1  
cDNA Amplification

Step 3 cDNA Amplification & QC

 The optimal number of cycles is 
a trade-off between generating 
sufficient final mass for library 
construction and minimizing 
PCR amplification artifacts. Cycle 
numbers were optimized assuming 
that sample includes >80% T or B 
cells. If testing cells types with a 
known fraction of T and/or B cells, 
adjust cycle number based on 
that fraction to generate sufficient 
product. See Tips and Best 
Practices for examples.

TIPS

STOP

 Recommended starting point for cycle number optimization.
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3.2  
cDNA Cleanup – 
SPRIselect

a. Vortex to resuspend the SPRIselect reagent. Add 60 µl SPRIselect reagent (0.6X) to 
each sample and pipette mix 15x (pipette set to 150 µl).

b. Incubate 5 min at room temperature.

c. Place on the magnet•High until the solution clears. 

d. Remove the supernatant.

e. Add 200 µl 80% ethanol to the pellet. Wait 30 sec.

f. Remove the ethanol. 

g. Repeat steps e and f for a total of 2 washes. 

h. Centrifuge briefly and place on the magnet•Low. 

i. Remove any remaining ethanol. Air dry for 2 min.

j. Remove from the magnet. Add 45.5 µl Buffer EB. Pipette mix 15x.

k. Incubate 2 min at room temperature.

l. Place the tube strip on the magnet•High until the solution clears.

m. Transfer 45 µl sample to a new tube strip.

n. Store at 4°C for up to 72 h or at −20°C for up to a week, or proceed to the next step.STOP

Step 3 cDNA Amplification & QC
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a. Run 1 µl undiluted sample (Dilution Factor 1) on an Agilent Bioanalyzer High 
Sensitivity chip. 

b. If proceeding to 5ʹ GEX Library Construction (step 6), determine cDNA yield for each 
sample. Example calculation below. 

3.3  
cDNA QC & Quantification

Step 3 cDNA Amplification & QC

EXAMPLE CALCULATION

i. Select Region
Under the “Electropherogram” view choose the 
“Region Table”. Manually select the region of 
~200 – ~9000 bp

iii. Calculate
Concentration: 3040.32 pg/µl
Dilution Factor: 1

cDNA Conc. =  

Example Calculation for Carrying Forward 
50 ng Sample for 5ʹ GEX Library Construction

Volume for 50 ng = 

5ʹ GEX Library Construction Sample 
=16.7 µl + 3.3 µl nuclease-free water  
= 20 µl total

If <50 ng available, carry forward 20 
µl sample (2-50 ng) into 5ʹ GEX Library 
Construction. 

DO NOT exceed a mass of 50 ng in 
the 20 µl carry forward volume. 

ii. Note Concentration [pg/µl]

 Alternate Quantification Methods:

• Agilent TapeStation. See Appendix for representative traces

• Qubit Fluorometer and Qubit dsDNA HS Assay Kit.

50 ng =  16.7 µl
3 (ng/µl)  

!

Conc. (pg/µl) x Dilution Factor = 3040.32 x 1 = 3 ng/µl
  1000 (pg/ng)            1000

For 5ʹ  Gene Expression Library 
Construction proceed directly to 
step 6 after step 3.3. 

!

Representative Trace for PBMCs
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4

Step 4

Target Enrichment from cDNA
4.1  Target Enrichment 1 

4.2  Post Target Enrichment 1 Cleanup – SPRIselect

4.3  Target Enrichment 2 

4.4  Post Target Enrichment 2 Double Sided Size Selection –  
  SPRIselect

4.5  Post Target Enrichment QC & Quantification
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4.0  
Target Enrichment from 
cDNA

Step 4 Target Enrichment from cDNA

GET STARTED!

Action Item 10x PN Preparation & Handling Storage

Equilibrate to 
Room 
Temperature

For Human Samples (Choose B or T-cell primers based on desired enrichment products)

Human T Cell Mix 1 2000008 Vortex, centrifuge briefly. −20°C

Human T Cell Mix 2 2000009 Vortex, centrifuge briefly. −20°C

Human B Cell Mix 1 2000035 Vortex, centrifuge briefly. −20°C

Human B Cell Mix 2 2000036 Vortex, centrifuge briefly. −20°C

For Mouse Samples (Choose B or T-cell primers based on desired enrichment products)

Mouse T Cell Mix 1 2000075 Vortex, centrifuge briefly. −20°C

Mouse T Cell Mix 2 2000079 Vortex, centrifuge briefly. −20°C

Mouse B Cell Mix 1 2000080 Vortex, centrifuge briefly. −20°C

Mouse B Cell Mix 2 2000081 Vortex, centrifuge briefly. −20°C

For all Samples

cDNA Additive 220067 Vortex, centrifuge briefly. −20°C

Beckman Coulter 
SPRIselect Reagent

- Manufacturer’s 
recommendations.

-

Agilent Bioanalyzer 
High Sensitivity Kit
If used for QC and 
quantification

- Manufacturer’s 
recommendations.

-

Agilent TapeStation 
ScreenTape and 
Reagents
If used for QC and 
quantification

- Manufacturer’s 
recommendations.

-

Qubit dsDNA HS 
Assay Kit
If used for quantification

- Manufacturer’s 
recommendations.

-

Place on Ice Amplification 
Master Mix

220125 Vortex, centrifuge briefly. −20°C

Obtain Qiagen Buffer EB - - Ambient

10x Magnetic 
Separator

230003 See Tips & Best Practices. Ambient

Prepare 80% 
Ethanol
Prepare 15 ml for 8 
reactions

- See Tips & Best Practices. Ambient
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a. Add 33 µl nuclease-free water into a tube strip on ice and then transfer 2 µl sample 
(post cDNA Amplification & QC, step 3.3) to the same tube for a total of 35 µl.

b. Prepare Target Enrichment 1 Reaction Mix on ice. Vortex and centrifuge briefly. 

Target Enrichment 1 Reaction Mix
Add reagents in the order listed

PN 1X (µl) 4X + 
10% (µl)

8X + 
10% (µl)

Nuclease-free Water - 5 22 44

Amplification Master Mix 220125 50 220 440

cDNA Additive 220067 5 22 44

T Cell Mix 1

or

B Cell Mix 1

Human 2000008/
Mouse 2000075

or
Human 2000035/
Mouse 2000080

5 22 44

Total - 65 286 572

c. Add 65 µl Target Enrichment 1 Reaction Mix to each tube containing 35 µl sample.

d. Pipette mix 5x (pipette set to 90 µl). Centrifuge briefly.

e. Incubate in a thermal cycler with the following protocol. 

Lid Temperature Reaction Volume Run Time

105°C 100 µl ~20-30 min

Step Temperature Time

1 98°C 00:00:45

2 98°C 00:00:20

3 67°C 00:00:30

4 72°C 00:01:00

5
Different cycle numbers for T & B cells

T Cell: Go to Step 2, 9x (total 10 cycles)
B Cell: Go to Step 2, 5x (total 6 cycles)

6 72°C 00:01:00

7 4°C Hold

f. Store at 4°C for up to 72 h or proceed to the next step.

!

STOP

4.1  
Target Enrichment 1

Step 4 Target Enrichment from cDNA
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a. Vortex to resuspend the SPRIselect reagent. Add 80 µl SPRIselect reagent (0.8X) to 
each sample. Pipette mix 15x (pipette set to 150 µl).

b. Incubate 5 min at room temperature.

c. Place tube strip on the magnet•High until the solution clears.

d. Remove the supernatant.

e. Add 200 µl 80% ethanol to the pellet. Wait 30 sec.

f. Remove the ethanol. 

g. Repeat steps e and f for a total of 2 washes. 

h. Centrifuge briefly. Place on the magnet•Low. 

i. Remove remaining ethanol. Air dry for 2 min.

j. Remove from the magnet. Add 35.5 µl Buffer EB. Pipette mix 15x.

k. Incubate 2 min at room temperature.

l. Place on the magnet•Low until the solution clears.

m. Transfer 35 µl sample to a new tube strip.

n. Store at 4°C in for up to 72 h or at −20°C for up to a week, or proceed to the next step.

4.2  
Post Target Enrichment 1 
Cleanup – SPRIselect

Step 4 Target Enrichment from cDNA

STOP
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a. Prepare Target Enrichment 2 Reaction Mix on ice. Vortex and centrifuge briefly. 

Target Enrichment 2 Reaction 
Mix
Add reagents in the order listed

PN 1X (µl) 4X + 
10% (µl)

8X + 
10% (µl)

Nuclease-free Water - 5 22 44

Amplification Master Mix 220125 50 220 440

cDNA Additive 220067 5 22 44

T Cell Mix 2

or

B Cell Mix 2

Human 2000009/
Mouse 2000079

or
Human 2000036/
Mouse 2000081

5 22 44

Total - 65 286 572

c. Add 65 µl Target Enrichment 2 Reaction Mix to each tube containing 35 µl sample.

d. Pipette mix 5x (pipette set to 90 µl). Centrifuge briefly.

e. Incubate in a thermal cycler with the following protocol. 

Lid Temperature Reaction Volume Run Time

105°C 100 µl ~25-30 min

Step Temperature Time

1 98°C 00:00:45

2 98°C 00:00:20

3 67°C 00:00:30

4 72°C 00:01:00

5
Different cycle numbers for T & B cells

T Cell: Go to Step 2, 9x (total 10 cycles)
B Cell: Go to Step 2, 7x (total 8 cycles)

6 72°C 00:01:00

7 4°C Hold

f. Store at 4°C for up to 72 h or proceed to the next step.

!

STOP

4.3  
Target Enrichment 2

Step 4 Target Enrichment from cDNA
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a. Vortex to resuspend SPRIselect reagent. Add 50 µl SPRIselect reagent (0.5X) to each 
sample. Pipette mix 15x (pipette set to 145 µl). 

b. Incubate 5 min at room temperature.

c. Place on the magnet•High until the solution clears. DO NOT discard supernatant.

d. Transfer 145 µl supernatant to a new tube strip.

e. Vortex to resuspend SPRIselect reagent. Add 30 µl SPRIselect reagent (0.8X) to each 
sample. Pipette mix 15x (pipette set to 150 µl).

f. Incubate 5 min at room temperature.

g. Place on the magnet•High until the solution clears.

h. Remove 170 µl supernatant. DO NOT discard any beads. 

i. Add 200 µl 80% ethanol. Wait 30 sec. 

j. Remove the ethanol.

k. Repeat steps i and j for a total of 2 washes.

l. Centrifuge briefly. Place on the magnet•Low.  

m.  Remove remaining ethanol wash. DO NOT over-dry beads to ensure maximum 
elution efficiency. 

n. Remove from the magnet. Add 45.5 µl Buffer EB. Pipette mix 15x.

o. Incubate 2 min at room temperature.

p. Place on the magnet•Low until the solution clears.

q. Transfer 45 µl sample to a new tube strip. 

r. Store at 4°C for up to 72 h or at −20°C for up to 1 week, or proceed to the next step.STOP

4.4  
Post Target Enrichment 2 
Double Sided Size 
Selection – SPRIselect

Step 4 Target Enrichment from cDNA

Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 495 of 835 PageID #: 1980



Chromium Next GEM Single Cell V(D)J Reagent Kits v1.1 User Guide • Rev D 48Click to TOC

4.5  
Post Target Enrichment 
QC & Quantification

a. Run 1 µl sample at 1:5 dilution (Dilution Factor 5) on an Agilent Bioanalyzer High 
Sensitivity chip. 

Samples of RNA-rich cells may require additional dilution in nuclease-free water. The number of distinct peaks may 
vary. Higher molecular weight product (2,000- 9,000 bp) may be present. This does not affect sequencing.

b. Determine yield for each sample. Example calculation below.

Step 4

EXAMPLE CALCULATION

i. Select Region
Under the “Electropherogram” view choose the 
“Region Table”. Manually select the region of 
~200 – ~9000 bp.

 iii. Calculate
Concentration: 5195.81 pg/µl
Dilution Factor: 5

Enriched Product Conc. 

Example Calculation for Carrying Forward 
50 ng Sample for Enriched Library Construction

Volume for 50 ng = 

Enriched Library Construction Sample  
 =1.9 µl + 18.1 µl nuclease-free water
 =20 µl total

If <50 ng available, carry forward 20 µl sample 
(2-50 ng) into Enriched Library Construction.

DO NOT exceed a mass of 50 ng in 
the 20 µl carry forward volume. 

ii. Note Concentration [pg/µl]

 Alternate Quantification Methods:

• Qubit Fluorometer and Qubit dsDNA HS Assay Kit.

50 ng =  16.7 µl
3 (ng/µl)  

50 ng =  1.9 µl
26 (ng/µl)  

!

Conc. (pg/µl) x Dilution Factor = 5195.81 x 5 = 26 ng/µl
  1000 (pg/ng)            1000

Target Enrichment from cDNA

Representative Trace - PBMCs enriched for TCR Representative Trace - PBMCs enriched for Ig
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5

Step 5

Enriched Library Construction
5.1  Fragmentation, End Repair & A-tailing

5.2  Adaptor Ligation

5.3  Post Ligation Cleanup – SPRIselect

5.4  Sample Index PCR

5.5  Post Sample Index PCR Cleanup – SPRIselect

5.6  Post Library Construction QC
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5.0  
Enriched Library 
Construction

GET STARTED!

Action Item 10x PN Preparation & Handling Storage

Equilibrate to 
Room 
Temperature

Fragmentation 
Buffer

220108 Thaw, vortex, verify no 
precipitate, centrifuge 
briefly.

−20°C

Adaptor Mix 220026 Vortex, centrifuge briefly. −20°C

Ligation Buffer 220109 Thaw, vortex, verify no 
precipitate, centrifuge 
briefly.

−20°C

SI-PCR Primer 220111 Vortex, centrifuge briefly. −20°C

Chromium i7 
Sample Index Plate

220103 - −20°C

Beckman Coulter 
SPRIselect Reagent

- Manufacturer’s 
recommendations.

-

Agilent 
Bioanalyzer High 
Sensitivity Kit 
If used for QC

- Manufacturer’s 
recommendations.

-

Agilent TapeStation 
ScreenTape and 
Reagents
If used for QC

- Manufacturer’s 
recommendations.

-

Place on Ice Fragmentation 
Enzyme  Blend

220107/
220130

Centrifuge briefly. −20°C

DNA Ligase 220110/
220131

Centrifuge briefly. −20°C

Amplification 
Master Mix

220125 Vortex, centrifuge briefly. −20°C

Obtain Qiagen Buffer EB - - Ambient

10x Magnetic 
Separator

230003 See Tips & Best Practices. Ambient

Prepare 
80% Ethanol 
Prepare 15 ml 
for 8 reactions 

- Prepare fresh. Ambient

Step 5 Enriched Library Construction
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a. Determine the volume for 50 ng mass of sample (see example calculation at step 4.5). 
Dispense the sample volume in a tube strip on ice. If the volume required for 50  ng 
is less than 20 µl, adjust the total volume of each sample to 20 µl with nuclease-free 
water. If the volume for 50 ng exceeds 20 µl, carry only 20 µl sample into library 
construction.

b. Prepare a thermal cycler with the following incubation protocol. 

Lid Temperature Reaction Volume Run Time

65°C 50 µl ~35 min

Step Temperature Time

Pre-cool block
Pre-cool block prior to preparing 

the Fragmentation Mix

4°C Hold

Fragmentation 32°C 00:02:00

End Repair & A-tailing 65°C 00:30:00

Hold 4°C Hold

c. Vortex Fragmentation Buffer. Verify there is no precipitate.

d. Prepare Fragmentation Mix on ice. Pipette mix and centrifuge briefly. 

Fragmentation Mix
Add reagents in the order listed

PN 1X (µl) 4X + 
10% (µl)

8X + 
10% (µl)

Nuclease-free Water - 15 66 132

Fragmentation Buffer 220108 5 22 44

Fragmentation Enzyme  Blend 220107/
220130

10 44 88

Total - 30 132 264

e. Add 30 µl Fragmentation Mix into each tube containing 20 µl sample. 

f. Pipette mix 15x (pipette set to 30 µl) on ice. Centrifuge briefly.

g. Transfer into the pre-cooled thermal cycler (4°C) and press “SKIP” to initiate the 
protocol.

!

5.1  
Fragmentation,  
End Repair & A-tailing

Step 5 Enriched Library Construction
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a. Prepare Adaptor Ligation Mix. Pipette mix and centrifuge briefly.

Adaptor Ligation Mix
Add reagents in the order listed

PN 1X (µl)
4X + 

10% (µl)
8X + 

10% (µl)

Nuclease-free Water - 17.5 77 154

Ligation Buffer 220109 20 88 176

DNA Ligase 220110/
220131

10 44 88

Adaptor Mix 220026 2.5 11 22

Total - 50 220 440

b. Remove the sample from the thermal cycler.

c. Add 50 µl Adaptor Ligation Mix to 50 µl sample. Pipette mix 15x (pipette set to 90 µl). 
Centrifuge briefly.

d. Incubate in a thermal cycler with the following protocol.

Lid Temperature Reaction Volume Run Time

30°C 100 µl 15 min

Step Temperature Time

1 20°C 00:15:00 

2 4°C Hold

5.2  
Adaptor Ligation

Step 5 Enriched Library Construction
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a. Vortex to resuspend SPRIselect Reagent. Add 80 µl SPRIselect Reagent (0.8X) to each  
 sample. Pipette mix 15x (pipette set to 150 µl).

b. Incubate 5 min at room temperature.

c. Place on the magnet•High until the solution clears.

d. Remove the supernatant.

e. Add 200 µl 80% ethanol to the pellet. Wait 30 sec.

f. Remove the ethanol. 

g. Repeat steps e and f for a total of 2 washes. 

h. Centrifuge briefly. Place on the magnet•Low. 

i. Remove any remaining ethanol. Air dry for 2 min.

j. Remove from the magnet. Add 30.5 µl Buffer EB. Pipette mix 15x. If beads still 
 appear clumpy, continue pipette mixing until fully resuspended.

k. Incubate 2 min at room temperature.

l. Place on the magnet•Low until the solution clears.

m. Transfer 30 µl sample to a new tube strip.

5.3  
Post Ligation Cleanup – 
SPRIselect

Step 5 Enriched Library Construction
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a. Choose the appropriate sample index sets to ensure that no sample indices overlap in 
a multiplexed sequencing run. 
Record the 10x Sample Index name (PN-220103 Chromium i7 Sample Index Plate well 
ID) used.

b. Prepare Sample Index PCR Mix. 

Sample Index PCR Mix
Add reagents in the order listed

PN 1X (µl)
4X + 

10% (µl)
8X + 

10% (µl)

Nuclease-free Water - 8 35 70

Amplification Master Mix 220125 50 220 440

SI-PCR Primer 220111 2 9 18

Total - 60 264 528

c. Add 60 µl Sample Index PCR Mix to 30 µl sample.

d. Add 10 µl of an individual Chromium i7 Sample Index to each well and record the well 
ID. Pipette mix 5x (pipette set to 90 µl). Centrifuge briefly.

e. Incubate in a thermal cycler with the following protocol.

Lid Temperature Reaction Volume Run Time

105°C 100 µl ~30 min

Step Temperature Time

1 98°C 00:00:45

2 98°C 00:00:20

3 54°C 00:00:30

4 72°C 00:00:20

5 Go to step 2, 8x (total 9 cycles)

6 72°C 00:01:00

7 4°C Hold

f. Store at 4°C for up to 72 h or proceed to the next step.

!

STOP

5.4  
Sample Index PCR

Step 5 Enriched Library Construction
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a. Vortex to resuspend the SPRIselect reagent. Add 80 µl SPRIselect Reagent (0.8X) to  
 each sample. Pipette mix 15x (pipette set to 150 µl). 

b. Incubate 5 min at room temperature.

c. Place the magnet•High until the solution clears.

d. Remove the supernatant.

e. Add 200 µl 80% ethanol to the pellet. Wait 30 sec. 

f. Remove the ethanol.

g. Repeat steps e and f for a total of 2 washes.

h. Centrifuge briefly. Place on the magnet•Low. 

i. Remove remaining ethanol. Air dry for 2 min.

j. Remove from the magnet. Add 35.5 µl Buffer EB. Pipette mix 15x.

k. Incubate 2 min at room temperature.

l. Place on the magnet•Low until the solution clears.

m. Transfer 35 µl to a new tube strip.

n. Store at 4°C for up to 72 h or at −20°C for long-term storage. STOP

5.5  
Post Sample Index PCR 
Cleanup – SPRIselect

Step 5 Enriched Library Construction
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a. Run 1 µl sample at 1:10 dilution on an Agilent Bioanalyzer High Sensitivity chip. 5.6  
Post Library Construction 
QC

Step 5 Enriched Library Construction

b. Determine the average fragment size from the trace. This will be used as the insert 
size for library quantification.

Alternate QC Method:

• Agilent TapeStation. See Appendix for representative traces

Representative Trace - PBMCs enriched for TCR Representative Trace - PBMCs enriched for Ig

See Appendix for Post Library Construction Quantification
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6

Step 6

5' Gene Expression (GEX) Library 
Construction
6.1  GEX Fragmentation, End Repair & A-tailing

6.2  GEX Post Fragmentation, End Repair & A-tailing   
  Double Sided Size Selection – SPRIselect

6.3  GEX Adaptor Ligation

6.4  GEX Post Ligation Cleanup – SPRIselect 

6.5  GEX Sample Index PCR

6.6  GEX Post Sample Index Double Sided      
  Size Selection – SPRIselect

6.7  GEX Post Library Construction QC
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6.0  
5' Gene Expression 
(GEX) Library 
Construction

GET STARTED!

Action Item 10x PN Preparation & Handling Storage

Equilibrate to 
Room 
Temperature

Fragmentation 
Buffer

220108 Thaw, vortex, verify no 
precipitate, centrifuge 
briefly.

−20°C

Adaptor Mix 220026 Vortex, centrifuge briefly. −20°C

Ligation Buffer 220109 Thaw, vortex, verify no 
precipitate, centrifuge 
briefly.

−20°C

SI-PCR Primer 220111 Vortex, centrifuge briefly. −20°C

Chromium i7 
Sample Index 
Plate

220103 - −20°C

Beckman Coulter 
SPRIselect 
Reagent

- Manufacturer’s 
recommendations.

-

Agilent 
Bioanalyzer DNA 
1000 kit 
If used for QC

- Manufacturer’s 
recommendations.

-

Agilent 
TapeStation 
ScreenTape and 
Reagents
If used for QC

- Manufacturer’s 
recommendations.

-

Place on Ice Fragmentation 
Enzyme  Blend

220107/
220130

Centrifuge briefly. −20°C

DNA Ligase 220110/
220131

Centrifuge briefly. −20°C

Amplification 
Master Mix

220125 Vortex, centrifuge briefly. −20°C

Obtain Qiagen Buffer EB - - Ambient

10x Magnetic 
Separator

230003 See Tips & Best Practices. Ambient

Prepare 
80% Ethanol 
Prepare 15 ml 
for 8 reactions 

- Prepare fresh. Ambient

Step 6 5ʹ Gene Expression (GEX) Library Construction

Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 506 of 835 PageID #: 1991



Chromium Next GEM Single Cell V(D)J Reagent Kits v1.1 User Guide • Rev D 59Click to TOC

a. Determine the volume for 50 ng mass of sample (see example calculation at step 
3.3). Dispense the sample volume in a tube strip on ice. If the volume required for 50 
ng is less than 20 µl, adjust the total volume of each sample to 20 µl with nuclease-
free water. If the volume for 50 ng exceeds 20 µl, carry only 20 µl sample into library 
construction.

b. Prepare a thermal cycler with the following incubation protocol. 

Lid Temperature Reaction Volume Run Time

65°C 50 µl ~35 min

Step Temperature Time

Pre-cool block
Pre-cool block prior to preparing 

the Fragmentation Mix

4°C Hold

Fragmentation 32°C 00:05:00

End Repair & A-tailing 65°C 00:30:00

Hold 4°C Hold

c. Vortex Fragmentation Buffer. Verify there is no precipitate.

d. Prepare Fragmentation Mix on ice. Pipette mix and centrifuge briefly. 

Fragmentation Mix
Add reagents in the order listed

PN 1X (µl) 4X + 
10% (µl)

8X + 
10% (µl)

Nuclease-free Water - 15 66 132

Fragmentation Buffer 220108 5 22 44

Fragmentation Enzyme Blend 220107/
220130

10 44 88

Total - 30 132 264

e. Add 30 µl Fragmentation Mix into each tube containing 20 µl sample. 

f. Pipette mix 15x (pipette set to 30 µl) on ice. Centrifuge briefly.

g. Transfer into the pre-cooled thermal cycler (4°C) and press “SKIP” to initiate the 
protocol.

6.1  
GEX Fragmentation,  
End Repair & A-tailing

Step 6 5ʹ Gene Expression (GEX) Library Construction
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a. Vortex to resuspend SPRIselect Reagent. Add 30 µl SPRIselect Reagent (0.6X) to each  
 sample. Pipette mix 15x (pipette set to 75 µl).

b. Incubate 5 min at room temperature.

c. Place on the magnet•High until the solution clears. DO NOT discard supernatent. 

d. Transfer 75 µl supernatant to a new tube strip. 

e. Add 10 µl SPRIselect reagent (0.8X) to each sample. Pipette mix 15x (pipette set to  
 75 µl).

f. Incubate 5 min at room temperature.

g. Place on the magnet•High until the solution clears.

h. Remove 80 µl supernatant. DO NOT discard any beads.

i. With the tube strip still on the magnet, add 125 µl 80% ethanol to the pellet. Wait  
 30 sec. 

j. Remove the ethanol.

k. Repeat steps i and j for a total of 2 washes.

l. Centrifuge briefly. Place on the magnet •Low. 

m. Remove the ethanol. DO NOT over-dry beads to ensure maximum elution efficiency.

n. Remove from the magnet. Add 50.5 µl Buffer EB. Pipette mix 15x.

o. Incubate 2 min at room temperature.

p. Place on the magnet•High until the solution clears.

q. Transfer 50 µl sample to a new tube strip.

6.2  
GEX Post Fragmentation, 
End Repair & A-tailing 
Double Sided Size 
Selection – SPRIselect

Step 6 5ʹ Gene Expression (GEX) Library Construction
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a. Prepare Adaptor Ligation Mix. Pipette mix and centrifuge briefly.

Adaptor Ligation Mix
Add reagents in the order listed

PN 1X (µl)
4X + 

10% (µl)
8X + 

10% (µl)

Nuclease-free Water - 17.5 77 154

Ligation Buffer 220109 20 88 176

DNA Ligase 220110/
220131

10 44 88

Adaptor Mix 220026 2.5 11 22

Total - 50 220 440

b. Add 50 µl Adaptor Ligation Mix to 50 µl sample. Pipette mix 15x (pipette set to 90 µl). 
Centrifuge briefly.

c. Incubate in a thermal cycler with the following protocol.

Lid Temperature Reaction Volume Run Time

30°C 100 µl 15 min

Step Temperature Time

1 20°C 00:15:00 

2 4°C Hold

6.3  
GEX Adaptor Ligation

Step 6 5ʹ Gene Expression (GEX) Library Construction
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a. Vortex to resuspend SPRIselect Reagent. Add 80 µl SPRIselect Reagent (0.8X) to each 
 sample. Pipette mix 15x (pipette set to 150 µl).

b. Incubate 5 min at room temperature.

c. Place on the magnet•High until the solution clears.

d. Remove the supernatant.

e. Add 200 µl 80% ethanol to the pellet. Wait 30 sec.

f. Remove the ethanol. 

g. Repeat steps e and f for a total of 2 washes. 

h. Centrifuge briefly. Place on the magnet•Low. 

i. Remove any remaining ethanol. Air dry for 2 min.

j. Remove from the magnet. Add 30.5 µl Buffer EB. Pipette mix 15x.

k. Incubate 2 min at room temperature.

l. Place on the magnet•Low until the solution clears.

m. Transfer 30 µl sample to a new tube strip.

6.4  
GEX Post 
Ligation Cleanup – 
SPRIselect

Step 6 5ʹ Gene Expression (GEX) Library Construction
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a. Choose the appropriate sample index sets to ensure that no sample indices overlap in 
a multiplexed sequencing run.

b. Record the 10x Sample Index name (PN-220103 Chromium i7 Sample Index Plate well 
ID) used, especially if running more than one sample.

c. Prepare Sample Index PCR Mix.  Pipette mix and centrifuge briefly.

Sample Index PCR Mix
Add reagents in the order listed

PN 1X (µl)
4X + 

10% (µl)
8X + 

10% (µl)

Nuclease-free Water - 8 35 70

Amplification Master Mix 220125 50 220 440

SI-PCR Primer 220111 2 9 18

Total - 60 264 528

d. Add 60 µl Sample Index PCR Mix to 30 µl sample.

e. Add 10 µl of an individual Chromium i7 Sample Index to each well and record their 
assignment. Pipette mix 5x (pipette set to 90 µl). Centrifuge briefly.

f. Incubate in a thermal cycler with the following protocol.

Lid Temperature Reaction Volume Run Time

105°C 100 µl ~40 min

Step Temperature Time

1 98°C 00:00:45

2 98°C 00:00:20

3 54°C 00:00:30

4 72°C 00:00:20

5 Go to step 2, see table below for # cycles

6 72°C 00:01:00

7 4°C Hold

Input into Library 
Construction

Total Sample Index 
Cycles

1 - 25 ng 16

26 - 50 ng 14

g. Store at 4°C for up to 72 h or proceed to the next step.

6.5  
GEX Sample Index PCR

Step 6

The table recommends starting point 
for optimization. If less than 50 ng was 
carried into 5' Gene Expression Library 
Construction, refer to the product yield 
calculation example in step 3.3  to 
determine the mass input into Library 
Construction.

STOP

5ʹ Gene Expression (GEX) Library Construction
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a. Vortex to resuspend SPRIselect reagent. Add 60 µl SPRIselect reagent (0.6X) to each  
 sample. Pipette mix 15x (pipette set to 150 µl). 

b. Incubate 5 min at room temperature.

c. Place on the magnet•High until the solution clears. DO NOT discard supernatant.

d. Transfer 150 µl supernatant to a new tube strip. 

e. Vortex to resuspend SPRIselect reagent. Add 20 µl SPRIselect reagent (0.8X) to each  
      sample. Pipette mix 15x (pipette set to 150 µl).

f. Incubate 5 min at room temperature.

g. Place on the magnet•High until the solution clears.

h. Remove 165 µl supernatant. DO NOT discard any beads.

i. With the tube strip still on the magnet, add 200 µl 80% ethanol to the pellet. Wait  
 30 sec. 

j. Remove the ethanol.

k. Repeat steps i and j for a total of 2 washes.

l. Centrifuge briefly. Place on the magnet•Low. 

m. Remove the remaining ethanol. DO NOT over-dry beads to ensure maximum elution  
 efficiency. 

n. Remove the tube strip from the magnet. Add 35.5 µl Buffer EB. Pipette mix 15x.

o. Incubate 2 min at room temperature.

p. Place on the magnet•Low until the solution clears.

q. Transfer 35 µl sample to a new tube strip.

r. Store at 4°C for up to 72 h or at −20°C for long-term storage.STOP

6.6  
GEX Post Sample Index 
PCR Double Sided Size 
Selection – SPRIselect

Step 6 5ʹ Gene Expression (GEX) Library Construction
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6.7  
GEX Post Library 
Construction QC

Step 6

a. Run 1 µl sample at 1:10 dilution on an Agilent Bioanalyzer High Sensitivity chip. 

b. Determine the average fragment size from the trace. This will be used as the insert 
size for library quantification.

Alternate QC Method:

• Agilent TapeStation. See Appendix for representative traces

Representative Trace

See Appendix for GEX Post Library Construction Quantification

5ʹ Gene Expression (GEX) Library Construction
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7

Sequencing
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 Chromium Single Cell V(D)J enriched libraries and 5’ Gene Expression libraries 
comprise standard Illumina paired-end constructs which begin with P5 and end 
with P7. 16  bp 10x Barcodes are encoded at the start of Read 1, while sample index 
sequences are incorporated as the i7 index read. Read 1 and Read 2 are standard 
Illumina sequencing primer sites used in paired-end sequencing. Read 1 is used to 
sequence 16 bp 10x Barcodes and 10 bp UMI. Sequencing these libraries produce a 
standard Illumina BCL data output folder.

 

 The compatibility of the listed sequencers has been verified by 10x Genomics. Some 
variation in assay performance is expected based on sequencer choice. For more 
information about performance variation, visit the 10x Genomics Support website.

• MiSeq
• NexSeq 500/550*
• HiSeq  2500 (Rapid Run)
• HiSeq 3000/4000
• NovaSeq

 *Sequencing Chromium Single Cell libraries on the NextSeq 500/550 platform may yield reduced 
sequence quality and sensitivity relative to the MiSeq, HiSeq, and NovaSeq platforms. Refer to the 10x 
Genomics Support website for more information. 

 

 Each sample index in the Chromium i7 Sample Index Kit (PN-120262) is a mix of 
4 different sequences to balance across all 4 nucleotides. If multiple samples are 
pooled in a sequence lane, the sample index name (i.e. the Chromium i7 Sample 
Index plate well ID) is needed in the sample sheet used for generating FASTQs with 
“cellranger mkfastq”.

Illumina Sequencer 
Compatibility

Sample Indices

Sequencing

Sequencing Libraries

Step 7

10x
Barcode

Read 1 TSOUMI Read 2 P7P5

V      D    J         C         

i7:8
Sample
Index

P5 10x
Barcode

Read 1 TSOUMI Read 2 P7

i7:8
Sample
Index

Chromium Single Cell V(D)J Enriched Library

Chromium Single Cell 5' Gene Expression Library

Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 515 of 835 PageID #: 2000



Chromium Next GEM Single Cell V(D)J Reagent Kits v1.1 User Guide • Rev D 68Click to TOC

Sequencing

 Once quantified and normalized, V(D)J Enriched libraries and 5' Gene Expression 
libraries should be denatured and diluted as recommended for Illumina sequencing 
platforms. Refer to Illumina documentation for denaturing and diluting libraries. Refer 
to the 10x Genomics Support website, for more information. 

Instrument Loading Concentration (pM) PhiX (%)

MiSeq 10 1

NextSeq 500 1.5 1

HiSeq 2500 (RR) 10 1

HiSeq 4000 180 1

NovaSeq 200 1

 V(D)J Enriched libraries and the 5' Gene Expression libraries maybe pooled for 
sequencing, taking into account the differences in depth requirements between the 
pooled libraries. 5' Gene Expression libraries may be sequenced using enriched 
library parameters, however the cost of sequencing using enriched library 
parameters is higher.

 Library Pooling Examples:
Libraries Sequencing Depth (read pairs per cell) Library Pooling Ratio

Example 1

V(D)J Enriched library 
5ʹ Gene Expression library 

5,000 
20,000 

1 
4 

Example 2

V(D)J Enriched library 
5ʹ Gene Expression library 

5,000 
50,000 

1 
10 

Library Loading 

Step 7

Library Pooling

Library Sequencing Depth 
& Run Parameters

Sequencing Depth Minimum 5,000 read pairs per cell for V(D)J Enriched library

Minimum 20,000 read pairs per cell for 5' Gene Expression library

Sequencing Type Paired-end, single indexing

Sequencing Read
Recommended cycles for all library types – 26 x 91 bp 

Recommended cycles for all library type combinations – 26 x 91 bp

V(D)J Enriched libraries (alone or in combination with 5' Gene Expression 
libraries) may be sequenced at 150 x 150 bp.
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8

Troubleshooting
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STEP NORMAL REAGENT CLOGS & WETTING FAILURES

1.4 d
After Chip G is 
removed from the 
Controller and the 
wells are exposed

 

All 8 recovery wells are similar in 
volume and opacity.

Recovery well G indicates a reagent clog.
Recovery well C and E indicate a wetting 
failure. Recovery wells B, D, and F are 
normal. Wells A and H contain 50% Glycerol 
Solution.  

1.4 e
Transfer GEMs from 
Chip G Recovery 
Wells

All liquid levels are similar in volume and 
opacity without air trapped in the pipette 
tips.

Pipette tips C and E indicate a wetting 
failure. Pipette tip C contains partially 
emulsified GEMs. Emulsion is absent 
in pipette tip E. Pipette tip G indicates a 
reagent clog.

 A      B     C      D      E     F     G      H  A      B     C      D      E     F     G      H

GEMs

Troubleshooting

A       B      C        D       E       F      G       H
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STEP NORMAL REAGENT CLOGS & WETTING FAILURES

2.1 a
After transfer of the 
GEMs + 
Recovery Agent 

All liquid levels are similar in the 
aqueous sample volume (clear) and 
Recovery Agent/Partitioning Oil (pink).

Tube G indicates a reagent clog has 
occurred. There is a decreased volume of 
aqueous layer (clear).
Tube C and E indicate a wetting failure has 
occurred. There is an abnormal volume of 
Recovery Agent/Partitioning Oil (pink).

2.1 b
After aspiration of 
Recovery Agent/
Partitioning Oil

All liquid volumes are similar in the 
aqueous sample volume (clear) and 
residual Recovery Agent/Partitioning Oil 
(pink).

Tube G indicates a reagent clog has 
occurred. There is a decreased volume 
of aqueous layer (clear). There is also 
a greater residual volume of Recovery 
Agent/Partitioning Oil (pink).
Tube C and E indicate a wetting failure has 
occurred. There is an abnormal residual 
volume of Recovery Agent/Partitioning Oil 
(pink).

2.1 c
After addition of 
Dynabeads 
Cleanup Mix 

All liquid volumes are similar after 
addition of the Dynabeads Cleanup Mix.

Tube G indicates a reagent clog has 
occurred. There is an abnormal ratio 
of Dynabeads Cleanup Mix (brown) to 
Recovery Agent/Partitioning Oil (appears 
white).
Tube C and E indicate a wetting failure 
has occurred. There is an abnormal ratio 
of Dynabeads Cleanup Mix (brown) to 
Recovery Agent/Partitioning Oil (appears 
white). 

 

Troubleshooting

If a channel clogs or wetting failure occurs during GEM generation, it is 
recommended that the sample be remade. If any of the listed issues occur, take 
a picture and send it to support@10xgenomics.com for further assistance.

A        B          C        D         E          F        G          H  A          B          C         D        E         F         G         H

A         B          C        D          E        F         G          H A         B         C         D         E          F        G         H

A         B         C         D         E          F        G         HA         B          C        D          E        F         G          H
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 If the Chromium Controller or the Chromium Single Cell Controller fails to start, an 
error tone will sound and one of the following error messages will be displayed:

a. Chip not read – Try again: Eject the tray, remove and/or reposition the Chromium 
Next GEM Secondary Holder assembly and try again. If the error message is still 
received after trying this more than twice, contact support@10xgenomics.com for 
further assistance.

b. Check gasket: Eject the tray by pressing the eject button to check that the 10x Gasket 
is correctly installed on the Chromium Next GEM Chip. If the error message persists, 
contact support@10xgenomics.com for further assistance.

c. Error Detected: Row _ Pressure  

i. If this message is received within a few seconds of starting a run, eject the tray by 
pressing the eject button and check for dirt or deposits on the 10x Gasket. If dirt is 
observed, replace with a new 10x Gasket and try again. If the error message is still 
received after trying this more than twice, contact support@10xgenomics.com for 
further assistance.

ii. If this message is received after a few minutes into the run, the Chromium Next 
GEM Chip must be discarded. Do not try running this Chromium Next GEM Chip 
again as this may damage the Chromium Controller.

d. Invalid Chip CRC Value: This indicates that a Chromium Next GEM Chip has 
been used with an older firmware version. The chip must be discarded. Contact 
support@10xgenomics.com for further assistance.

 

Chromium Controller 
Errors

Troubleshooting
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9

Appendix
Post Library Construction Quantification

Agilent TapeStation Traces

Oligonucleotide Sequences  
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a. Thaw KAPA Library Quantification Kit for Illumina Platforms. 

b. Dilute 1 µl sample with deionized water to appropriate dilutions that fall within the 
linear detection range of the KAPA Library Quantification Kit for Illumina Platforms. 
(For more accurate quantification, make the dilution(s) in duplicate).

c. Make enough Quantification Master Mix for the DNA dilutions per sample and the DNA 
Standards (plus 10% excess) using the guidance for 1 reaction volume below.

Quantification Master Mix 1X (µl)

SYBR Fast Master Mix + Primer 12

Water 4

Total 16

d. Dispense 16 µl Quantification Master Mix for sample dilutions and DNA Standards into 
a 96 well PCR plate.

e. Add 4 µl sample dilutions and 4 µl DNA Standards to appropriate wells. Centrifuge 
briefly. 

f. Incubate in a thermal cycler with the following protocol.

Step Temperature Run Time

1 95°C 00:03:00

2 95°C 00:00:05

3 67°C 00:00:30

4 Go to Step 2, 29X (Total 30 cycles)

g. Follow the manufacturer’s recommendations for qPCR-based quantification. For 
library quantification for sequencer clustering, determine the concentration based on 
insert size derived from the Bioanalyzer/TapeStation trace.

 Post Library Construction 
Quantification

Appendix
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Agilent TapeStation Traces 
Agilent TapeStation High Sensitivity D5000 ScreenTape  was used. Protocol steps correspond to the Chromium Next GEM Single Cell V(D)J v1.1 
Reagent Kits User Guide (CG000207).

Protocol Step 3.3 – cDNA QC & Quantification 

Protocol Step 5.6 – Post Library Construction QC

Protocol Step 6.7 – GEX Post Library Construction QC 

Appendix

Representative Trace - PBMCs enriched for TCR Representative Trace - PBMCs enriched for Ig

Agilent TapeStation 
Traces 

Representative Trace 

Representative Trace 
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Oligonucleotide

Protocol steps correspond to the Chromium Next GEM Single Cell V(D)J v1.1 Reagent Kits User Guide (CG000207).

Protocol Step 1.5 – GEM-RT Incubation

Gel Bead Oligo 
Primer (TSO)

5’-CTACACGACGCTCTTCCGATCT-NNNNNNNNNNNNNNNN-NNNNNNNNNN-TTTCTTATATrGrGrG-3’

Poly-dT RT Primer

5’-AAGCAGTGGTATCAACGCAGAGTAC-TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTVN-3’

Reverse Transcript 
Product

3’-GATGTGCTGCGAGAAGGCTAGA-NNNNNNNNNNNNNNNN-NNNNNNNNNN-AAAGAATATACCC-cDNA_Insert-NVTTTTTTTTTTTTTTTTTTTTTTTTTTTTTT-CATGAGACGCAACTATGGTGACGAA-5’

Protocol Step 3.1 – cDNA Amplification

cDNA Primer Mix
PN-220106

Forward Primer:

5’-CTACACGACGCTCTTCCGATCT-3’

Reverse Primer: 

5’-AAGCAGTGGTATCAACGCAGAG-3’

cDNA Amplified 
Product

5’-CTACACGACGCTCTTCCGATCT-NNNNNNNNNNNNNNNN-NNNNNNNNNN-TTTCTTATATGGG-cDNA_Insert-GTACTCTGCGTTGATACCACTGCTT-3’

3’-GATGTGCTGCGAGAAGGCTAGA-NNNNNNNNNNNNNNNN-NNNNNNNNNN-AAAGAATATACCC-cDNA_Insert-CATGAGACGCAACTATGGTGACGAA-5’

Protocol Step 4.1 – Target Enrichment 1

Human T Cell Mix 1
PN-2000008

Forward Primer: (final conc. 2 µM) 

5’-AATGATACGGCGACCACCGA-GATCTACACTCTTTCCCTACACGACGCTC-3’

Reverse Outer Primers: (final conc. 1 µM each)

5’-TGAAGGCGTTTGCACATGCA-3’

5’-TCAGGCAGTATCTGGAGTCATTGAG-3’

Human B Cell Mix 1
PN-2000035

Forward Primer: (final conc. 1 µM) 

5’-AATGATACGGCGACCACCGA-GATCTACACTCTTTCCCTACACGACGCTC-3’

Reverse Outer Primers: (final conc. 0.5 µM each) 

5’-CAGGGCACAGTCACATCCT-3’

5’-TGCTGGACCACGCATTTGTA-3’

5’-GGTTTTGTTGTCGACCCAGTCT-3’

5’-TTGTCCACCTTGGTGTTGCT-3’

5’-CATGACGTCCTTGGAAGGCA-3’

5’-TGTGGGACTTCCACTG-3’

5’-TTCTCGTAGTCTGCTTTGCTCAG-3’

Mouse T Cell Mix 1
PN-2000075

Forward Primer: (final conc. 2 µM) 

5’-AATGATACGGCGACCACCGA-GATCTACACTCTTTCCCTACACGACGCTC-3’

Reverse Outer Primers: (final conc. 0.5 µM each) 

5’-CTGGTTGCTCCAGGCAATGG-3’

5’-TGTAGGCCTGAGGGTCCGT-3’

Mouse B Cell Mix 1
PN-2000080

Forward Primer: (final conc. 1 µM)

5’-AATGATACGGCGACCACCGA-GATCTACACTCTTTCCCTACACGACGCTC-3’

Reverse Outer Primers: 

5’-TCAGCACGGGACAAACTCTTCT-3’ (final conc. 0.375 μM)

5’-GCAGGAGACAGACTCTTCTCCA-3’ (final conc. 0.175 μM)

5’-AACTGGCTGCTCATGGTGT-3’ (final conc. 0.1 μM)

5’-TGGTGCAAGTGTGGTTGAGGT-3’ (final conc. 0.3 μM)

5’-TGGTCACTTGGCTGGTGGTG-3’ (final conc. 0.25 μM)

5’-CACTTGGCAGGTGAACTGTTTTCT-3’ (final conc. 0.25 μM)

5’-AACCTTCAAGGATGCTCTTGGGA-3’ (final conc. 0.3 μM)

5’-GGACAGGGATCCAGAGTTCCA-3’ (final conc. 0.5 μM)

5’-AGGTGACGGTCTGACTTGGC-3’ (final conc. 0.125 μM)

5’-GCTGGACAGGGCTCCATAGTT-3’ (final conc. 0.125 μM)

5’-GGCACCTTGTCCAATCATGTTCC-3’ (final conc. 0.250 μM)

5’-ATGTCGTTCATACTCGTCCTTGGT-3’ (final conc. 0.1 μM)

Read 1 TSOUMI10x
Barcode

Non-poly(dT) Poly(dT)VN

Read 1 TSO10x
Barcode

Poly(dT)VN Non-poly(dT)

Partial Read 1

Read 1 TSOUMI10x
Barcode

Poly-dT RT Primer

PCR Primer Enrichment Outer Primer

PCR Primer
Enrichment Outer Primer

PCR Primer Enrichment Outer Primer

PCR Primer Enrichment Outer Primer

Appendix

Sequences

UMI

Non-poly(dT)

3’ 5’
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Protocol Step 4.3 – Target Enrichment 2

Human T Cell Mix 2
PN-2000009

Forward Primer: (final conc. 2 µM) 

5’-AATGATACGGCGACCACCGA-GATCT-3’

Reverse Inner Primers: (final conc. 1 µM each) 

5’-AGTCTCTCAGCTGGTACACG-3’

5’-TCTGATGGCTCAAACACAGC-3’

Human B Cell Mix 2
PN-2000036

Forward Primer: (final conc. 1 µM) 

5’-AATGATACGGCGACCACCGA-GATCT-3’

Reverse Inner Primers: (final conc. 0.5 µM each) 

5’-GGGAAGTTTCTGGCGGTCA-3’

5’-GGTGGTACCCAGTTATCAAGCAT-3’

5’-GTGTCCCAGGTCACCATCAC-3’

5’-TCCTGAGGACTGTAGGACAGC-3’

5’-CACGCTGCTCGTATCCGA-3’

5’-TAGCTGCTGGCCGC-3’

5’-GCGTTATCCACCTTCCACTGT-3’

Mouse T Cell Mix 2
PN-2000079

Forward Primer: (final conc. 0.5 µM) 

5’-AATGATACGGCGACCACCGA-GATCT-3’

Reverse Inner Primers: (final conc. 0.5 µM each) 

5’-AGTCAAAGTCGGTGAACAGGCA-3’

5’-GGCCAAGCACACGAGGGTA-3’

Mouse B Cell Mix 2
PN-2000081

Forward Primer: (final conc. 1 µM)

5’-AATGATACGGCGACCACCGA-GATCT-3’

Reverse Inner Primers:

5’-TACACACCAGTGTGGCCTT-3’ (final conc. 0.375 μM)

5’-CAGGCCACTGTCACACCACT-3’ (final conc. 0.175 μM)

5’-CAGGTCACATTCATCGTGCCG-3’ (final conc. 0.1 μM)

5’-GAGGCCAGCACAGTGACCT-3’ (final conc. 0.3 μM)

5’-GCAGGGAAGTTCACAGTGCT-3’ (final conc. 0.25 μM)

5’-CTGTTTGAGATCAGTTTGCCATCCT-3’ (final conc. 0.25 μM)

5’-TGCGAGGTGGCTAGGTACTTG-3’ (final conc. 0.3 μM)

5’-CCCTTGACCAGGCATCC-3’ (final conc. 0.5 μM)

5’-AGGTCACGGAGGAACCAGTTG-3’ (final conc. 0.125 μM)

5’-GGCATCCCAGTGTCACCGA-3’ (final conc. 0.125 μM)

5’-AGAAGATCCACTTCACCTTGAAC-3’ (final conc. 0.250 μM)

5’-GAAGCACACGACTGAGGCAC-3’ (final conc. 0.1 μM)

Target Enrichment 
Product

5’-AATGATACGGCGACCACCGA-GATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-NNNNNNNNNNNNNNNN-NNNNNNNNNN-TTTCTTATATGGG-cDNA_Insert-Inner_Primer-3’                  
 
3’-TTACTATGCCGCTGGTGGCT-CTAGATGTGAGAAAGGGATGTGCTGCGAGAAGGCTAGA-NNNNNNNNNNNNNNNN-NNNNNNNNNN-AAAGAATATACCC-cDNA_Insert-Inner_Primer-5’

Protocol Step 5.2 – Adaptor Ligation

Adaptor (Read 2)
PN-220026

 

 5’-GATCGGAAGAGCACACGTCTGAACTCCAGTCAC-3’

3’-TCTAGCCTTCTCG-5’

Ligation Product

5’-AATGATACGGCGACCACCGA-GATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-NNNNNNNNNNNNNNNN-NNNNNNNNNN-TTTCTTATATGGG-cDNA _ Insert-AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC-3’                   

3’-TTACTATGCCGCTGGTGGCT-CTAGATGTGAGAAAGGGATGTGCTGCGAGAAGGCTAGA-NNNNNNNNNNNNNNNN-NNNNNNNNNN-AAAGAATATACCC-cDNA _ Insert-TCTAGCCTTCTCG-5’

PCR Primer Enrichment Inner Primer

PCR Primer Enrichment Inner Primer

PCR Primer Enrichment Inner Primer

PCR Primer Enrichment Inner Primer

Appendix

10x
Barcode

Read 1 TSOUMI Read 2P5 V       D     J          C         

10x
Barcode

Read 1 TSOUMIP5 V       D     J          C         

Read 2
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Appendix

Protocol Step 6.3 –GEX Adaptor Ligation

Adaptor (Read 2)
PN-220026  5’-GATCGGAAGAGCACACGTCTGAACTCCAGTCAC-3’

3’-TCTAGCCTTCTCG-5’

Ligation Product

5’-CTACACGACGCTCTTCCGATCT-NNNNNNNNNNNNNNNN-NNNNNNNNNN-TTTCTTATATGGG-cDNA _ Insert-AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC-3’                  

3’-GATGTGCTGCGAGAAGGCTAGA-NNNNNNNNNNNNNNNN-NNNNNNNNNN-AAAGAATATACCC-cDNA _ Insert-TCTAGCCTTCTCG-5’

Protocol Step 6.5 – Sample Index PCR

Sample Index PCR 
Primer
PN-220111 
PN-220103

Forward Primer: 

5’-AATGATACGGCGACCACCGA-GATCTACACTCTTTCCCTACACGACGCTC-3’

Reverse Primer: 

5’-CAAGCAGAAGACGGCATACGAGAT-NNNNNNNN-GTGACTGGAGTTCAGACGTGT-3’

Sample Index PCR Product

5’-AATGATACGGCGACCACCGA-GATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-NNNNNNNNNNNNNNNN-NNNNNNNNNN-TTTCTTATATGGG-cDNA _ Insert-AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC-NNNNNNNN-ATCTCGTATGCCGTCTTCTGCTTG-3’

3’-TTACTATGCCGCTGGTGGCT-CTAGATGTGAGAAAGGGATGTGCTGCGAGAAGGCTAGA-NNNNNNNNNNNNNNNN-NNNNNNNNNN-AAAGAATATACCC-cDNA _ Insert-TCTAGCCTTCTCGTGTGCAGACTTGAGGTCAGTG-NNNNNNNN-TAGAGCATACGGCAGAAGACGAAC-5’

Read 2

10x
Barcode

Read 1 TSOUMI Read 2Insert

P5 Partial Read 1

SI-PCR Primer

P7
Sample 
Index Partial Read 2

Chromium i7 Sample Index

10x
Barcode

Read 1 TSOUMI Read 2 P7P5 Sample 
Index

Insert

Protocol Step 5.4 – Sample Index PCR

Sample Index PCR 
Primer
PN-220111 
PN-220103

Forward Primer: 

5’-AATGATACGGCGACCACCGA-GATCTACACTCTTTCCCTACACGACGCTC-3’

Reverse Primer: 

5’-CAAGCAGAAGACGGCATACGAGAT-NNNNNNNN-GTGACTGGAGTTCAGACGTGT-3’

Sample Index PCR Product

5’-AATGATACGGCGACCACCGA-GATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT-NNNNNNNNNNNNNNNN-NNNNNNNNNN-TTTCTTATATGGG-cDNA _ Insert-AGATCGGAAGAGCACACGTCTGAACTCCAGTCAC-NNNNNNNN-ATCTCGTATGCCGTCTTCTGCTTG-3’

3’-TTACTATGCCGCTGGTGGCT-CTAGATGTGAGAAAGGGATGTGCTGCGAGAAGGCTAGA-NNNNNNNNNNNNNNNN-NNNNNNNNNN-AAAGAATATACCC-cDNA _ Insert-TCTAGCCTTCTCGTGTGCAGACTTGAGGTCAGTG-NNNNNNNN-TAGAGCATACGGCAGAAGACGAAC-5’

P5 Partial Read 1

SI-PCR Primer

P7
Sample 
Index Partial Read 2

Chromium i7 Sample Index

V       D     J          C         10x
Barcode

Read 1 TSOUMI Read 2 P7P5 Sample 
Index
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10xGenomics.com

CG000209 Rev C

USER GUIDE

Chromium 
Next GEM 
Single Cell ATAC 
Reagent Kits v1.1

FOR USE WITH

Chromium Next GEM Single Cell ATAC Library & Gel Bead Kit, 16 rxns PN-1000175

Chromium Next GEM Single Cell ATAC Library & Gel Bead Kit, 4 rxns PN-1000176

Chromium Next GEM Chip H Single Cell Kit, 48 rxns PN-1000161

Chromium Next GEM Chip H Single Cell Kit, 16 rxns PN-1000162

Chromium i7 Multiplex Kit N, Set A, 96 rxns PN-1000084

Next GEM reagents are specific to Next GEM products and should not be used interchangeably with non-Next GEM reagents.
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Notices

Document Number

CG000209 • Rev C

Legal Notices

© 2019 10X Genomics, Inc. (10x Genomics). All rights reserved. Duplication and/or reproduction of all or 

any portion of this document without the express written consent of 10x Genomics, is strictly forbidden.  

Nothing contained herein shall constitute any warranty, express or implied, as to the performance of any 

products described herein. Any and all warranties applicable to any products are set forth in the applicable 

terms and conditions of sale accompanying the purchase of such product. 10x Genomics provides no 

warranty and hereby disclaims any and all warranties as to the use of any third-party products or protocols 

described herein. The use of products described herein is subject to certain restrictions as set forth in the 

applicable terms and conditions of sale accompanying the purchase of such product. A non-exhaustive 

list of 10x Genomics’ marks, many of which are registered in the United States and other countries can 

be viewed at:  www.10xgenomics.com/trademarks. 10x Genomics may refer to the products or services 

offered by other companies by their brand name or company name solely for clarity, and does not claim any 

rights in those third-party marks or names. 10x Genomics products may be covered by one or more of the 

patents as indicated at: www.10xgenomics.com/patents.  The use of products described herein is subject 

to 10x Genomics Terms and Conditions of Sale, available at www.10xgenomics.com/legal-notices, or such 

other terms that have been agreed to in writing between 10x Genomics and user.  All products and services 

described herein are intended FOR RESEARCH USE ONLY and NOT FOR USE IN DIAGNOSTIC PROCEDURES.

Notice to Customer: The listed products and their use are the subject of United States Patent Nos. 6,159,736, 

and 6,294,385, European Patent No. 1115856 and related patents and patent applications licensed from the 

Wisconsin Alumni Research Foundation.

Instrument & Licensed Software Updates Warranties

Updates to existing Instruments and Licensed Software may be required to enable customers to use 

new or existing products.  In the event of an Instrument failure resulting from an update, such failed 

Instrument will be replaced or repaired in accordance with the 10x Limited Warranty, Assurance Plan or 

service agreement, only if such Instrument is covered by any of the foregoing at the time of such failure. 

Instruments not covered under a current 10x Limited Warranty, Assurance Plan or service agreement will 

not be replaced or repaired.

Support

Email: support@10xgenomics.com

10x Genomics

6230 Stoneridge Mall Road

Pleasanton, CA 94588 USA 

 

Notices
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Document Number CG000209

Title Chromium Next GEM Single Cell ATAC Reagent Kits v1.1 
User Guide

Revision Rev B to Rev C

Revision Date August 2019

Specific Changes:

• Updated to state that Next GEM reagents are specific to Next GEM products.

General Changes:

• Updates for general minor consistency of language and terms throughout.

Document 
Revision 
Summary
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Introduction
Chromium Next GEM Single Cell ATAC Reagent Kits v1.1

Chromium Accessories

Recommended Thermal Cyclers

Additional Kits, Reagents & Equipment

Protocol Steps & Timing

Stepwise Objectives
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Chromium Next GEM Single Cell ATAC Library Kit v1.1, 16 rxns PN-1000163 (store at −20°C)

Chromium
Next GEM 
Single Cell ATAC 
Library Kit v1.1 

10xGenomics.com

# PN

Chromium Next GEM Single Cell ATAC Gel Bead Kit v1.1, 16 rxns PN-1000159 (store at −80°C)

Chromium
Next GEM 
Single Cell ATAC 
Gel Beads v1.1 

Single Cell ATAC 
Gel Beads v1.1 2 2000210

10xGenomics.com

# PN

Dynabeads™ MyOne™ SILANE, PN-2000048 (store at 4°C)

Dynabeads MyOne 
SILANE 1 2000048

# PN

Introduction

Chromium Next GEM Single Cell ATAC Reagent Kits v1.1

Chromium Next GEM Single Cell ATAC Library & Gel Bead Kit v1.1, 16 rxns PN-1000175

ATAC Buffer B 1 2000193

ATAC Enzyme 1 2000123

20X Nuclei Buffer 1 2000207

Barcoding Reagent B 1 2000194

Barcoding Enzyme 1 2000125

SI-PCR Primer B 1 2000128

Reducing Agent B 1 2000087

Amp Mix 1 2000047

Cleanup Buffer 2 2000088
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Chromium Next GEM Single Cell ATAC Library Kit v1.1, 4 rxns PN-1000164 (store at −20°C)

ATAC Buffer B 1 2000193

ATAC Enzyme 1 2000138

20X Nuclei Buffer 1 2000207

Barcoding Reagent B 1 2000194

Barcoding Enzyme 1 2000139

SI-PCR Primer B 1 2000128

Reducing Agent B 1 2000087

Amp Mix 1 2000103

Cleanup Buffer 1 2000088

Chromium
Next GEM 
Single Cell ATAC 
Library Kit v1.1 

10xGenomics.com

# PN

Chromium Next GEM Single Cell ATAC Gel Bead Kit v1.1, 4 rxns PN-1000160 (store at −80°C)

Chromium
Next Gem 
Single Cell ATAC 
Gel Beads v1.1 

Single Cell ATAC 
Gel Beads v1.1 (4 rxns) 1 2000210

10xGenomics.com

# PN

Dynabeads™ MyOne™ SILANE, PN-2000048 (store at 4°C)

Dynabeads MyOne 
SILANE 1 2000048

# PN

Introduction

Chromium Next GEM Single Cell ATAC Reagent Kits v1.1

Chromium Next GEM Single Cell ATAC Library & Gel Bead Kit v1.1, 4 rxns PN-1000176
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# PN

10xGenomics.com

Chromium 
Partitioning Oil 
 # PN

Chromium 
Recovery Agent 
 

Partitioning Oil 6 2000190

Chromium 
Next GEM 
Chip H & Gaskets 

Chromium Next GEM Chip H 6 2000180

Gasket, 6-pack 1 370017

# PN

Recovery Agent 6 220016

Chromium 
Partitioning Oil 
 

Partitioning Oil 2 2000190

# PN

Chromium 
Next GEM 
Chip H & Gaskets 

Chromium Next GEM Chip H 2 2000180

Gasket, 2-pack 1 3000072

# PN

10xGenomics.com

Chromium 
Recovery Agent 
 

Recovery Agent 2 220016

# PN

Chromium 
i7 Multiplex Kit N 
Set A 

Chromium i7 Sample Index 
Plate N, Set A 1 3000262

# PN

Chromium Next GEM Chip H Single Cell Kit v1.1, 48 rxns PN-1000161 
(store at ambient temperature)

Chromium Next GEM Chip H Single Cell Kit v1.1, 16 rxns PN-1000162 
(store at ambient temperature)

Chromium i7 Multiplex Kit N, Set A, 96 rxns PN-1000084 (store at −20°C)

Introduction
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Introduction

Recommended 
Thermal Cyclers Supplier Description Part Number 

BioRad C1000 Touch Thermal Cycler 
with 96-Deep Well Reaction 
Module

1851197

Eppendorf MasterCycler Pro North America 950030010 
International 6321 000.019

Thermo Fisher 
Scientific

Veriti 96-Well Thermal Cycler 4375786

Thermal cyclers used must support uniform heating of 100 µl emulsion volumes.

Chromium 
Accessories

Product PN (Orderable) PN (Item) 

10x Vortex Adapter 120251 330002

Chromium Next GEM Secondary Holder 1000195 3000332

10x Magnetic Separator 120250 230003
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The items in the table below have been validated by 10x Genomics and are highly 
recommended for the Single Cell ATAC protocols. Substituting materials may adversely 
affect system performance. 

Additional Kits, 
Reagents & 
Equipment

Supplier Description Part Number (US)

Plastics

Eppendorf PCR Tubes 0.2 ml 8-tube strips
DNA LoBind Tubes, 1.5 ml
DNA LoBind Tubes, 2.0 ml

951010022
022431021
022431048

USA Scientific TempAssure PCR 8-tube strip 1402-4700

Thermo Fisher Scientific MicroAmp 8-Tube Strip, 0.2 ml
MicroAmp 8-Cap Strip, clear

N8010580
N8010535

Rainin Tips LTS 200UL Filter RT-L200FLR
Tips LTS 1ML Filter RT-L1000FLR
Tips LTS 20UL Filter RT-L10FLR

30389240
30389213
30389226

Kits & Reagents

Thermo Fisher Scientific Nuclease-free Water AM9937

Millipore Sigma Ethanol, Pure (200 Proof, anhydrous) E7023-500ML

Beckman Coulter SPRIselect Reagent Kit B23318

Bio-Rad 10% Tween 20 1662404

Ricca Chemical Company Glycerin (glycerol), 50% (v/v) Aqueous Solution 3290-32

Qiagen Qiagen Buffer EB 19086

Equipment

VWR Vortex Mixer
Divided Polystyrene Reservoirs

10153-838
41428-958

Eppendorf Eppendorf ThermoMixer C
Eppendorf ThermoMixer C Bundle, includes SmartBlock 1.5 ml, 
Thermoblock for 24 reaction vessel
(alternatively, use a temperature-controlled Heat Block)

5382000023
2231000574

Rainin Pipet-Lite Multi Pipette L8-50XLS+
Pipet-Lite Multi Pipette L8-200XLS+
Pipet-Lite Multi Pipette L8-10XLS+
Pipet-Lite Multi Pipette L8-20XLS+
Pipet-Lite LTS Pipette L-2XLS+
Pipet-Lite LTS Pipette L-10XLS+
Pipet-Lite LTS Pipette L-20XLS+
Pipet-Lite LTS Pipette L-100XLS+
Pipet-Lite LTS Pipette L-200XLS+
Pipet-Lite LTS Pipette L-1000XLS+

17013804
17013805
17013802
17013803
17014393
17014388
17014392
17014384
17014391
17014382

Introduction

Choose either 
Eppendorf, 
USA Scientific or 
Thermo Fisher 
Scientific PCR 
8-tube strips.
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The items in the table below have been validated by 10x Genomics and are highly 
recommended for the Single Cell ATAC protocols. Substituting materials may adversely 
affect system performance. 

Additional Kits, 
Reagents & 
Equipment

Supplier Description Part Number (US)

Quantification & Quality Control

Agilent 2100 Bioanalyzer Laptop Bundle
High Sensitivity DNA Kit
4200 TapeStation
High Sensitivity D1000 ScreenTape
High Sensitivity D1000 Reagents

G2943CA
5067-4626
G2991AA
5067-5584
5067-5585

KAPA Biosystems KAPA Library Quantification Kit for Illumina Platforms KK4824

Introduction

Choose Bioanalyzer, 
or TapeStation 
based on availability 
& preference. 
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Steps Timing Stop & Store

3 h

Nuclei Isolation

Dependent on Cell Type ~1-2 h

Step 1 – Transposition

1.1  
1.2 

Prepare Transposition Mix 
Isothermal Incubation

10 min
60 min

Step 2 – GEM Generation & Barcoding 

2.1 
2.2 
2.3
2.4
2.5

Prepare Master Mix 
Load Chromium Next GEM Chip H 
Run the Chromium Controller 
Transfer GEMs 
GEM Incubation

10 min
10 min
18 min
3 min

45 min

 
 
15°C ≤18 h or −20°C ≤ 1 week

Step 3 – Post GEM Incubation Cleanup 

3.1
3.2

Post GEM Incubation Cleanup – Dynabeads
Post GEM Incubation Cleanup – SPRIselect

35 min
15 min 4°C ≤ 72 h or −20°C ≤ 2 weeks

Step 4 – Library Construction

4.1
4.2

4.3

Sample Index PCR
Post Sample Index Double Sided Size Selection – 
SPRIselect
Post Library Construction QC

45 min
20 min

60 min

4°C ≤72 h or −20°C long-term

2 h

4 h

6 h

STOP

STOP

STOP

 

Introduction

Protocol Steps & Timing 

STOP
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 Nuclei suspensions are incubated in a Transposition Mix that includes a Transposase. 
The Transposase enters the nuclei and preferentially fragments the DNA in open 
regions of the chromatin. Simultaneously, adapter sequences are added to the ends of 
the DNA fragments.

Stepwise Objectives

Step 1 
Transposition

Step 2 
GEM Generation & 
Barcoding 

The Chromium Single Cell ATAC Solution provides a comprehensive, scalable approach 
to determine the regulatory landscape of chromatin in hundreds to thousands of cells 
in a single sample. This is achieved by transposing nuclei in a bulk solution; then 
using a microfluidic chip, the nuclei are partitioned into nanoliter-scale Gel Beads-
in-emulsion (GEMs). A pool of ~750,000 10x Barcodes is sampled to separately and 
uniquely index the transposed DNA of each individual nucleus. Libraries are generated 
and sequenced, and 10x Barcodes are used to associate individual reads back to the 
individual partitions, and thereby, to each individual nucleus. 

Introduction

 GEMs are generated by combining 
barcoded Gel Beads, transposed 
nuclei, a Master Mix, and 
Partitioning Oil on a Chromium 
Next GEM Chip H. To achieve single 
nuclei resolution, the nuclei are 
delivered at a limiting dilution, 
such that the majority (~90-99%) of 
generated GEMs contains no nuclei, 
while the remainder largely contain 
a single nucleus.

 Upon GEM generation, the Gel 
Bead is dissolved. Oligonucleotides 
containing (i) an Illumina® P5 
sequence, (ii) a 16 nt 10x Barcode 
and (iii) a Read  1 (Read 1N) 
sequence are released and mixed 
with DNA fragments and Master 
Mix. Thermal cycling of the GEMs 
produces 10x barcoded single-
stranded DNA. After incubation, 
the GEMs are broken and pooled 
fractions are recovered.  
 

10x Barcoded DNA Fragments

Read 1N10x 
Barcode

 Insert

Read 1N

10x 
Barcode

Read 2NP5

P5 Read 2N

Denaturation, Linear Amplification

Linear Amplification Product

Inside Individual GEMs

Read 1N

P5

10x 
Barcode

Gel Beads

Chromium Next GEM Chip H

10x Barcoded 
Gel Beads

GEMs

Nuclei
Enzyme

Gel Beads

Partitioning 
Oil
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Step 4 
Library Construction

Step 5 
Sequencing

 The Chromium Next GEM Single Cell ATAC Reagent Kits v1.1 protocol produces 
Illumina®-ready sequencing libraries. Illumina® sequencer compatibility, sample indices, 
sequencing depth & run parameters, library loading and pooling are summarized. 

Introduction

Step 3 
Post GEM Incubation 
Cleanup 

 Silane magnetic beads are used to remove leftover biochemical reagents from the 
post GEM reaction mixture. Solid Phase Reversible Immobilization (SPRI) beads are 
used to eliminate unused barcodes from the sample.  

 P7 and a sample index 
are added during library 
construction via PCR. The 
final libraries contain the 
P5 and P7 sequences 
used in Illumina® bridge 
amplification.

Chromium Single Cell ATAC Library 

10x 
BarcodeP5

Read 2N

Read 1N

P5

P5 Read 1N10x 
Barcode

Read 2N P7

Pooled Amplified DNA Processed in Bulk

Sample
Index N

Priming

Sample Index PCR

 Insert

Sample
Index N

P7

See Appendix for Oligonucleotide Sequences

P5 Read 1N10x 
Barcode

Read 2N P7
 Insert

Read 1N

Read 2N

i7:8
Sample
Index Ni5:16 
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Tips & 
Best Practices

TIPS
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Emulsion-safe 
Plastics

Multiplet Rate

General 
Reagent 
Handling

50% Glycerol 
Solution

Tips & Best Practices

Icons

• Use 10x Genomics validated emulsion-safe plastic consumables when handling 
GEMs as some plastics can destabilize GEMs.

Multiplet Rate (%) # of Nuclei Loaded # of Nuclei Recovered

0.4% ~775 ~500

0.8% ~1,550 ~1,000

1.6% ~3,075 ~2,000

2.3% ~4,625 ~3,000

3.1% ~6,150 ~4,000

3.9% ~7,700 ~5,000

4.6% ~9,250 ~6,000

5.4% ~10,750 ~7,000

6.2% ~12,300 ~8,000

6.9% ~13,850 ~9,000

7.7% ~15,400 ~10,000

• Fully thaw and thoroughly mix reagents before use. 

• Keep all enzymes and Master Mixes on ice during setup and use. Promptly move 
reagents back to the recommended storage.

• Calculate reagent volumes with 10% excess of 1 reaction values.

• Cover Partitioning Oil tubes and reservoirs to minimize evaporation.

• Thoroughly mix samples with the beads during bead-based cleanup steps.

• Purchase 50% glycerol solution from Ricca Chemical Company, Glycerin (glycerol), 
50% (v/v) Aqueous Solution, PN-3290-32. 

• Prepare 50% glycerol solution:

i. Mix an equal volume of water and 99% Glycerol, Molecular Biology Grade.

ii. Filter through a 0.2-µm filter.

iii. Store at −20°C in 1-ml LoBind tubes. 50% glycerol solution should be equilibrated 
to room temperature before use. 

!
TIPS

Tips & Best Practices 
section includes 

additional guidance

Signifies critical step 
requiring accurate 

execution

Troubleshooting section 
includes additional 

guidance

Next GEM specific 
protocol step updates
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• Follow manufacturer’s calibration and maintenance schedules. 

• Pipette accuracy is particularly important when using SPRIselect reagents.

• Minimize exposure of reagents, chips, and gaskets to sources of particles and fibers, 
laboratory wipes, frequently opened flip-cap tubes, clothing that sheds fibers, and 
dusty surfaces. 

• After removing the chip from the sealed bag, use within 24 h. 

• Execute steps without pause or delay, unless indicated. When multiple chips are to be 
used, load, run, and collect the content from one chip before loading the next.

• Fill all unused input wells in rows labeled 1, 2, and 3 on a chip with an appropriate 
volume of 50% glycerol solution before loading the used wells. DO NOT add glycerol 
to the wells in the bottom NO FILL row. 

• Avoid contacting the bottom surface of the chip with gloved hands and other surfaces. 
Frictional charging can lead to inadequate priming of the channels, potentially leading 
to either clogs or wetting failures. 

• Minimize the distance that a loaded chip is moved to reach the Chromium Controller.

• Keep the chip horizontal to prevent wetting the gasket with oil, which depletes the 
input volume and may adversely affect the quality of the assay.

Chromium 
Next GEM Chip 
Handling 

Chromium 
Next GEM 
Secondary 
Holders

Chromium 
Next GEM 
Chip & Holder 
Assembly

• Chromium Next GEM Secondary 
Holders encase Chromium Next GEM 
Chips.

• The holder lid flips over to become a 
stand, holding the chip at 45 degrees 
for optimal Recovery Well content 
removal.

• Squeeze the black sliders on the back 
side of the holder together to unlock 
the lid and return the holder to a flat 
position.

• Align notch on the chip (upper 
left corner) and the holder. 

• Insert the left-hand side of the 
chip under the guide. Depress 
the right-hand side of the chip 
until the spring-loaded clip 
engages.

• Close the lid before dispensing 
reagents into the wells.

Pipette 
Calibration

Tips & Best Practices

Chromium Next GEM 
Secondary Holder

Guide
Clip

Sliders

Chromium Next GEM Chip
Assembled Chromium 

Next GEM Chip 

Chromium Next GEM 
Secondary Holder
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• Place the assembled chip and holder flat 
on the bench with the lid closed.

• Dispense at the bottom of the wells without 
introducing bubbles. 

• When dispensing Gel Beads into the chip, 
wait for the remainder to drain into the 
bottom of the pipette tips and dispense 
again to ensure complete transfer.

• Refer to Load Chromium Next GEM Chip H 
for specific instructions. 

• Use one tube of Gel Beads per sample. 
DO NOT puncture the foil seals of tubes not 
used at the time.

• Equilibrate the Gel Beads strip to room 
temperature before use.

• Store unused Gel Beads at −80°C and 
avoid more than 12 freeze-thaw cycles. 
DO NOT store Gel Beads at −20°C. 

Chromium 
Next GEM 
Chip Loading

• Snap the tube strip holder with the Gel Bead strip into a 10x Vortex Adapter. Vortex 
30 sec.

• Centrifuge the Gel Bead strip for ~5 sec. Confirm there are no bubbles at the bottom 
of the tubes and the liquid levels look even. Place the Gel Bead strip back in the holder 
and secure the holder lid.

• If the required volume of beads cannot be recovered, place the pipette tips against the 
sidewalls and slowly dispense the Gel Beads back into the tubes. DO NOT introduce 
bubbles into the tubes and verify that the pipette tips contain no leftover Gel Beads. 
Withdraw the full volume of beads again by pipetting slowly.

Gel Bead 
Handling

Tips & Best Practices

• After reagents are loaded, attach the 
gasket by holding the tongue (curved end, 
to the right) and hook it on the left-hand 
tabs of the holder. Gently pull the gasket 
toward the right and hook it on the two 
right-hand tabs.  

• DO NOT touch the smooth side of the 
gasket. DO NOT press down on the top of 
the gasket after attachment. 

• Keep the assembly horizontal to avoid 
wetting the gasket with Partitioning Oil.

10x Gasket 
Attachment

Notched Cut

Tongue

Lid

Gel Bead Strip

Holder

Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 545 of 835 PageID #: 2030



19Click to TOC Chromium Next GEM Single Cell ATAC Reagent Kits v1.1 User Guide • Rev C

• Offers two positions of the magnets (high 
and low) relative to a tube, depending on 
its orientation. Flip the magnetic separator 
over to switch between high (magnet•High) 
or low (magnet•Low) positions.

10x Magnetic 
Separator

Tips & Best Practices

• After aspirating the desired volume of SPRIselect reagent, examine the pipette tips 
before dispensing to ensure the correct volume is transferred. 

• Pipette mix thoroughly as insufficient mixing of sample and SPRIselect reagent will 
lead to inconsistent results. 

• Use fresh preparations of 80% Ethanol. 

 

SPRIselect 
Cleanup & 
Size Selection

 Schematic of Double Sided Size Selection 

 After the first SPRI, supernatant is transferred for a second SPRI while larger fragments are 

discarded (green). After the second SPRI, fragments on beads are eluted and kept while smaller 

fragments are discarded (blue). Final sample has a tight fragment size distribution with reduced 

overall amount (black).

 Tutorial — SPRIselect Reagent:DNA Sample Ratios  
SPRI beads selectively bind DNA according to the ratio of SPRIselect reagent (beads).

 Example: Ratio = Volume of SPRIselect reagent added to the sample = 50 µl = 0.5X
   Volume of DNA sample  100 µl

 Tutorial — Double Sided Size Selection 
Step a – First SPRIselect: Add 50 µl SPRIselect reagent to 100 µl sample (0.5X).

 Ratio

 Step b – Second SPRIselect: Add 30 µl SPRIselect reagent to supernatant from step a (0.8X).

 Ratio

= Volume of SPRIselect reagent added to the sample = 50 µl = 0.5X
   Volume of DNA sample  100 µl

= Total Volume of SPRIselect reagent added to the sample (step a + b) = 50 µl + 30 µl  = 0.8X
       Original Volume of DNA sample  100 µl

Sample Indices in 
Sample Index PCR

• Choose the appropriate sample index sets to ensure that no sample indices overlap in a 
multiplexed sequencing run.

•  Each well in the i7 Sample Index plate N, Set A contains a unique mix of 4 oligos. 

• The sample indexes can therefore be used in any combination.

• Each sample index set is base-balanced to avoid monochromatic signal issues when it 
is the sole sample loaded on an Illumina® sequencer. 
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Step 1

Transposition
1.1  Prepare Transposition Mix

1.2  Isothermal Incubation

1
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1.0  
Transposition GET STARTED!

Action Item 10x PN Preparation & Handling Storage

Equilibrate to 
Room 
Temperature

ATAC Buffer B 2000193 Vortex, centrifuge 
briefly.

−20°C

20X Nuclei Buffer* 
*Concentrated 20X 
stock; dilute 1:20 in 
nuclease-free water 
before use. (See below 
to Prepare Diluted 
Nuclei Buffer) 

2000207 Thaw. Vortex, 
centrifuge briefly. 

−20°C

Place on Ice ATAC Enzyme 2000123/ 
2000138

Centrifuge briefly. −20°C

Nuclei**
in Diluted Nuclei Buffer 
(See below to Prepare 
Diluted Nuclei Buffer)  

**Refer to Demonstrated Protocols for isolating nuclei for ATAC Sequencing 
(Documents CG000169; CG000212). Adhering to this protocol is critical for 
optimal assay performance. If following a different nuclei isolation protocol, use 
the Diluted Nuclei Buffer for final nuclei pellet suspension.

The use of the Tris-based Diluted Nuclei Buffer for nuclei suspension is critical 
for optimal assay performance. The composition of the Diluted Nuclei Buffer, 
including Magnesium concentration, has been optimized for the Transposition 
and Barcoding steps. Suspension of nuclei in a different buffer may not be 
compatible with the downstream protocol steps.

Prepare Diluted Nuclei 
Buffer

!

!

Diluted Nuclei Buffer  
Maintain at 4°C

Stock Final 1 ml

20X Nuclei Buffer 
(PN-2000207) 
Nuclease-free Water

20X 
 
-

1X 
 
-

50 µl 
 

950 µl

Step 1 Transposition
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Step 1 Transposition

Nuclei Concentration 
Guidelines

Based on the Targeted Nuclei Recovery, resuspend the nuclei in Diluted Nuclei Buffer to get 
corresponding Nuclei Stock Concentrations (see Table). This enables pipetting volumes of the 
Nuclei Stock for Transposition (step 1.1) to be 2-5 µl. Higher Nuclei Stock Concentrations will 
result in lower pipetting volumes that may increase nuclei input variability. 

Targeted Nuclei Recovery
Nuclei Stock Concentration

(nuclei/µl)

500 155-390

1,000 310-780

2,000 610-1,540

3,000 925-2,300

4,000 1,230-3,075

5,000 1,540-3,850

6,000 1,850-4,600

7,000 2,150-5,400

8,000 2,460-6,150

9,000 2,770-6,900

10,000 3,080-7,700

Calculate volume of Nuclei Stock and Diluted Nuclei Buffer for a total volume of 5 µl 

Volume of Nuclei Stock (µl) =

 
Volume of Diluted Nuclei Buffer* (µl) = 5 µl - volume of Nuclei Stock (µl)
*Use ONLY Diluted Nuclei Buffer (Dilute 20X Nuclei Buffer (PN-2000207) 1:20 in nuclease-free water)

Targeted Nuclei Recovery x 1.53 (Recovery efficiency factor) 
        Nuclei Stock Concentration (nuclei/ µl)         

 Example Calculation 
 

Targeted Nuclei Recovery = 4000 nuclei 
Nuclei Stock Concentration = 2500 nuclei/ µl  
Recovery efficiency factor 1.53 
 
Volume of Nuclei Stock (µl) =  
 

 
 Volume of Diluted Nuclei Buffer = 5 µl - 2.45 µl = 2.55 µl
 

Add calculated volumes of Diluted Nuclei Buffer and Nuclei Stock to the Transposition Mix in 
step 1.1

Targeted Nuclei Recovery x 1.53 (Recovery efficiency factor) = 4000 x 1.53 = 2.45 µl 
  Nuclei Stock Concentration (nuclei/µl)                                 2500         
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a. Prepare Transposition Mix on ice. Pipette mix 10x and centrifuge briefly.

Transposition Mix
Add reagents in the order listed

PN 1X (µl)
4X + 

10% (µl)
8X + 

10% (µl)

ATAC Buffer B 2000193 7.0 30.8 61.6

ATAC Enzyme 2000123/ 
2000138

3.0 13.2 26.4

Total - 10.0 44.0 88.0

b. Add 10 µl Transposition Mix to a tube of a PCR 8-tube strip for each sample. 
Centrifuge briefly and maintain on ice. 

c. Refer to Nuclei Concentration Guidelines to calculate the volume of Nuclei Stock and 
Diluted Nuclei Buffer for a total volume of 5 µl.

d. Add the calculated volume of Diluted Nuclei Buffer to the Transposition Mix. Pipette 
mix. Centrifuge briefly. 

e. Gently pipette mix the Nuclei Stock. Add the calculated volume of the Nuclei Stock to 
the tube containing the Transposition Mix. Gently pipette mix 6x (pipette set to 10 µl). 
DO NOT centrifuge.  

a. Incubate in a thermal cycler using the following protocol.

Lid Temperature Reaction Volume Run Time

50°C 15 µl 60 min

Step Temperature Time

Incubate 37°C 00:60:00

Hold 4°C Hold

!

1.1  
Prepare 
Transposition Mix

Step 1 Transposition

1.2  
Isothermal Incubation 
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Step 2

GEM Generation & Barcoding
2.1  Prepare Reaction Mix

2.2  Load Chromium Next GEM Chip H

2.3  Run the Chromium Controller

2.4  Transfer GEMs

2.5  GEM Incubation

2
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2.0  
GEM Generation & 
Barcoding

Step 2 GEM Generation & Barcoding

GET STARTED!

Action Item 10x PN Preparation & Handling Storage

Equilibrate to 
Room 
Temperature

Single Cell ATAC 
Gel Beads v1.1

2000210 Equilibrate to room 
temperature 30 min 
before loading the chip. 

−80°C

Nuclease-free Water - - -

Reducing Agent B 2000087 Thaw, vortex, verify no 
precipitate, centrifuge 
briefly.

−20°C

Barcoding Reagent B 2000194 Thaw, vortex, verify no 
precipitate, centrifuge 
briefly.

−20°C

Place on Ice Barcoding Enzyme 2000125/
2000139

Maintain on ice. Store at 
−20°C immediately after 
use.

−20°C

Obtain Partitioning Oil 2000190 - Ambient

Chromium Next GEM 
Chip H 

2000180 See Tips & Best Practices. Ambient

10x Gasket 370017/ 
3000072

See Tips & Best Practices. Ambient

10x Vortex Adapter 330002 See Tips & Best Practices. Ambient

Chromium Next GEM 
Secondary Holder

3000332 See Tips & Best Practices Ambient

50% glycerol 
solution 
If using <8 reactions

- See Tips & Best Practices. -

Firmware Version 4.00 or higher 
is required in the Chromium 
Controller or the Chromium 
Single Cell Controller used 
for the Single Cell ATAC v1.1 
protocol.

!

Next GEM

specific
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Assemble Chromium Next GEM Chip H

After removing the chip from the sealed 
bag, use the chip in ≤ 24 h. 

See Tips & Best Practices for chip handling 
instructions. 

• Align notch on the chip (upper left corner) 
and the holder. 

• Insert the left-hand side of the chip under 
the guide. Depress the right-hand side 
of the chip until the spring-loaded clip 
engages.

• Close the lid before dispensing reagents 
into the wells.

• The assembled chip is ready for loading 
the indicated reagents. Refer to step 2.2 
for reagent volumes and loading order.  

a. Prepare Master Mix on ice. Pipette mix 10x and centrifuge briefly.  

Master  Mix
Add reagents in the order listed

PN 1X (µl)
4X + 

10% (µl)
8X + 

10% (µl)

Barcoding Reagent B 2000194 56.5 248.6 497.2

Reducing Agent B 2000087 1.5 6.6 13.2

Barcoding Enzyme 2000125/ 
2000139

2.0 8.8 17.6

Total - 60.0 264.0 528.0

2.1 
Prepare Master Mix

Step 2 GEM Generation & Barcoding

For GEM generation, load the 
indicated reagents only in the 
specified rows, starting from row 
labeled 1, followed by rows labeled 
2 and 3.  DO NOT load reagents in 
the bottom row labeled NO FILL. See 
step 2.2 for details. 

!

Notch
Chromium Next GEM Chip H

Chromium Next GEM 
Secondary Holder

Guide

Notch

Clip

!

TIPS

Assembled Chip 

3

2

Partitioning Oil

Master Mix + Sample

Gel Beads

1
NO FILL
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a. Dispense 50% Glycerol into Unused Chip Wells (if < 8 samples per chip)
i. 70 µl to unused wells in row labeled 1.
ii. 50 µl to unused wells in row labeled 2.
iii. 40 µl to unused wells in row labeled 3.

b. Prepare Master Mix + Transposed Nuclei  
Add 60 µl Master Mix to each tube containing Transposed Nuclei for a total of 75 µl in each 
tube. 

c. Load Row Labeled 1 
Gently pipette mix the Master Mix + Transposed Nuclei 5x. Using the same pipette tip, 
dispense 70 µl Master Mix + Transposed Nuclei into the bottom center of each well in row 
labeled 1 without introducing bubbles. 

d. Prepare Gel Beads 
Snap the tube strip holder with the Gel Bead strip into a 10x Vortex 
Adapter. Vortex 30 sec. Centrifuge the Gel Bead strip for ~5 sec. Confirm 
there are no bubbles at the bottom of the tubes and the liquid levels are 
even. Place the Gel Bead strip back in the holder. Secure the holder lid.

e. Load Row Labeled 2
Puncture the foil seal of the Gel Bead tubes. Slowly aspirate 50 µl Gel Beads. Dispense into 
the wells in row labeled 2 without introducing bubbles. Wait 30 sec. 

f. Load Row Labeled 3 
Dispense 40 µl Partitioning Oil into the wells in row labeled 3 from a reagent reservoir.
Failure to add Partitioning Oil to the top row labeled 3 will prevent GEM generation and can 
damage the Chromium Controller. 

g. Attach 10x Gasket
Align the notch with the top left-hand corner. Ensure the gasket holes are aligned with the 
wells. Avoid touching the smooth surface. 

DO NOT add 50% glycerol solution to the bottom 
row of NO FILL wells. DO NOT use any substitute 
for 50% glycerol solution.

The illustrated chip is being loaded for 8 samples. 

2.2 
Load Chromium 
Next GEM Chip H

Step 2
Chip Assembly & Loading

After removing 
the chip from the sealed 
bag, use in ≤ 24 h. For all 
chip loading steps, raising 
and depressing the pipette 
plunger should each take 
~5 sec. When dispensing, 
raise the pipette tips at 
the same rate as the liquid 
is rising, keeping the tips 
slightly submerged.  

!

Attach the gasket 
and run the chip in the 
Chromium Controller 
immediately after loading 
the Partitioning Oil.  

!

Lid

Gel Bead Strip

Holder

70 µl Master Mix + 
Transposed Nuclei 1

NO FILL

340 µl Partitioning Oil

NO FILL

3

2

Partitioning Oil

Master Mix + Sample

Gel Beads

1

Keep horizontal to avoid wetting the gasket. DO NOT press down on the gasket. 

NO FILL

50 µl Gel Beads 2

NO FILL
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a. Press the eject button on the Controller to 
eject the tray.

b. Place the assembled chip with the gasket 
in the tray, ensuring that the chip stays 
horizontal. Press the button to retract the tray. 

c. Confirm the program on screen. Press the 
play button.

d. At completion of the run (~18 min), the 
Controller will chime. Immediately proceed 
to the next step.

a. Place a PCR 8-tube strip on ice. 

b. Press the eject button of the Controller to 
remove the chip.

c. Discard the gasket. Open the chip holder. 
Fold the lid back until it clicks to expose the 
wells at 45 degrees.   

d. Check the volume in row labeled 1-2. 
Abnormally high volume in any well 
indicates a clog.   

e. Slowly aspirate 100 µl GEMs from the lowest 
points of the recovery wells in the top row 
labeled 3 without creating a seal between 
the pipette tips and the wells. 

f. Withdraw pipette tips from the wells. GEMs 
should appear opaque and uniform across 
all channels. Excess Partitioning Oil (clear) in 
the pipette tips indicates a potential clog. 

g. Over the course of ~20 sec, dispense GEMs 
into the tube strip on ice with the pipette tips 
against the sidewalls of the wells. 

h. If multiple chips are run back-to-back, cap/
cover the GEM-containing tube strip or plate 
and place on ice for no more than 1 h. 

!

2.3 
Run the Chromium 
Controller

2.4 
Transfer GEMs

Step 2 GEM Generation & Barcoding

Expose Wells at 45 Degrees

Transfer GEMs

GEMs

Firmware Version 4.00 or higher is 
required in the Chromium Controller or the 
Chromium Single Cell Controller used for 
the Single Cell ATAC v1.1 protocol.

!
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 Use a thermal cycler that can accommodate at least 100 µl volume. A volume of 
125 µl is the preferred setting on Bio-Rad C1000 Touch. In alternate thermal cyclers, 
use highest reaction volume setting.

a. Incubate in a thermal cycler with the following protocol. 

Lid Temperature Reaction Volume Run Time

105°C 100 µl 30 min

Step Temperature Time

1 72°C 00:05:00

2 98°C 00:00:30

3 98°C 00:00:10

4 59°C 00:00:30

5 72°C 00:01:00
Go to step 3, repeat 11X 

(Total 12 cycles)

6 15°C Hold

b. Store at 15°C for up to 18 h or at −20°C for up to 1 week, or proceed to the next step.STOP

2.5 
GEM Incubation

Step 2 GEM Generation & Barcoding

Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 556 of 835 PageID #: 2041



30Click to TOC Chromium Next GEM Single Cell ATAC Reagent Kits v1.1 User Guide • Rev C

3

Step 3

Post GEM Incubation Cleanup 
3.1  Post GEM Incubation Cleanup – Dynabeads

3.2  Post GEM Incubation Cleanup – SPRIselect
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3.0 
Post GEM Incubation 
Cleanup

GET STARTED!

Action Item 10x PN Preparation & Handling Storage

Equilibrate to 
Room 
Temperature

Reducing Agent B 2000087 Thaw, vortex, verify no 
precipitate, centrifuge 
briefly.

−20°C

Nuclease-free 
Water

- - -

Dynabeads MyOne 
SILANE

2000048 Vortex thoroughly 
(≥30 sec) to resuspend 
beads immediately before 
use.

4°C

Beckman Coulter 
SPRIselect 
Reagent

- Manufacturer’s 
recommendations.

-

Thaw at 65°C Cleanup Buffer 2000088 Thaw for 10 min at 
65°C at max speed on a 
thermomixer. Verify there 
are no visible crystals. 
Cool to room temperature.

−20°C

Obtain Recovery Agent 220016 - Ambient

Qiagen Buffer EB - Manufacturer’s 
recommendations.

-

Bio-Rad 10% 
Tween 20

- Manufacturer’s 
recommendations.

-

10x Magnetic 
Separator 

230003 - Ambient

Prepare 
80% Ethanol
Prepare 10 ml for 
8 reactions

- Prepare fresh. -

Step 3 Post GEM Incubation Cleanup
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a. Add 125 µl Recovery Agent to each sample 
at room temperature. DO NOT pipette mix 
or vortex the biphasic mixture. Gently invert 
tube 10x to mix. Centrifuge briefly.

 The resulting biphasic mixture contains 
Recovery Agent/Partitioning Oil (pink) and 
aqueous phase (clear), with no persisting 
emulsion (opaque).

 A smaller aqueous phase volume indicates a 
clog during GEM generation. 

b. Slowly remove and discard 125 µl Recovery 
Agent/Partitioning Oil (pink) from the bottom 
of the tube. DO NOT aspirate any aqueous 
sample. 

c. Prepare Dynabeads Cleanup Mix. 

!

3.1 
Post GEM Incubation 
Cleanup – Dynabeads

Dynabeads Cleanup Mix
Add reagents in the order listed

PN 1X (µl)
4X + 

10% (µl)
8X + 

10% (µl)

Cleanup Buffer 2000088 182 800.8 1601.6

Dynabeads MyOne SILANE
Vortex thoroughly (≥30 sec)
immediately before adding to the 
mix. 
 
Aspirate the full liquid volume with 
a pipette tip to verify that the beads 
have not settled in the bottom of the 
tube. If clumps are present, pipette 
mix to resuspend completely. 
DO NOT centrifuge before use.

2000048 8 35.2 70.4

Reducing Agent B 2000087 5 22 44

Nuclease-free Water - 5 22 44

Total - 200 880 1760

!

d. Vortex and add 200 µl to each sample. 
Pipette mix 5x (pipette set to 200 µl).

e. Incubate 10 min at room temperature. 

Step 3

Biphasic Mixture

Remove Recovery Agent

Add Dynabeads Cleanup Mix

Post GEM Incubation Cleanup

Resuspend 
clump
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f. Prepare Elution Solution I. Vortex and centrifuge briefly.

Elution Solution I*
Add reagents in the order listed

PN 1X (µl)
4X + 

10% (µl)
8X + 

10% (µl)

Buffer EB - 98.0 431.2 862.4

10% Tween 20 - 1.0 4.4 8.8

Reducing Agent B 200087 1.0 4.4 8.8

Total - 100.0 440.0 880.0

*Elution Solution I will be used in steps 3.1o and 3.2j

g. At the end of 10 min incubation, place on the 10x Magnetic Separator, high position 
(magnet•High) until the solution clears. 

h. Remove the supernatant.

i. Add 300 µl freshly prepared 80% ethanol to the pellet while on the magnet•High. Wait 
30 sec. 

j. Remove the ethanol. 

k.  Add 200 µl 80% ethanol to pellet. Wait 30 sec. 

l. Remove the ethanol.

m. Centrifuge briefly. Place on the magnet•Low.

n. Remove remaining ethanol. 

o. Remove from the magnet. Immediately add 40.5 µl Elution Solution I to avoid 
clumping.

p. Pipette mix (pipette set to 40 µl) without introducing bubbles.

q. Incubate 1 min at room temperature.

r. Centrifuge briefly. Place on the magnet•Low until the solution clears.

s. Transfer 40 µl sample to a new tube strip.

TIPS

 

Step 3 Post GEM Incubation Cleanup
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3.2 
Post GEM Incubation 
Cleanup – SPRIselect

Step 3 Post GEM Incubation Cleanup 

a. Vortex the SPRIselect reagent until fully resuspended.  Add 48 µl SPRIselect reagent 
to each sample. Pipette mix thoroughly. 

b. Incubate 5 min at room temperature.

c. Centrifuge briefly. Place on the magnet•High until the solution clears. 

d. Remove the supernatant.

e. Add 200 µl 80% ethanol to the pellet. Wait 30 sec. 

f. Remove the ethanol. 

g. Repeat steps e and f for a total of 2 washes. 

h. Centrifuge briefly. Place on the magnet•Low.

i. Remove any remaining ethanol. 

j. Remove the tube strip from the magnet. Immediately add 40.5 µl Elution Solution I.

k. Pipette mix (pipette set to 30 µl) without introducing bubbles.

l. Incubate 2 min at room temperature.

m. Centrifuge briefly. Place on the magnet•Low until the solution clears.

n. Transfer 40 µl sample to a new tube strip.

o. Store at 4°C for up to 72 h or at −20°C for up to 2 weeks, or proceed to the next step.STOP
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4

Step 4

Library Construction
4.1  Sample Index PCR

4.2  Post Sample Index Double Sided Size Selection – SPRIselect

4.3  Post Library Construction QC

4.4  Post Library Construction Quantification
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4.0 
Library Construction 

GET STARTED!

Action Item 10x PN Preparation & Handling Storage

Equilibrate to 
Room 
Temperature

Chromium i7 
Sample Index 
Plate N, Set A

3000262 - −20°C

Beckman Coulter 
SPRIselect 
Reagent

- Manufacturer’s 
recommendations.

-

Agilent 
Bioanalyzer DNA 
kit 
(if used for QC)

- Manufacturer’s 
recommendations.

-

Place on Ice SI-PCR Primer B 2000128 Vortex, centrifuge briefly. −20°C

Amp Mix 2000047/ 
2000103

Gently pipette mix, 
centrifuge briefly.

−20°C

KAPA Library 
Quantification Kit
for Illumina® 

Platforms

- Manufacturer’s 
recommendations.

-

Obtain Qiagen Buffer EB - - Ambient

10x Magnetic 
Separator

230003 See Tips & Best Practices. Ambient

Prepare 
80% Ethanol 
Prepare 10 ml 
for 8 reactions 

- Prepare fresh. Ambient

Step 4 Library Construction
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Choose the appropriate sample index sets to ensure that no sample indices 
overlap in a multiplexed sequencing run. 

a. Prepare Sample Index PCR Mix. 

Sample Index PCR Mix
Add reagents in the order listed

PN 1X (µl)
4X + 

10% (µl)
8X + 

10% (µl)

Amp Mix 2000047/ 
2000103

50 220 440

SI- PCR Primer B 2000128 7.5 33 66

Total - 57.5 253 506

b. Add 57.5 µl Sample Index PCR Mix to 40 µl sample. Pipette mix and centrifuge briefly.

c. Add 2.5 µl of an individual Chromium i7 Sample Index N, Set A to each well. Record 
assignment. Pipette mix and centrifuge briefly. 

d. Incubate in a thermal cycler with the following protocol.

Lid Temperature Reaction Volume Run Time

105°C 100 µl ~30 min

Step Temperature Time

1 98°C 00:00:45

2 98°C 00:00:20

3 67°C 00:00:30

4 72°C 00:00:20 
Go to step 2, see table below 

for # cycles

5 72°C 00:01:00

6 4°C Hold

        Cycle Number Optimization Table

Targeted Nuclei 
Recovery

Total Cycles

500-2,000 11

2,001-6,000 10

6,001-10,000 9

e. Store at 4°C for up to 72 h or proceed to the next step.STOP

4.1 
Sample Index PCR 

Step 4 Library Construction

The table recommends a starting point 
for cycle number optimization based 
on Targeted Nuclei Recovery. 
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4.2 
Post Sample Index 
Double Sided Size 
Selection – SPRIselect

a. Vortex to resuspend SPRIselect reagent. Add 40 µl SPRIselect reagent to each 
sample. Pipette mix. 

b. Incubate 5 min at room temperature.

c. Place on the magnet•High until the solution clears.

d. Transfer 130 µl supernatant to a new strip tube. DO NOT discard the supernatant.

e. Vortex to resuspend SPRIselect reagent. Add 74 µl SPRIselect reagent to each 
sample. Pipette mix. 

f. Incubate 5 min at room temperature. 

g. Place on the magnet•High until the solution clears.

h. Remove the supernatant.

i. Add 200 µl 80% ethanol to the pellet. Wait 30 sec.

j. Remove the ethanol. 

k. Repeat steps i and j for a total of 2 washes. 

l. Centrifuge briefly. Place on the magnet•Low. 

m. Remove remaining ethanol. 

n. Remove from the magnet. Immediately add 20.5 µl Buffer EB. Pipette mix. 

o. Incubate 2 min at room temperature.

p. Centrifuge briefly. Place on the magnet•Low until the solution clears.

q. Transfer 20 µl sample to a new tube strip.

r. Store at 4°C for up to 72 h or at −20°C for long-term storage.

TIPS

!

STOP

Step 4 Library Construction
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a. EITHER Run 1 µl sample on the Agilent Bioanalyzer High Sensitivity DNA chip to 
determine fragment size. Lower molecular weight product (≤ 150 bp) may be present. 
This does not affect sequencing.

b. OR Run 2 µl sample on the Agilent TapeStation High Sensitivity D1000 ScreenTape to 
determine fragment size. 

Representative Trace

4.3 
Post Library Construction 
QC

Step 4 Library Construction

Representative Trace
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a. Thaw KAPA Library Quantification Kit for Illumina® Platforms. 

b. Dilute 1 µl sample with deionized water to appropriate dilutions that fall within the 
linear detection range of the KAPA Library Quantification Kit for Illumina® Platforms. 
(For more accurate quantification, make the dilution(s) in duplicate).

c. Make enough Quantification Master Mix for the DNA dilutions per sample and the DNA 
Standards (plus 10% excess) using the guidance for 1 reaction volume below.

Quantification Master Mix 1X (µl)

SYBR Fast Master Mix + Primer 12

Water 4

Total 16

d. Dispense 16 µl Quantification Master Mix for sample dilutions and DNA Standards into 
a 96 well PCR plate.

e. Add 4 µl sample dilutions and 4 µl DNA Standards to appropriate wells. Centrifuge 
briefly. 

f. Incubate in a thermal cycler with the following protocol.

Step Temperature Run Time

1 95°C 00:03:00

2 95°C 00:00:05

3 67°C 00:00:30

4 Go to Step 2, 29X (Total 30 cycles)

g. Follow the manufacturer’s recommendations for qPCR-based quantification. For 
library quantification for sequencer clustering, determine the concentration using the 
average size in the region of 175-1,000 bp.

4.4 
Post Library Construction 
Quantification

Step 4 Library Construction

For Library Construction related questions, contact support@10xgenomics.com 
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5

Sequencing
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 Chromium Single Cell ATAC libraries comprise double stranded DNA fragments 
which begin with P5 and end with P7. Sequencing these libraries produces a standard 
Illumina® BCL data output folder.

 The BCL data for Single Cell ATAC libraries include:
• Paired-end Read 1N containing insert sequence only
• Read 2N containing insert sequence, starting from the opposite end of fragment
• 8 bp sample index in the i7 read
• 16 bp 10X barcode sequence in the i5 read

  The Cell Ranger scATAC pipeline performs demultiplexing and leverages the 10x 
Barcodes to group read-pairs and associate them to individual cells for secondary 
analysis and visualization. In addition to performing standard analysis steps such as 
alignment, Cell Ranger scATAC leverages the 10x Barcodes to generate chromatin 
accessibility data with single cell resolution. This enables applications including cell 
clustering, cell type classification, and differential accessibility at a scale of hundreds 
to thousands of cells.

The compatibility of the listed sequencers has been verified by 10x Genomics. Some 
variation in assay performance is expected based on sequencer choice. For more 
information about performance variation, visit the 10x Genomics Support website.

• MiSeq™

• NextSeq™ 500/550 (High Output)
• HiSeq 2500™ (Rapid Run)
• HiSeq™ 3000/4000
• NovaSeq™

 Each sample index in the Chromium i7 Sample Index Plate Kit N, Set A (PN-3000262) 
is a mix of 4 different sequences to balance across all 4 nucleotides. If multiple 
samples are pooled in a sequence lane, the sample index name (i.e. the Chromium 
i7 Sample Index Plate N, Set A well ID) is needed in the sample sheet used for 
generating FASTQs with “cellranger-scATAC mkfastq”.

Illumina® Sequencer 
Compatibility

Sample Indices

Sequencing Depth & Run 
Parameters

Sequencing

Sequencing Depth 25,000 read pairs per nucleus  
(25,000 reads for Read 1N; 25,000 reads for Read 2N)

Sequencing Type Paired-end, dual indexing

Sequencing Read Recommended Number of Cycles

Read 1N
i7 Index
i5 Index
Read 2N

50 cycles
8 cycles
16 cycles
50 cycles

Sequencing Libraries

Step 5

P5 Read 1N10x 
Barcode

Read 2N P7
 Insert

Read 1N

Read 2N

i7:8
Sample
Index Ni5:16 bp
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Sequencing

Once quantified and normalized, Single Cell ATAC libraries should be denatured and 
diluted according to the table below. Consult the Technical Note on Sequencing Metrics 
and Base Composition of Chromium Single Cell ATAC Libraries (Document CG000181), 
available at the 10x Genomics Support website, for more information. 

Instrument Loading Concentration (pM) PhiX (%)

MiSeq™ 11 1

NextSeq™ 500/550 1.7 1

HiSeq™ 2500 (RR) 11 1

HiSeq™ 4000 180 1

NovaSeq™ 300 1

 Pooling dissimilar libraries may compromise the ability to pool effectively due 
to differences in insert sizes. DO NOT pool Single Cell ATAC libraries with other 
10x Genomics libraries. 

Library Loading 

Step 6

Library Pooling
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6

Troubleshooting
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GEMs

Troubleshooting

A       B      C        D       E       F      G       H

STEP NORMAL REAGENT CLOGS & WETTING FAILURES

2.4 d
After Chip H is 
removed from the 
Controller and the 
wells are exposed

 

All 8 recovery wells (row labeled 3) are 
similar in volume and opacity.

Recovery well G indicates a reagent clog.
Recovery well C and E indicate a wetting 
failure. Recovery wells B, D, and F are 
normal. Wells A and H contain 50% Glycerol 
Solution. 

2.4 f
Transfer GEMs 
from Chip H 
Row Labeled 3

All liquid levels are similar in volume and 
opacity without air trapped in the pipette 
tips.

Pipette tips C and E indicate a wetting 
failure. Pipette tip C contains partially 
emulsified GEMs. Emulsion is absent 
in pipette tip E. Pipette tip G indicates a 
reagent clog.

 A      B     C      D      E     F     G      H  A      B     C      D      E     F     G      H
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STEP NORMAL REAGENT CLOGS & WETTING FAILURES

3.1 a
After transfer of the 
GEMs + 
Recovery Agent 

All liquid levels are similar in the 
aqueous sample volume (clear) and 
Recovery Agent/Partitioning Oil (pink).

Tube G indicates a reagent clog has 
occurred. There is a decreased volume of 
aqueous layer (clear).
Tube C and E indicate a wetting failure has 
occurred. There is an abnormal volume of 
Recovery Agent/Partitioning Oil (pink).

3.1 b
After aspiration of 
Recovery Agent/
Partitioning Oil

All liquid volumes are similar in the 
aqueous sample volume (clear) and 
residual Recovery Agent/Partitioning Oil 
(pink).

Tube G indicates a reagent clog has 
occurred. There is a decreased volume 
of aqueous layer (clear). There is also 
a greater residual volume of Recovery 
Agent/Partitioning Oil (pink).
Tube C and E indicate a wetting failure has 
occurred. There is an abnormal residual 
volume of Recovery Agent/Partitioning Oil 
(pink).

3.1 d
After addition of 
Dynabeads 
Cleanup Mix 

All liquid volumes are similar after 
addition of the Dynabeads Cleanup Mix.

Tube G indicates a reagent clog has 
occurred. There is an abnormal ratio 
of Dynabeads Cleanup Mix (brown) to 
Recovery Agent/Partitioning Oil (appears 
white).
Tube C and E indicate a wetting failure 
has occurred. There is an abnormal ratio 
of Dynabeads Cleanup Mix (brown) to 
Recovery Agent/Partitioning Oil (appears 
white). 

 

Troubleshooting

If a channel clogs or wetting failure occurs during GEM generation, it is 
recommended that the sample be remade. If any of the listed issues occur, take 
a picture and send it to support@10xgenomics.com for further assistance.

A        B          C        D         E          F        G          H  A          B          C         D        E         F         G         H

A         B          C        D          E        F         G          H A         B         C         D         E          F        G         H

A         B         C         D         E          F        G         HA         B          C        D          E        F         G          H
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 If the Chromium Controller or the Chromium Single Cell Controller fails to start, an 
error tone will sound and one of the following error messages will be displayed:

a. Chip not read – Try again: Eject the tray, remove and/or reposition the Chromium 
Next GEM Secondary Holder assembly and try again. If the error message is still 
received after trying this more than twice, contact support@10xgenomics.com for 
further assistance.

b. Check gasket: Eject the tray by pressing the eject button to check that the 10x Gasket 
is correctly installed on the Chromium Next GEM Chip. If the error message persists, 
contact support@10xgenomics.com for further assistance.

c. Error Detected: Row _ Pressure:

i. If this message is received within a few seconds of starting a run, eject the tray by 
pressing the eject button and check for dirt or deposits on the 10x Gasket. If dirt is 
observed, replace with a new 10x Gasket and try again. If the error message is still 
received after trying this more than twice, contact support@10xgenomics.com for 
further assistance.

ii. If this message is received after a few minutes into the run, the Chromium Next 
GEM Chip must be discarded. Do not try running this Chromium Next GEM Chip 
again as this may damage the Chromium Controller.

d. Invalid Chip CRC Value: This indicates that a Chromium Next GEM Chip has 
been used with an older firmware version. The chip must be discarded. Contact 
support@10xgenomics.com for further assistance. 

Chromium Controller 
Errors

Troubleshooting
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7

Appendix
Oligonucleotide Sequences  

Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 575 of 835 PageID #: 2060



49Click to TOC Chromium Next GEM Single Cell ATAC Reagent Kits v1.1 User Guide • Rev C

Oligonucleotide

Protocol steps correspond to the Chromium Next GEM Single Cell ATAC Reagent Kits v1.1 User Guide (CG000209)

Protocol Step 1 – Transposition

Transposition Mix Read 1N primer sequence:  

5ʹ-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-3ʹ
Read 2N primer sequence: 

5ʹ-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-3ʹ

Transposed DNA 
Product

5ʹ-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-----insert--   CTGTCTCTTATACACATCTCCGAGCCCACGAGAC-3ʹ
3ʹ-AGCAGCCGTCGCAGTCTACACATATTCTCTGTC   --insert-----GACAGAGAATATGTGTAGAGGCTCGGGTGCTCTG-5ʹ

Protocol Step 2.5 – GEM Incubation

Gel Bead Oligo 
Primer
PN-2000210

5’-AATGATACGGCGACCACCGAGATCTACAC-NNNNNNNNNNNNNNNN-TCGTCGGCAGCGTC-3’

Linear Amplification 
DNA Product

5ʹ-AATGATACGGCGACCACCGAGATCTACAC-NNNNNNNNNNNNNNNN-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG----insert----CTGTCTCTTATACACATCTCCGAGCCCACGAGAC-3ʹ

Protocol Step 4.1 – Sample Index PCR

SI-PCR Primer B
PN-2000128 

i7 Sample Index  
Plate N, Set A 
PN-3000262

Forward Primer: 

5’-AATGATACGGCGACCACCGAGA-3’

Reverse Primer: 

5’- CAAGCAGAAGACGGCATACGAGAT-NNNNNNNN-GTCTCGTGGGCTCGG-3ʹ

Sample Index PCR 
Product

5 -́AATGATACGGCGACCACCGAGATCTACAC-NNNNNNNNNNNNNNNN-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG---insert---CTGTCTCTTATACACATCTCCGAGCCCACGAGAC-NNNNNNNN-ATCTCGTATGCCGTCTTCTGCTTG-3ʹ
3 -́TTACTATGCCGCTGGTGGCTCTAGATGTG-NNNNNNNNNNNNNNNN-AGCAGCCGTCGCAGTCTACACATATTCTCTGTC---insert---GACAGAGAATATGTGTAGAGGCTCGGGTGCTCTG-NNNNNNNN-TAGAGCATACGGCAGAAGACGAAC-5ʹ

Read 1N Read 2N

Gel
Bead

P5 10x
Barcode

Partial
 Read 1N

Partial P5 Partial
 Read 2N

Sample 
Index N

P7

Read 2N P7Sample 
Index N

P5 10x
Barcode

Read 1N  Insert

Appendix

Sequences

P5 10x
Barcode

Read 1N Read 2N Insert
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IN VITRO EVOLUTION IN MICROFLUIDIC ria are rarely multiply infected , in most cases all the phage 
SYSTEMS produced from an individual bacterium will carry the same 

genetic element and display the same protein . 
RELATED APPLICATIONS However , phage display relies upon the creation of 

5 nucleic acid libraries in vivo in bacteria . Thus , the practical 
The present application is a continuation of U . S . Ser . No . limitation on library size allowed by phage display technol 

15 / 012 , 209 , filed Feb . 1 . 2016 , which is a continuation of ogy is of the order of 10 ' to 10 " , even taking advantage of 
U . S . Ser . No . 13 / 705 , 833 , filed Dec . 5 , 2012 , which is a à phage vectors with excisable filamentous phage replicons . 
continuation of U . S . Ser . No . 11 / 665 , 030 , filed Apr . 14 . The technique has mainly been applied to selection of 
2009 , now U . S . Pat . No . 9 , 029 , 083 , which application is a 35 10 molecules with binding activity . A small number of proteins 
U . S . C . § 371 National Phase Application of PCT / GB2005 / with catalytic activity have also been isolated using this 
003889 , filed Oct . 10 , 2005 ; which claims priority from U . S . technique , however , selection was not directly for the 
Ser . No . 10 / 961 , 695 , filed Oct . 8 , 2004 , now U . S . Pat . No . desired catalytic activity , but either for binding to a transi 
7 , 938 , 287 , each of which is incorporated by reference in its tion - state analogue ( Widersten and Mannervik , 1995 ) or 
entirety . 15 reaction with a suicide inhibitor ( Soumillion et al . , 1994 ; 

Janda et al . , 1997 ) . More recently there have been some 
SEQUENCE LISTING examples of enzymes selected using phage - display by prod 

uct formation ( Atwell & Wells , 1999 ; Demartis et al . , 1999 ; 
The application contains a sequence listing which has Jestin et al . , 1999 ; Pederson , et al . , 1998 ) , but in all these 

been submitted in ASCII format via EFS - Web and is hereby 20 cases selection was not for multiple turnover . 
incorporated by reference in its entirety . The ASCII - format - Specific peptide ligands have been selected for binding to 
ted sequence listing , created on May 4 , 2017 , is named receptors by affinity selection using large libraries of pep 
RDT - 301 - US06 - Sequence Listing , and is 3 , 600 bytes in tides linked to the C terminus of the lac repressor Lacl ( Cull 
size . et al , 1992 ) . When expressed in E . coli the repressor protein 

The present invention relates to methods for use in in vitro 25 physically links the ligand to the encoding plasmid by 
evolution of molecular libraries . In particular , the present binding to a lac operator sequence on the plasmid . 
invention relates to methods of selecting nucleic acids An entirely in vitro polysome display system has also 
encoding gene products in which the nucleic acid and the been reported ( Mattheakis et al . , 1994 ; Hanes and Pluckt 
activity of the encoded gene product are linked by compart - hun , 1997 ) in which nascent peptides are physically attached 
mentation , using microfluidic systems to create and / or 30 via the ribosome to the RNA which encodes them . An 
handle the compartments . alternative , entirely in vitro system for linking genotype to 

Evolution requires the generation of genetic diversity phenotype by making RNA - peptide fusions ( Roberts and 
( diversity in nucleic acid ) followed by the selection of those Szostak , 1997 ; Nemoto et al . , 1997 ) has also been described . 
nucleic acids which result in beneficial characteristics . However , the scope of the above systems is limited to the 
Because the nucleic acid and the activity of the encoded 35 selection of proteins and furthermore does not allow direct 
gene product of an organism are physically linked ( the selection for activities other than binding , for example 
nucleic acids being confined within the cells which they catalytic or regulatory activity . 
encode ) multiple rounds of mutation and selection can result In vitro RNA selection and evolution ( Ellington and 
in the progressive survival of organisms with increasing Szostak , 1990 ) , sometimes referred to as SELEX ( system 
fitness . Systems for rapid evolution of nucleic acids or 40 atic evolution of ligands by exponential enrichment ) ( Tuerk 
proteins in vitro advantageously mimic this process at the and Gold , 1990 ) allows for selection for both binding and 
molecular level in that the nucleic acid and the activity of the chemical activity , but only for nucleic acids . When selection 
encoded gene product are linked and the activity of the gene is for binding , a pool of nucleic acids is incubated with 
product is selectable . immobilised substrate . Non - binders are washed away , then 

Recent advances in molecular biology have allowed some 45 the binders are released , amplified and the whole process is 
molecules to be co - selected according to their properties repeated in iterative steps to enrich for better binding 
along with the nucleic acids that encode them . The selected sequences . This method can also be adapted to allow isola 
nucleic acids can subsequently be cloned for further analysis tion of catalytic RNA and DNA ( Green and Szostak , 1992 ; 
or use , or subjected to additional rounds of mutation and for reviews see Chapman and Szostak , 1994 ; Joyce , 1994 ; 
selection . 50 Gold et al . , 1995 ; Moore , 1995 ) . 
Common to these methods is the establishment of large However , selection for " catalytic ” or binding activity 

libraries of nucleic acids . Molecules having the desired using SELEX is only possible because the same molecule 
characteristics ( activity ) can be isolated through selection performs the dual role of carrying the genetic information 
regimes that select for the desired activity of the encoded and being the catalyst or binding molecule ( aptamer ) . When 
gene product , such as a desired biochemical or biological 55 selection is for " auto - catalysis ” the same molecule must also 
activity , for example binding activity . perform the third role of being a substrate . Since the genetic 

Phage display technology has been highly successful as element must play the role of both the substrate and the 
providing a vehicle that allows for the selection of a dis catalyst , selection is only possible for single turnover events . 
played protein by providing the essential link between Because the " catalyst ” is in this process itself modified , it is 
nucleic acid and the activity of the encoded gene product 60 by definition not a true catalyst . Additionally , proteins may 
( Smith , 1985 ; Bass et al . , 1990 ; McCafferty et al . , 1990 ; for not be selected using the SELEX procedure . The range of 
review see Clackson and Wells , 1994 ) . Filamentous phage catalysts , substrates and reactions which can be selected is 
particles act as genetic display packages with proteins on the therefore severely limited . 
outside and the genetic elements which encode them on the Those of the above methods that allow for iterative rounds 
inside . The tight linkage between nucleic acid and the 65 of mutation and selection are mimicking in vitro mecha 
activity of the encoded gene product is a result of the nisms usually ascribed to the process of evolution : iterative 
assembly of the phage within bacteria . As individual bacte - variation , progressive selection for a desired the activity and 
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replication . However , none of the methods so far developed U . S . Pat . No . 6 , 248 , 378 , issued Jun . 19 , 2001 , describes 
have provided molecules of comparable diversity and func production of particles for introduction into food using a 
tional efficacy to those that are found naturally . Additionally , microjet and a monodisperse aerosol formed when the 
there are no man - made “ evolution ” systems which can microjet dissociates . 
evolve both nucleic acids and proteins to effect the full range 5 Microfluidic systems have been described in a variety of 
of biochemical and biological activities ( for example , bind - contexts , typically in the context of miniaturised laboratory 
ing , catalytic and regulatory activities ) and that can combine ( e . g . , clinical ) analysis . Other uses have been described as 
several processes leading to a desired product or activity . well . For example , International Patent Publication No . WO 

There is thus a great need for an in vitro system that 01 / 89789 , published Nov . 29 , 2001 by Anderson , et al . , 
overcomes the limitations discussed above . 10 describes multi - level microfluidic systems that can be used 

In Tawfik and Griffiths ( 1998 ) , and in International patent to provide patterns of materials , such as biological materials 
application PCT / GB98 / 01889 , we describe a system for in and cells , on surfaces . Other publications describe micro 
vitro evolution that overcomes many of the limitations fluidic systems including valves , switches , and other com 
described above by using compartmentalisation in micro ponents . 
capsules to link genotype and phenotype at the molecular 15 
level . BRIEF DESCRIPTION OF THE INVENTION 

In Tawfik and Griffiths ( 1998 ) , and in several embodi 
ments of International patent application W09902671 , the According to a first aspect of the present invention , there 
desired activity of a gene product results in a modification of is provided a method for isolating one or more genetic 
the genetic element which encoded it ( and is present in the 20 elements encoding a gene product having a desired activity , 
same microcapsule ) . The modified genetic element can then comprising the steps of : 
be selected in a subsequent step . ( a ) compartmentalising the genetic elements into micro 

Our subsequent international patent application capsules ; 
W00040712 describes a variation of this technology in ( b ) sorting the genetic elements which express gene 
which the modification of the genetic element causes a 25 product ( s ) having the desired activity ; 
change in the optical properties of the element itself , and wherein at least one step is under microfluidic control . 
which has many advantages over the methods described In the method of the invention , a genetic element may be 
previously . expressed to form its gene product before or after compart 

The manipulation of fluids to form fluid streams of mentalisation ; where the gene product is expressed before 
desired configuration , discontinuous fluid streams , droplets , 30 compartmentalisation , it is linked to the genetic element 
particles , dispersions , etc . , for purposes of fluid delivery , such that they are compartmentalised together . 
product manufacture , analysis , and the like , is a relatively Preferably , at least one step is performed using electronic 
well - studied art . For example , highly monodisperse gas control of fluidic species . 
bubbles , less than 100 microns in diameter , have been Advantageously at least one step involves fusion or 
produced using a technique referred to as capillary flow 35 splitting of microcapsules . 
focusing . In this technique , gas is forced out of a capillary Methods for electronic control of fluidic species , as well 
tube into a bath of liquid , the tube is positioned above a as splitting ( and fusing ) of microcapsules under microfluidic 
small orifice , and the contraction flow of the external liquid control , are described herein . 
through this orifice focuses the gas into a thin jet which Preferably , the method of the invention comprises the 
subsequently breaks into equal - sized bubbles via a capillary 40 steps of : 
instability . In a related technique , a similar arrangement was ( a ) compartmentalising the genetic elements into micro 
used to produce liquid droplets in air . capsules ; 

An article entitled “ Generation of Steady Liquid Micro ( c ) expressing the genetic elements to produce their 
threads and Micron - Sized Monodisperse Sprays and Gas respective gene products within the microcapsules ; and 
Streams , ” Phys . Rev . Lett . , 80 : 2 , Jan . 12 , 1998 , 285 - 288 45 ( d ) sorting the genetic elements which encode gene prod 
( Ganan - Calvo ) describes formation of a microscopic liquid uct ( s ) having the desired activity . 
thread by a laminar accelerating gas stream , giving rise to a Alternatively , the method of the invention comprises the 
fine spray . steps of : 
An articled entitled “ Dynamic Pattern Formation in a ( a ) expressing the genetic elements to produce their 

Vesicle - Generating Microfluidic Device , ” Phys . Rev . Lett . , 50 respective gene products such that the gene products 
86 : 18 , Apr . 30 , 2001 ( Thorsen , et al . ) describes formation of are linked to the genes encoding them ; 
a discontinuous water phase in a continuous oil phase via ( b ) compartmentalising the genetic elements into micro 
microfluidic cross - flow , specifically , by introducing water , at capsules ; and 
a “ T ” junction between two microfluidic channels , into ( c ) sorting the genetic elements which encode gene prod 
flowing oil . 55 uct ( s ) having the desired activity . 

U . S . Pat . No . 6 , 120 , 666 , issued Sep . 19 , 2000 , describes The microcapsules according to the present invention 
a micofabricated device having a fluid focusing chamber for compartmentalise genetic elements and gene products such 
spatially confining first and second sample fluid streams for that they remain physically linked together . 
analysing microscopic particles in a fluid medium , for As used herein , a genetic element is a molecule or 
example in biological fluid analysis . 60 molecular construct comprising a nucleic acid . The genetic 

U . S . Pat . No . 6 , 116 , 516 , issued Sep . 12 , 2000 , describes elements of the present invention may comprise any nucleic 
formation of a capillary microjet , and formation of a acid ( for example , DNA , RNA or any analogue , natural or 
monodisperse aerosol via disassociation of the microjet . artificial , thereof ) . The nucleic acid component of the 

U . S . Pat . No . 6 , 187 , 214 , issued Feb . 13 , 2001 , describes genetic element may moreover be linked , covalently or 
atomised particles in a size range of from about 1 to about 65 non - covalently , to one or more molecules or structures , 
5 microns , produced by the interaction of two immiscible including proteins , chemical entities and groups , and solid 
fluids . phase supports such as beads ( including nonmagnetic , mag 
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netic and paramagnetic beads ) , and the like . In the method and / or genetic elements , in addition to charge , can also be 
of the invention , these structures or molecules can be incorporated onto the microfluidic device . 
designed to assist in the sorting and / or isolation of the Changes in optical properties may be direct or indirect . 
genetic element encoding a gene product with the desired Thus , the change may result in the alteration of an optical 
activity . 5 property in the microcapsule or genetic element itself , or 

Expression , as used herein , is used in its broadest mean may lead indirectly to such a change . For example , modi 
ing , to signify that a nucleic acid contained in the genetic fication of a genetic element may alter its ability to bind an 
element is converted into its gene product . Thus , where the optically active ligand , thus indirectly altering its optical 
nucleic acid is DNA , expression refers to the transcription of properties . 
the DNA into RNA , where this RNA codes for protein , 10 Alternatively , imaging techniques can be used to screen 
expression may also refer to the translation of the RNA into thin films of genetic elements to allow enrichment for a 
protein . Where the nucleic acid is RNA , expression may genetic element with desirable properties , for example by 
refer to the replication of this RNA into further RNA copies , physical isolation of the region where a genetic element with 
the reverse transcription of the RNA into DNA and option - desirable properties is situated , or ablation of non - desired 
ally the transcription of this DNA into further RNA 15 genetic elements . The genetic elements can be detected by 
molecule ( s ) , as well as optionally the translation of any of luminescence , phosphorescence or fluorescence . 
the RNA species produced into protein . Preferably , there The sorting of genetic elements may be performed in one 
fore , expression is performed by one or more processes of essentially seven techniques . 
selected from the group consisting of transcription , reverse ( 1 ) In a first embodiment , the microcapsules are sorted 
transcription , replication and translation . 20 according to an activity of the gene product or derivative 

Expression of the genetic element may thus be directed thereof which makes the microcapsule detectable as a 
into either DNA , RNA or protein , or a nucleic acid or protein whole . Accordingly , a gene product with the desired 
containing unnatural bases or amino acids ( the gene product ) activity induces a change in the microcapsule , or a modi 
within the microcapsule of the invention , so that the gene fication of one or more molecules within the microcap 
product is confined within the same microcapsule as the 25 sule , which enables the microcapsule containing the gene 
genetic element . product and the genetic element encoding it to be sorted . 

The genetic element and the gene product thereby In this embodiment the microcapsules are physically 
encoded are linked by confining each genetic element and sorted from each other according to the activity of the 
the respective gene product encoded by the genetic element gene product ( s ) expressed from the genetic element ( s ) 
within the same microcapsule . In this way the gene product 30 contained therein , which makes it possible selectively to 
in one microcapsule cannot cause a change in any other enrich for microcapsules containing gene products of the 
microcapsules . In addition , further linking means may be desired activity . 
employed to link gene products to the genetic elements ( II ) In a second embodiment , the genetic elements are sorted 
encoding them , as set forth below . following pooling of the microcapsules into one or more 

The term “ microcapsule " is used herein in accordance 35 common compartments . In this embodiment , a gene prod 
with the meaning normally assigned thereto in the art and u ct having the desired activity modifies the genetic ele 
further described hereinbelow . In essence , however , a micro ment which encoded it and which resides in the same 
capsule is an artificial compartment whose delimiting bor microcapsule ) in such a way as to make it selectable in a 
ders restrict the exchange of the components of the molecu subsequent step . The reactions are stopped and the micro 
lar mechanisms described herein which allow the sorting of 40 capsules are then broken so that all the contents of the 
the genetic elements according to the function of the gene individual microcapsules are pooled . Selection for the 
products which they encode . modified genetic elements enables enrichment of the 

Preferably , the microcapsules used in the method of the genetic elements encoding the gene product ( s ) having the 
present invention will be capable of being produced in very desired activity . Accordingly , the gene product having the 
large numbers , and thereby to compartmentalise a library of 45 desired activity modifies the genetic element encoding it 
genetic elements which encodes a repertoire of gene prod to enable the isolation of the genetic element . It is to be 
ucts . understood , of course , that modification may be direct , in 
As used herein , a change in optical properties refers to any that it is caused by the direct action of the gene product 

change in absorption or emission of electromagnetic radia on the genetic element , or indirect , in which a series of 
tion , including changes in absorbance , luminescence , phos - 50 reactions , one or more of which involve the gene product 
phorescence or fluorescence . All such properties are having the desired activity , leads to modification of the 
included in the term “ optical ” . Microcapsules and / or genetic genetic element . 
elements can be sorted , for example , by luminescence , ( III ) In a third embodiment , the genetic elements are sorted 
fluorescence or phosphorescence activated sorting . In a following pooling of the microcapsules into one or more 
preferred embodiment , flow cytometry is employed to sort 55 common compartments . In this embodiment , a gene with 
microcapsules and / or genetic elements , for example , light a desired activity induces a change in the microcapsule 
scattering ( Kerker , 1983 ) and fluorescence polarisation containing the gene product and the genetic element 
( Rolland et al , 1985 ) can be used to trigger flow sorting . In encoding it . This change , when detected , triggers the 
a highly preferred embodiment genetic elements are sorted modification of the gene within the compartment . “ The 
using a fluorescence activated cell sorter ( FACS ) sorter 60 reactions are stopped and the microcapsules are then 
( Norman , 1980 ; Mackenzie and Pinder , 1986 ) . Such a broken so that all the contents of the individual micro 
sorting device can be integrated directly on the microfluidic capsules are pooled . Selection for the modified genetic 
device , and can use electronic means to sort the microcap elements enables enrichment of the genetic elements 
sules and / or genetic elements . Optical detection , also inte encoding the gene product ( s ) having the desired activity . 
grated directly on the microfluidic device , can be used to 65 Accordingly the gene product having the desired activity 
screen the microcapsules and / or genetic elements to trigger induces a change in the compartment which is detected 
the sorting . Other means of control of the microcapsules and triggers the modification of the genetic element 
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within the compartment so as to allow its isolation . It is ( VI ) In a sixth embodiment , the genetic elements may be 
to be understood that the detected change in the compart sorted by a multi - step procedure , which involves at least 
ment may be caused by the direct action of the gene two steps , for example , in order to allow the exposure of 
product , or indirect action , in which a series of reactions , the genetic elements to conditions which permit at least 
one or more of which involve the gene product having the 5 two separate reactions to occur . As will be apparent to 
desired activity leads to the detected change . persons skilled in the art , the first microencapsulation step 

( IV ) In a fourth embodiment , the genetic elements may be of the invention advantageously results in conditions sorted by a multi - step procedure , which involves at least which permit the expression of the genetic elements — be two steps , for example , in order to allow the exposure of it transcription , transcription and / or translation , replica the genetic elements to conditions which permit at least 10 tion or the like . Under these conditions , it may not be two separate reactions to occur . As will be apparent to a possible to select for a particular gene product activity , for persons skilled in the art , the first microencapsulation step example because the gene product may not be active of the invention must result in conditions which permit under these conditions , or because the expression system the expression of the genetic elements — be it transcrip contains an interfering activity . The method therefore tion , transcription and / or translation , replication or the 15 
like . Under these conditions , it may not be possible to comprises expressing the genetic elements to produce 
select for a particular gene product activity , for example their respective gene products within the microcapsules , 
because the gene product may not be active under these linking the gene products to the genetic elements encod 
conditions , or because the expression system contains an ing them and isolating the complexes thereby formed . 
interfering activity . The method therefore comprises 20 This allows for the genetic elements and their associated 
expressing the genetic elements to produce their respec gene products to be isolated from the capsules before 
tive gene products within the microcapsules , linking the sorting according to gene product activity takes place . In 
gene products to the genetic elements encoding them and a preferred embodiment , the complexes are subjected to a 
isolating the complexes thereby formed . This allows for further compartmentalisation step prior to isolating the 
the genetic elements and their associated gene products to 25 genetic elements encoding a gene product having the 
be isolated from the capsules before sorting according to desired activity . This further compartmentalisation step , 
gene product activity takes place . In a preferred embodi which advantageously takes place in microcapsules , per 
ment , the complexes are subjected to a further compart mits the performance of further reactions , under different 
mentalisation step prior to isolating the genetic elements conditions , in an environment where the genetic elements 
encoding a gene product having the desired activity . This 30 and their respective gene products are physically linked . 
further compartmentalisation step , which advantageously Eventual sorting of genetic elements may be performed 
takes place in microcapsules , permits the performance of according to embodiment ( V ) above . 
further reactions , under different conditions , in an envi The " secondary encapsulation " may also be performed 
ronment where the genetic elements and their respective with genetic elements linked to gene products by other 
gene products are physically linked . Eventual sorting of 35 means , such as by phage display , polysome display , RNA 
genetic elements may be performed according to embodi - peptide fusion or lac repressor peptide fusion , optionally 
ment ( I ) , ( II ) or ( III ) above . where expression takes place prior to encapsulation ; or even 
Where the selection is for optical changes in the genetic by the encapsulation of whole cells containing the desired 

elements , the selection may be performed as follows : genetic element . 
( V ) In a fifth embodiment , the genetic elements are sorted 40 The selected genetic element ( s ) may also be subjected to 

following pooling of the microcapsules into one or more subsequent , possibly more stringent rounds of sorting in 
common compartments . In this embodiment , a gene prod - iteratively repeated steps , reapplying the method described 
uct having the desired activity modifies the genetic ele - above either in its entirety or in selected steps only . By 
ment which encoded it ( and which resides in the same tailoring the conditions appropriately , genetic elements 
microcapsule ) so as to make it selectable as a result of its 45 encoding gene products having a better optimised activity 
modified optical properties in a subsequent step . The may be isolated after each round of selection . 
reactions are stopped and the microcapsules are then Additionally , the genetic elements isolated after a first 
broken so that all the contents of the individual micro - round of sorting may be subjected to mutagenesis before 
capsules are pooled . The modification of the genetic repeating the sorting by iterative repetition of the steps of the 
element in the microcapsule may result directly in the 50 method of the invention as set out above . After each round 
modification of the optical properties of the genetic ele - of mutagenesis , some genetic elements will have been 
ment . Alternatively , the modification may allow the modified in such a way that the activity of the gene products 
genetic elements to be further modified outside the micro - is enhanced . 
capsules so as to induce a change in their optical prop - Moreover , the selected genetic elements can be cloned 
erties . Selection for the genetic elements with modified 55 into an expression vector to allow further characterisation of 
optical properties enables enrichment of the genetic ele - the genetic elements and their products . 
ments encoding the gene product ( s ) having the desired ( VII ) In a seventh embodiment , the microcapsules may be 
activity . Accordingly , the gene product having the desired sorted using microfluidic approaches . The microcapsules 
activity modifies the genetic element encoding it to enable may be produced using microfluidic droplet formation 
the isolation of the genetic element as a result in a change 60 techniques , such as those described herein , or by other 
in the optical properties of the genetic element . It is to be techniques , for example conventional emulsification by 
understood , of course , that modification may be direct , in forcing together two fluid phases . Sorting using micro 
that it is caused by the direct action of the gene product fluidics is applicable to embodiments I to VI above , and 
on the genetic element , or indirect , in which a series of provides enhanced processing of microcapsules leading to 
reactions , one or more of which involve the gene product 65 improved sorting . Microcapsules may be split or fused 
having the desired activity , leads to modification of the according to methods described herein , or the contents 
genetic element . thereof mixed . Moreover , the contents of the microcap 
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sules may be analysed and the microcapsules sorted using BRIEF DESCRIPTION OF THE FIGURES 
detectors in microfluidic systems . 
In a second aspect , the invention provides a product when FIGS . 1A and 1B illustrate the splitting of droplets in 

selected according to the first aspect of the invention . As accordance with one embodiment of the invention ; 
used in this context , a " product " may refer to a gene product , 5 FIGS . 2A and 2B illustrate an apparatus in accordance 
selectable according to the invention , or the genetic element with an embodiment of the invention , before the application 
( or genetic information comprised therein ) . of an electric field thereto ; 

In a third aspect , the invention provides a method for FIGS . 3A and 3B illustrate the apparatus of FIGS . 2A and 
preparing a gene product , the expression of which may 2B after the application of an electric field thereto ; 
result , directly or indirectly , in the modification the optical 10 FIGS . 4A and 4B illustrate the apparatus of FIGS . 2A and 
properties of a genetic element encoding it , comprising the 2B after the application of a reversed electric field thereto ; 
steps of : FIG . 5 is a schematic diagram of droplet splitting , in 

( a ) preparing a genetic element encoding the gene prod accordance with one embodiment of the invention ; 
uct ; FIGS . 6A and 6B are schematic diagrams of additional 

( b ) compartmentalising genetic elements into microcap - 15 embodiments of the invention ; 
sules ; FIGS . 7A and 7B are schematic diagrams of the - forma 

( c ) expressing the genetic elements to produce their tion of microfluidic droplets in accordance with the present 
respective gene products within the microcapsules ; invention ; 

( d ) sorting the genetic elements which produce the gene FIGS . 8A - F illustrate the splitting of droplets in accor 
product ( s ) having the desired activity using the 20 dance with the invention ; 
changed optical properties of the genetic elements ; and FIGS . 9A - D illustrate the induction of dipoles in droplets 

( e ) expressing the gene product having the desired activ - in accordance with the invention ; 
ity ; FIGS . 10A - D illustrate the sorting of microcapsules by 

wherein one or both of steps ( b ) and ( d ) is performed altering the flow of carrier fluid in a microfluidic system ; 
under microfluidic control . 25 FIGS . 11A - C illustrate the use of pressure changes in the 

In accordance with the third aspect , step ( a ) preferably microfluidic system to control 10 the direction of flow of 
comprises preparing a repertoire of genetic elements , droplets ; 
wherein each genetic element encodes a potentially differing FIGS . 12A - J illustrate flow patterns for droplets in micro 
gene product . Repertoires may be generated by conventional fluidic systems in accordance with the invention ; 
techniques , such as those employed for the generation of 30 FIGS . 13A - D illustrate the use of oppositely charged 
libraries intended for selection by methods such as phage droplets in the invention ; 
display . Gene products having the desired activity may be FIGS . 14A - C are illustrations of the formation and main 
selected from the repertoire , according to the present inven - tenance of microfluidic droplets using three immiscible 
tion , according to their ability to modify the optical prop - liquids ; 
erties of the genetic elements in a manner which differs from 35 FIGS . 15A - B : Directed evolution of enzymes using 
that of other gene products . For example , desired gene microdroplets in a microfluidic system . FIG . 15A : schematic 
products may modify the optical properties to a greater of the core system . FIG . 15B : process block diagram show 
extent than other gene products , or to a lesser extent , ing the modules in the core system . Libraries of mutated 
including not at all . enzyme genes are encapsulated in aqueous microdroplets 

In a fourth aspect , the invention provides a method for 40 ( FIG . 16A ) such that , statistically , the majority of droplets 
screening a compound or compounds capable of modulation contain no more than one gene per droplet . Each of these 
the activity of a gene product , the expression of which may microdroplets is fused with a second microdroplet ( FIG . 
result , directly or indirectly , in the modification of the optical 16C ) containing an in vitro translation system . After allow 
properties of a genetic element encoding it , comprising the ing time for the genes to be translated into protein each 
steps of : 45 microdroplet is fused with another microdroplet containing 

( a ) preparing a repertoire of genetic elements encoding an inhibitor of translation ( puromycin ) and a fluorogenic 
gene product ; enzyme substrate . The rate of the enzymatic reaction is 

( b ) compartmentalising genetic elements into microcap - determined by measuring the fluorescence of each micro 
sules ; droplet , ideally at multiple points ( corresponding to different 

( c ) expressing the genetic elements to produce their 50 times ) . Microdroplets with catalytic rates over a desired 
respective gene products within the microcapsules ; threshold value ( e . g . the fastest 1 % ) will be sorted ( FIG . 

( d ) sorting the genetic elements which produce the gene 16D ) and collected and the genes contained therein ampli 
product ( s ) having the desired activity using the fied using the polymerase chain reaction ( PCR ) . The 
changed optical properties of the genetic elements ; and selected genes will then either be characterised , re - selected 

( e ) contacting a gene product having the desired activity 55 directly , or first re - mutated randomly , or recombined before 
with the compound or compounds and monitoring the re - selection . 
modulation of an activity of the gene product by the FIGS . 16A - D : Examples of microdroplet formation and 
compound or compounds ; wherein one or both of steps manipulation using microfluidics . FIG . 16A : microdroplets 
( b ) and ( d ) is performed under microfluidic control . can be created at up to 10 + sec ' by hydrodynamic - focussing 

Advantageously , the method further comprises the step 60 ( top two panels ) and show < 1 . 5 % polydispersity ( bottom 
panel ) . FIG . 16B : microdroplets can be split symmetrically 

( f ) identifying the compound or compounds capable of or asymmetrically . FIG . 16C : microdroplets carrying posi 
modulating the activity of the gene product and syn tive ( + 9 ) and negative ( - 9 ) electrical charges fuse sponta 
thesising said compound or compounds . neously . FIG . 16D : charged microdroplets can also be 

This selection system can be configured to select for 65 steered using an applied electrical field ( E ) . 
RNA , DNA or protein molecules with catalytic , regulatory FIGS . 17A - F : Charged droplet generation . ( FIG . 17A ) , 
or binding activity . Oil and water streams converge at a 30 micron orifice . A 

of : 
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voltage V applied to indium - tin - oxide ( ITO ) electrodes on FIGS . 22A - C : Recharging neutral drops . ( FIG . 22A ) 
the glass produces an electric field E to capacitively charges Schematic to recharge neutral drops by breaking them in the 
the aqueous - oil interface . Drop size is independent of charge presence of an electric field . Uncharged drops ( q = 0 ) are 
at low field strengths but decreases at higher fields , as shown polarized in an electric field ( E . + 0 ) , and provided E , is 
in the photomicrographs , [ ( FIG . 17B ) V = 0 , ( FIG . 17C ) 5 sufficiently large , as shown in the photomicrograph of ( FIG . 
V = 400 , ( FIG . 17D ) V = 600 and ( FIG . 17E ) V = 800 ] at higher 22B ) , they break into two oppositely charged daughter drops 
fields . ( FIG . 17F ) Droplet size as a function of voltage in the extensional flow at a bifurcation . The enlargement of 
showing the crossover between flow - dominated and field - the dashed rectangle , shown in ( FIG . 22C ) , reveals that the 
dominated snap - off for three different flow rates of the charged drops are stretched in the electric field E , but return 
continuous phase oil ( Qc = 80 nL / s , 110 nL / s , and 140 nL / s ) . 10 to spherical on contacting the electrodes indicated by dashed 
The infusion rate of the water is constant Q = 20 nL / s . } vertical lines . 
FIGS . 18A - D : Coalescing drops . ( FIG . 18A ) Drops hav - FIG . 23 : Detection module . One or more lasers are 

ing opposite sign of electrostatic charge can be generated by coupled to an optical fibre that is used to excite the fluo 
applying a voltage across the two aqueous streams . ( FIG . rescence in each droplet as it passes over the fibre . The 
18B ) In the absence of the field the frequency and timing of 15 fluorescence is collected by the same fibre and dichroic 
drop formation at the two nozzles are independent and each beam splitters separate off specific wavelengths of the 
nozzle produces a different size drop at a different fre fluorescent light and the intensity of the fluorescence is 
quency ; infusion rates are the same at both nozzles . After the measured with a photomultiplier tube ( PMT ) after the light 
confluence of the two streams , drops from the upper and passes through a band - pass filter . 
lower nozzles stay in their respective halves of the stream 20 FIGS . 24A - D : Manipulating charged drops . In ( FIG . 24A ) 
and due to surfactant there are no coalescence events even charged drops alternately enter the right and left channels 
in the case of large slugs that fill the channel width . ( FIG . when there is no field applied ( E = 0 ) . The sketch in ( FIG . 
18C ) With an applied voltage of 200V across the 500 micron 24B ) shows the layout for using an electric field E , to select 
separation of the nozzles , the drops simultaneously break - off the channel charged drops will enter at a bifurcation . When 
from the two nozzles and are identical ; simultaneous drop 25 an electric field is applied to the right ( FIG . 24C ) , the drops 
formation can be achieved for unequal infusion rates of the enter the right branch at the bifurcation ; they enter the left 
aqueous streams even up to a factor of two difference in branch when the field is reversed ( FIG . 24D ) . After the 
volumes . ( FIG . 18D ) The fraction of the drops that encoun bifurcation , the distance between drops is reduced to half 
ter each other and coalesce increases linearly above a critical what it was before indicating the oil stream is evenly 
field when a surfactant , sorbiton - monooleate 3 % is present . 30 divided . The inset of ( FIG . 24D ) shows the deformation in 
FIGS . 19A - B : Droplets carrying a pH sensitive dye the shape of a highly charged drop in an electric field . 

coalesce with droplets of a different pH fluid . Chaotic 
advection rapidly mixes the two fluids through a combina DEFINITIONS 
tion of translation and rotation as the droplets pass around 
corners . 35 As used herein , “ or ” is understood to mean “ inclusively 
FIGS . 20A - I : Diffusion limited and rapid mixing strate - or , ” i . e . , the inclusion of at least one , but including more than 

gies . ( FIG . 20A ) Drops meet and coalesce along the direc one , of a number or list of elements . In contrast , the term 
tion of E and then move off in a perpendicular direction , as " exclusively or ” refers to the inclusion of exactly one 
sketched the counter rotating vortices after coalescence do element of a number or list of elements . 
not mix the two fluid parts as each vortex contains a single 40 The indefinite articles " a " and " an , " as used herein in the 
material . ( FIG . 20B ) As the drops approach each other the specification and in the claims , should be understood to 
increasing field causes there interfaces to deform and ( FIG . mean “ at least one . " 
20C ) a bridge to jump out connecting the drops , to create The term “ about , ” as used herein in reference to a 
( FIG . 20D ) in the case of 20 nm silica particles and MgC1 _ 2 numerical parameter ( for example , a physical , chemical , 
a sharp interface where the particles begin to gel . ( FIG . 20E ) 45 electrical , or biological property , will be understood by 
A typical unmixed droplet with particles in one hemisphere . those of ordinary skill in the art to be an approximation of 
( FIG . 20F ) To achieve fast mixing , droplets are brought a numerical value , the exact value of which may be subject 
together in the direction perpendicular to the electric field to errors such as those resulting from measurement errors of 
and move off in the direction parallel to the direction they the numerical parameter , uncertainties resulting from the 
merged along . Counter rotating vortexes are then created 50 variability and / or reproducibility of the numerical parameter 
where each vortex is composed of half of the contents from ( for example , in separate experiments ) , and the like . 
each of the premerger - droplets . ( FIG . 20G ) Shows a pH The term “ microcapsule ” is used herein in accordance 
sensitive dye in the lower drop and a different pH fluid in the with the meaning normally assigned thereto in the art and 
upper droplet . ( FIG . 20H ) After merger the droplets are split further described hereinbelow . In essence , however , a micro 
by a sharp line . ( FIG . 201 ) A uniform intensity indicating that 55 capsule is an artificial compartment whose delimiting bor 
mixing has been occurred is achieved in the droplet after it ders restrict the exchange of the components of the molecu 
translates one diameter , typically this takes 1 to 2 ms . lar mechanisms described herein which allow the 

FIGS . 21A - B : Time delay reaction module . ( FIG . 21A ) identification of the molecule with the desired activity . The 
Droplets of perfluorodecaline alternate with aqueous drop - delimiting borders preferably completely enclose the con 
lets in a hexadecane carrier fluid . The ‘ single - file ' ordering 60 tents of the microcapsule . Preferably , the microcapsules 
of the droplets provides for long delays with essentially no used in the method of the present invention will be capable 
deviation in the precise spacing of aqueous droplets or of being produced in very large numbers , and thereby to 
droplet order . ( FIG . 21B ) Increasing the width and height of compartmentalise a library of genetic elements . Optionally , 
the channel to create a ‘ large cross - sectional area ' channel the genetic elements can comprise genes attached to micro 
provides for extremely long time delays from minutes to 65 beads . The microcapsules used herein allow mixing and 
hours . The exact ordering and spacing between the droplets sorting to be performed thereon , in order to facilitate the 
is not maintained in this type of delay line . high throughput potential of the methods of the invention . A 
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microcapsule can be a droplet of one fluid in a different fluid , Dalton ; preferably up to 1000 Dalton ; advantageously 
where the confined components are soluble in the droplet but between 250 and 750 Dalton ; and more preferably less than 
not in the carrier fluid . In another embodiment there is a third 500 Dalton . 
material defining a wall , such as a membrane . A " selectable change ” is any change which can be mea 

Arrays of liquid droplets on solid surfaces , multiwell 5 sured and acted upon to identify or isolate the genetic 
plates and " plugs ” in microfluidic systems , that is fluid element which causes it . The selection may take place at the 
droplets that are not completely surrounded by a second level of the micro capsule , the microbead , or the genetic 
fluid as defined herein , are not microcapsules as defined element itself , optionally when complexed with another 
herein . reagent . À particularly advantageous embodiment is optical 

The term “ microbead ” is used herein in accordance with 10 detection , in which the selectable change is a change in 
the meaning normally assigned thereto in the art and further optical properties , which can be detected and acted upon for 
described hereinbelow . Microbeads , are also known by those instance in a flow sorting device to separate microcapsules 
skilled in the art as microspheres , latex particles , beads , or or microbeads displaying the desired change . 
minibeads , are available in diameters from 20 nm to 1 mm 16 As used herein , a change in optical properties refers to any 
and can be made from a variety of materials including silica change in absorption or emission of electromagnetic radia 
and a variety of polymers , copolymers and terpolymers . tion , including changes in absorbance , luminescence , phos 
Highly uniform derivatised and non - derivatised nonmag - phorescence or fluorescence . All such properties are 
netic and paramagnetic microparticles ( beads ) are commer - included in the term “ optical ” . Microcapsules or microbeads 
cially available from many sources ( e . g . Sigma , Bangs 20 can be identified and , optionally , sorted , for example , by 
Laboratories , Luminex and Molecular Probes ) ( Fornusek luminescence , fluorescence or phosphorescence activated 
and Vetvicka , 1986 ) . sorting . In a preferred embodiment , flow sorting is employed 

Microbeads can be “ compartmentalised ” in accordance to identify and , optionally , sort microcapsules or micro 
with the present invention by distribution into microcap - beads . A variety of optical properties can be used for 
sules . For example , in a preferred aspect the microbeads can 25 analysis and to trigger sorting , including light scattering 
be placed in a water / oil mixture and emulsified to form a ( Kerker , 1983 ) and fluorescence polarisation ( Rolland et al . , 
water - in - oil emulsion comprising microcapsules according 1985 ) . 
to the invention . The concentration of the microbeads can be The genetic elements in microcapsules or on beads can be 
adjusted such that a single microbead , on average , appears identified using a variety of techniques familiar to those 
in each microcapsule . 30 skilled in the art , including mass spectroscopy , chemical 
As used herein , the " target ” is any compound , molecule , tagging or optical tagging . 

or supramolecular complex . Typical targets include targets As used herein , “ microfluidic control ” refers to the use of 
of medical significance , including drug targets such as a microfluidic system comprising microfluidic channels as 
receptors , for example G protein coupled receptors and as defined herein to direct or otherwise control the formation 
hormone receptors ; transcription factors , protein kinases and and / or movement of microcapsules ( or “ droplets ” ) in order 
phosphatases involved in signalling pathways ; gene prod - to carry out the methods of the present invention . For 
ucts specific to microorganisms , such as components of cell example , “ microfluidic control ” of microcapsule formation 
walls , replicases and other enzymes ; industrially relevant refers to the creation of microcapsules using a microfluidic 
targets , such as enzymes used in the food industry , reagents 40 device to form “ droplets ” of fluid within a second fluid , thus 
intended for research or production purposes , and the like . creating a microcapsule . Microcapsules sorted under micro 

A " desired activity ” , as referred to herein , is the modu - fluidic control are sorted , as described herein , using a 
lation of any activity of a target , or an activity of a molecule microfluidic device to perform one or more of the functions 
which is influenced by the target , which is modulatable associated with the sorting procedure . “ Microfluidic control 
directly or indirectly by a genetic element or genetic ele - 45 of fluidic species ” , therefore , refers to the handling of fluids 
ments as assayed herein . The activity of the target may be in a microfluidic system as defined in order to carry out the 
any measurable biological or chemical activity , including methods of the present invention . 
binding activity , an enzymatic activity , an activating or As used herein , a " cell ” is given its ordinary meaning as 
inhibitory activity on a third enzyme or other molecule , the used in biology . The cell may be any cell or cell type . For 
ability to cause disease or influence metabolism or other 50 example , the cell may be a bacterium or other single - cell 
functions , and the like . Activation and inhibition , as referred organism , a plant cell , or an animal cell . If the cell is a 
to herein , denote the increase or decrease of a desired single - cell organism , then the cell may be , for example , a 
activity 1 . 5 fold , 2 fold , 3 fold , 4 fold , 5 fold , 10 fold , 100 protozoan , a trypanosome , an amoeba , a yeast cell , algae , 
fold or more . Where the modulation is inactivation , the etc . If the cell is an animal cell , the cell may be , for example , 
inactivation can be substantially complete inactivation . The 55 an invertebrate cell ( e . g . , a cell from a fruit fly ) , a fish cell 
desired activity may moreover be purely a binding activity , ( e . g . , a zebrafish cell ) , an amphibian cell ( e . g . , a frog cell ) , 
which may or may not involve the modulation of the activity a reptile cell , a bird cell , or a mammalian cell such as a 
of the target bound to . primate cell , a bovine cell , a horse cell , a porcine cell , a goat 

A compound defined herein as “ low molecular weight ” or cell , a dog cell , a cat cell , or a cell from a rodent such as a 
a " small molecule " is a molecule commonly referred to in 60 rat or a mouse . If the cell is from a multicellular organism , 
the pharmaceutical arts as a “ small molecule ” . Such com - the cell may be from any part of the organism . For instance , 
pounds are smaller than polypeptides and other , large if the cell is from an animal , the cell may be a cardiac cell , 
molecular complexes and can be easily administered to and a fibroblast , a keratinocyte , a heptaocyte , a chondrocyte , a 
assimilated by patients and other subjects . Small molecule neural cell , a osteocyte , a muscle cell , a blood cell , an 
drugs can advantageously be formulated for oral adminis - 65 endothelial cell , an immune cell ( e . g . , a T - cell , a B - cell , a 
tration or intramuscular injection . For example , a small macrophage , a neutrophil , a basophil , a mast cell , an eosino 
molecule may have a molecular weight of up to 2000 phil ) , a stem cell , etc . In some cases , the cell may be a 
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genetically engineered cell . In certain embodiments , the cell positioned inside each other , positioned adjacent to each 
may be a Chinese hamster ovarian ( “ CHO ” ) cell or a 3T3 other , positioned to intersect with each other , etc . 
cell . As used herein , “ integral ” means that portions of com 

“ Microfluidic , ” as used herein , refers to a device , appa - ponents are joined in such a way that they cannot be 
ratus or system including at least one fluid channel having a 5 separated from each other without cutting or breaking the 
cross - sectional dimension of less than 1 mm , and a ratio of components from each other . 
length to largest cross - sectional dimension of at least 3 : 1 . A A “ droplet , " as used herein is an isolated portion of a first 
" microfluidic channel , ” as used herein , is a channel meeting fluid that is completely surrounded by a second fluid . It is to 

be noted that a droplet is not necessarily spherical , but may these criteria . 
The “ cross - sectional dimension ” of the channel is mea 2010 assume other shapes as well , for example , depending on the 

external environment . In one embodiment , the droplet has a sured perpendicular to the direction of fluid flow . Most fluid minimum cross - sectional dimension that is substantially channels in components of the invention have maximum equal to the largest dimension of the channel perpendicular cross - sectional dimensions less than 2 mm , and in some to fluid flow in which the droplet is located . 
cases , less than 1 mm . In one set of embodiments , all fluid 15 The " average diameter ” of a population of droplets is the 
channels containing embodiments of the invention are arithmetic average of the diameters of the droplets . Those of 
microfluidic or have a largest cross sectional dimension of ordinary skill in the art will be able to determine the average 
no more than 2 mm or 1 mm . In another embodiment , the diameter of a population of droplets , for example , using 
fluid channels may be formed in part by a single component laser light scattering or other known techniques . The diam 
( e . g . an etched substrate or moulded unit ) . Of course , larger 20 eter of a droplet , in a non - spherical droplet , is the math 
channels , tubes , chambers , reservoirs , etc . can be used to ematically - defined average diameter of the droplet , inte 
store fluids in bulk and to deliver fluids to components of the grated across the entire surface . As non - limiting examples , 
invention . In one set of embodiments , the maximum cross the average diameter of a droplet may be less than about 1 
sectional dimension of the channel ( s ) containing embodi - mm , less than about 500 micrometers , less than about 200 
ments of the invention are less than 500 microns , less than 25 micrometers , less than about 100 micrometers , less than 
200 microns , less than 100 microns , less than 50 microns , or about 75 micrometers , less than about 50 micrometers , less 
less than 25 microns . than about 25 micrometers , less than about 10 micrometers , 

A " channel , ” as used herein , means a feature on or in an or less than about 5 micrometers . The average diameter of 
article ( substrate ) that at least partially directs the flow of a the droplet may also be at least about 1 micrometer , at least 
fluid . The channel can have any cross - sectional shape ( cir - 30 about 2 micrometers , at least about 3 micrometers , at least 
cular , oval , triangular , irregular , square or rectangular , or the about 5 micrometers , at least about 10 micrometers , at least 
like ) and can be covered or uncovered . In embodiments about 15 micrometers , or at least about 20 micrometers in 
where it is completely covered , at least one portion of the certain cases . 
channel can have a cross - section that is completely enclosed , As used herein , a " fluid ” is given its ordinary meaning , 
or the entire channel may be completely enclosed along its 35 i . e . , a liquid or a gas . Preferably , a fluid is a liquid . The fluid 
entire length with the exception of its inlet ( s ) and outlet ( s ) . may have any suitable viscosity that permits flow . If two or 
A channel may also have an aspect ratio ( length to average more fluids are present , each fluid may be independently 
cross sectional dimension ) of at least 2 : 1 , more typically at selected among essentially any fluids ( liquids , gases , and the 
least 3 : 1 , 5 : 1 , or 10 : 1 or more . An open channel generally like ) by those of ordinary skill in the art , by considering the 
will include characteristics that facilitate control over fluid 40 relationship between the fluids . The fluids may each be 
transport , e . g . , structural characteristics ( an elongated inden - miscible or immiscible . For example , two fluids can be 
tation ) and / or physical or chemical characteristics ( hydro - selected to be immiscible within the time frame of formation 
phobicity vs . hydrophilicity ) or other characteristics that can of a stream of fluids , or within the time frame of reaction or 
exert a force ( e . g . , a containing force ) on a fluid . The fluid interaction . Where the portions remain liquid for a signifi 
within the channel may partially or completely fill the 45 cant period of time then the fluids should be significantly 
channel . In some cases where an open channel is used , the immiscible . Where , after contact and / or formation , the dis 
fluid may be held within the channel , for example , using persed portions are quickly hardened by polymerisation or 
surface tension ( i . e . , a concave or convex meniscus ) . the like , the fluids need not be as immiscible . Those of 

The channel may be of any size , for example , having a ordinary skill in the art can select suitable miscible or 
largest dimension perpendicular to fluid flow of less than 50 immiscible fluids , using contact angle measurements or the 
about 5 mm or 2 mm , or less than about 1 mm , or less than like , to carry out the techniques of the invention . 
about 500 microns , less than about 200 microns , less than As used herein , a first entity is “ surrounded ” by a second 
about 100 microns , less than about 60 microns , less than entity if a closed loop can be drawn around the first entity 
about 50 microns , less than about 40 microns , less than through only the second entity . A first entity is " completely 
about 30 microns , less than about 25 microns , less than 55 surrounded ” if closed loops going through only the second 
about 10 microns , less than about 3 microns , less than about entity can be drawn around the first entity regardless of 
1 micron , less than about 300 nm , less than about 100 nm , direction . In one aspect , the first entity may be a cell , for 
less than about 30 nrn , or less than about 10 nrn . In some example , a cell suspended in media is surrounded by the 
cases the dimensions of the channel may be chosen such that media . In another aspect , the first entity is a particle . In yet 
fluid is able to freely flow through the article or substrate . 60 another aspect of the invention , the entities can both be 
The dimensions of the channel may also be chosen , for fluids . For example , a hydrophilic liquid may be suspended 
example , to allow a certain volumetric or linear flowrate of in a hydrophobic liquid , a hydrophobic liquid may be 
fluid in the channel . Of course , the number of channels and suspended in a hydrophilic liquid , a gas bubble may be 
the shape of the channels can be varied by any method suspended in a liquid , etc . Typically , a hydrophobic liquid 
known to those of ordinary skill in the art . In some cases , 65 and a hydrophilic liquid are substantially immiscible with 
more than one channel or capillary may be used . For respect to each other , where the hydrophilic liquid has a 
example , two or more channels may be used , where they are greater affinity to water than does the hydrophobic liquid . 
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Examples of hydrophilic liquids include , but are not limited sorting of the genetic elements . Preferably , there is a single 
to , water and other aqueous solutions comprising water , such genetic element , or fewer , per microcapsule . 
as cell or biological media , ethanol , salt solutions , etc . Third , the formation and the composition of the micro 
Examples of hydrophobic liquids include , but are not limited capsules advantageously does not abolish the function of the 
to , oils such as hydrocarbons , silicon oils , fluorocarbon oils , 5 machinery the expression of the genetic elements and the 
organic solvents etc . activity of the gene products . 

The term “ determining , " as used herein , generally refers Consequently , any microencapsulation system used pref 
to the analysis or measurement of a species , for example , erably fulfils these three requirements . The appropriate 
quantitatively or qualitatively , or the detection of the pres - system ( s ) may vary depending on the precise nature of the 
ence or absence of the species . “ Determining " may also refer 10 requirements in each application of the invention , as will be 
to the analysis or measurement of an interaction between apparent to the skilled person . 
two or more species , for example , quantitatively or quali - A wide variety of microencapsulation procedures are 
tatively , or by detecting the presence or absence of the available ( see Benita , 1996 ) and may be used to create the 
interaction . Example techniques include , but are not limited microcapsules used in accordance with the present inven 
to , spectroscopy such as infrared , absorption , fluorescence , 15 tion . 
UV / visible , FTIR ( “ Fourier Transform Infrared Spectros Indeed , more than 200 microencapsulation methods have 
copy ” ) , or Raman ; gravimetric techniques ; ellipsometry ; been identified in the literature ( Finch , 1993 ) . 
piezoelectric measurements ; immunoassays ; electrochemi - Enzyme - catalysed biochemical reactions have also been 
cal measurements ; optical measurements such as optical demonstrated in microcapsules generated by a variety of 
density measurements ; circular dichroism ; light scattering 20 other methods . Many enzymes are active in reverse micellar 
measurements such as quasielectric light scattering ; pola solutions ( Bru & Walde , 1991 ; Bru & Walde , 1993 ; Creagh 
rimetry ; refractometry ; or turbidity measurements . et al . , 1993 ; Haber et al . , 1993 ; Kumar et al . , 1989 ; Luisi & 

Unless defined otherwise , all technical and scientific B . , 1987 ; Mao & Walde , 1991 ; Mao et al . , 1992 ; Perez et al . , 
terms used herein have the same meaning as commonly 1992 ; Walde et al . , 1994 ; Walde et al . , 1993 ; Walde et al . , 
understood by one of ordinary skill in the art ( e . g . , in cell 25 1988 ) such as the AOT - isooctane - water system ( Menger & 
culture , molecular genetics , nucleic acid chemistry , hybri - Yamada , 1979 ) . 
disation techniques and biochemistry ) . Standard techniques Microcapsules can also be generated by interfacial 
are used for molecular , genetic and biochemical methods polymerisation and interfacial complexation ( Whateley , 
( see generally , Sambrook et al . , Molecular Cloning : A 1996 ) . Microcapsules of this sort can have rigid , nonperme 
Laboratory Manual , 2d ed . ( 1989 ) Cold Spring Harbor 30 able membranes , or semipermeable membranes . Semiper 
Laboratory Press , Cold Spring Harbor , N . Y . and Ausubel et meable microcapsules bordered by cellulose nitrate mem 
al . , Short Protocols in Molecular Biology ( 1999 ) 4th Ed , branes , polyamide membranes and lipid - polyamide 
John Wiley & Sons , Inc . which are incorporated herein by membranes can all support biochemical reactions , including 
reference ) and chemical methods . In addition Harlow & multienzyme systems ( Chang , 1987 ; Chang , 1992 ; Lim , 
Lane , A Laboratory Manual Cold Spring Harbor , N . Y . is 35 1984 ) . Alginate / polylysine microcapsules ( Lim & Sun , 
referred to for standard Immunological Techniques . 1980 ) , which can be formed under very mild conditions , 
( A ) General Description have also proven to be very biocompatible , providing , for 

The microcapsules of the present invention require appro - example , an effective method of encapsulating living cells 
priate physical properties to allow the working of the and tissues ( Chang , 1992 ; Sun et al . , 1992 ) . 
invention . 40 Non - membranous microencapsulation systems based on 

First , to ensure that the genetic elements and gene prod - phase partitioning of an aqueous environment in a colloidal 
ucts may not diffuse between microcapsules , the contents of system , such as an emulsion , may also be used . 
each microcapsule are preferably isolated from the contents Preferably , the microcapsules of the present invention are 
of the surrounding microcapsules , so that there is no or little formed from emulsions ; heterogeneous systems of two 
exchange of the genetic elements and gene products between 45 immiscible liquid phases with one of the phases dispersed in 
the microcapsules over the timescale of the experiment . the other as droplets of microscopic or colloidal size 
However , the permeability of the microcapsules may be ( Becher , 1957 ; Sherman , 1968 ; Lissant , 1974 ; Lissant , 
adjusted such that reagents may be allowed to diffuse into 1984 ) . 
and / or out of the microcapsules if desired . Emulsions may be produced from any suitable combina 
Second , the method of the present invention requires that 50 tion of immiscible liquids . Preferably the emulsion of the 

there are only a limited number of genetic elements per present invention has " water ” ( an aqueous liquid containing 
microcapsule . This ensures that the gene product of an the biochemical components ) as the phase present in the 
individual genetic element will be isolated from other form of finely divided droplets ( the disperse , internal or 
genetic elements . Thus , coupling between genetic element discontinuous phase ) and a hydrophobic , immiscible liquid 
and gene product will be highly specific . The enrichment 55 ( an ‘ oil ' ) as the matrix in which these droplets are suspended 
factor is greatest with on average one or fewer genetic ( the nondisperse , continuous or external phase ) . Such emul 
elements per microcapsule , the linkage between nucleic acid sions are termed ‘ water - in - oil ' ( W / O ) . This has the advan 
and the activity of the encoded gene product being as tight tage that the entire aqueous phase containing the biochemi 
as is possible , since the gene product of an individual genetic cal components is compartmentalised in discreet droplets 
element will be isolated from the products of all other 60 ( the internal phase ) . The external phase , being a hydropho 
genetic elements . However , even if the theoretically optimal bic liquid , generally contains none of the biochemical com 
situation of , on average , a single genetic element or less per ponents and hence is inert . 
microcapsule is not used , a ratio of 5 , 10 , 50 , 100 or 1000 The emulsion may be stabilised by addition of one or 
or more genetic elements per microcapsule may prove more surface - active agents ( surfactants ) . These surfactants 
beneficial in sorting a large library . Subsequent rounds of 65 are termed emulsifying agents and act at the water / oil 
sorting , including renewed encapsulation with differing interface to prevent ( or at least delay ) separation of the 
genetic element distribution , will permit more stringent phases . Many oils and many emulsifiers can be used for the 
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generation of water - in - oil emulsions ; a recent compilation DNA molecules to be present in each microcapsule , this 
listed over 16 , 000 surfactants , many of which are used as therefore sets a practical upper limit on the possible micro 
emulsifying agents ( Ash and Ash , 1993 ) . Suitable oils capsule size . Preferably , the mean volume of the microcap 
include light white mineral oil and decane . Suitable surfac - sules is less that 5 . 2x10 – 10 m ” , ( corresponding to a spherical 
tants include : non - ionic surfactants ( Schick , 1966 ) such as 5 microcapsule of diameter less than 10 um , more preferably 
sorbitan monooleate ( SpanTM80 ; ICI ) , sorbitan monosteatate less than 6 . 5x10 – 17 m ( 5 um diameter ) , more preferably 
( SpanTM60 ; ICI ) , polyoxyethylenesorbitan monooleate about 4 . 2x10 – 18 m ( 2 um diameter ) and ideally about 
( TweenTM80 ; ICI ) , and octylphenoxyethoxyethanol ( Triton 9x10 – 18 m3 ( 2 . 6 um diameter ) . 
X - 100 ) ; ionic surfactants such as sodium cholate and sodium The effective DNA or RNA concentration in the micro 
taurocholate and sodium deoxycholate ; chemically inert 10 capsules may be artificially increased by various methods 
silicone - based surfactants such as polysiloxane - polycetyl - that will be well - known to those versed in the art . These 
polyethylene glycol copolymer ( Cetyl Dimethicone Copo - include , for example , the addition of volume excluding 
lyol ) ( e . g . AbilTMEM90 ; Goldschmidt ) ; and cholesterol . chemicals such as polyethylene glycols ( PEG ) and a variety 

Emulsions with a fluorocarbon ( or perfluorocarbon ) con of gene amplification techniques , including transcription 
tinuous phase ( Krafft et al . , 2003 ; Riess , 2002 ) may be 15 using RNA polymerases including those from bacteria such 
particularly advantageous . For example , stable water - in - as E . coli ( Roberts , 1969 ; Blattner and Dahlberg , 1972 ; 
perfluorooctyl bromide and water - in - perfluorooctylethane Roberts et al . , 1975 ; Rosenberg et al . , 1975 ) , eukaryotes e . 
emulsions can be formed using F - alkyl dimorpholinophos - g . ( Weil et al . , 1979 ; Manley et al , 1983 ) and bacteriophage 
phates as surfactants ( Sadtler et al . , 1996 ) . Non - fluorinated such as T7 , T3 and SP6 ( Melton et al . , 1984 ) ; the polymerase 
compounds are essentially insoluble in fluorocarbons and 20 chain reaction ( PCR ) ( Saiki et al . , 1988 ) ; Qb replicase 
perfluorocarbons ( Curran , 1998 ; Hildebrand and Cochran , amplification ( Miele et al . , 1983 ; Cahill et al . , 1991 ; Chet 
1949 ; Hudlicky , 1992 ; Scott , 1948 ; Studer et al . , 1997 ) and verin and Spirin , 1995 ; Katanaev et al . , 1995 ) ; the ligase 
small drug - like molecules ( typically < 500 Da and Log P < 5 ) chain reaction ( LCR ) ( Landegren et al , 1988 ; Barany , 1991 ) ; 
( Lipinski et al . , 2001 ) are compartmentalised very effec - and self - sustained sequence replication system ( Fahy et al . , 
tively in the aqueous microcapsules of water - in - fluorocar - 25 1991 ) and strand displacement amplification ( Walker et al , 
bon and water - in - perfluorocarbon emulsions — with little or 1992 ) . Gene amplification techniques requiring thermal 
no exchange between microcapsules . cycling such as PCR and LCR may be used if the emulsions 

Creation of an emulsion generally requires the application and the in vitro transcription or coupled transcription - trans 
of mechanical energy to force the phases together . There are lation systems are thermostable ( for example , the coupled 
a variety of ways of doing this which utilise a variety of 30 transcription - translation systems can be made from a ther 
mechanical devices , including stirrers ( such as magnetic mostable organism such as Thermus aquaticus ) . 
stir - bars , propeller and turbine stirrers , paddle devices and Increasing the effective local nucleic acid concentration 
whisks ) , homogenisers ( including rotor - stator homogenis - enables larger microcapsules to be used effectively . This 
ers , high - pressure valve homogenisers and jet homogenis - allows a preferred practical upper limit to the microcapsule 
ers ) , colloid mills , ultrasound and membrane emulsifica - 35 volume of about 5 . 2x10 – 16 m ( corresponding to a sphere of 
tion ' devices ( Becher , 1957 ; Dickinson , 1994 ) , and diameter 10 um ) . 
microfluidic devices ( Umbanhowar et al . , 2000 ) . The microcapsule size is preferably sufficiently large to 

Complicated biochemical processes , notably gene tran - accommodate all of the required components of the bio 
scription and translation are also active in aqueous micro - chemical reactions that are needed to occur within the 
capsules formed in water - in - oil emulsions . This has enabled 40 microcapsule . For example , in vitro , both transcription reac 
compartmentalisation in water - in - oil emulsions to be used tions and coupled transcription - translation reactions require 
for the selection of genes , which are transcribed and trans - a total nucleoside triphosphate concentration of about 2 mM . 
lated in emulsion microcapsules and selected by the binding For example , in order to transcribe a gene to a single short 
or catalytic activities of the proteins they encode ( Doi and RNA molecule of 500 bases in length , this would require a 
Yanagawa , 1999 ; Griffiths and Tawfik , 2003 ; Lee et al . , 45 minimum of 500 molecules of nucleoside triphosphate per 
2002 ; Sepp et al . , 2002 ; Tawfik and Griffiths , 1998 ) . This microcapsule ( 8 . 33x10 - 22 moles ) . In order to constitute a 2 
was possible because the aqueous microcapsules formed in mM solution , this number of molecules is contained within 
the emulsion were generally stable with little if any a microcapsule of volume 4 . 17x10 – 19 liters ( 4 . 17x10 - 22 m3 
exchange of nucleic acids , proteins , or the products of which if spherical would have a diameter of 93 nm . 
enzyme catalysed reactions between microcapsules . 50 Furthermore , particularly in the case of reactions involv 

The technology exists to create emulsions with volumes ing translation , it is to be noted that the ribosomes necessary 
all the way up to industrial scales of thousands of liters for the translation to occur are themselves approximately 20 
( Becher , 1957 ; Sherman , 1968 ; Lissant , 1974 ; Lissant , nm in diameter . Hence , the preferred lower limit for micro 
1984 ) . capsules is a diameter of approximately 0 . 1 um ( 100 nm ) . 

The preferred microcapsule size will vary depending upon 55 Therefore , the microcapsule volume is preferably of the 
the precise requirements of any individual selection process order of between 5 . 2x10 - 22 m and 5 . 2x10 - 16 m² corre 
that is to be performed according to the present invention . In sponding to a sphere of diameter between 0 . 1 um and 10 um , 
all cases , there will be an optimal balance between gene more preferably of between about 5 . 2x10 - 19 m² and 6 . 5x 
library size , the required enrichment and the required con - 10 - " ' m ( 1 um and 5 um ) . Sphere diameters of about 2 . 6 um 
centration of components in the individual microcapsules to 60 are most advantageous . 
achieve efficient expression and reactivity of the gene prod It is no coincidence that the preferred dimensions of the 
ucts . compartments ( droplets of 2 . 6 um mean diameter ) closely 

The processes of expression occurs within each individual resemble those of bacteria , for example , Escherichia are 
microcapsule provided by the present invention . Both in 1 . 1 - 1 . 5x2 . 0 - 6 . 0 um rods and Azotobacter are 1 . 5 - 2 . 0 1 . um 
vitro transcription and coupled transcription - translation 65 diameter ovoid cells . In its simplest form , Darwinian evo 
become less efficient at sub - nanomolar DNA concentrations . lution is based on a ' one genotype one phenotype ' mecha 
Because of the requirement for only a limited number of nism . The concentration of a single compartmentalised gene , 

we 
1 
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or genome , drops from 0 . 4 nM in a compartment of 2 um One way in which the nucleic acid molecule may be 
diameter , to 25 PM in a compartment of 5 um diameter . The linked to a ligand or substrate is through biotinylation . This 
prokaryotic transcription / translation machinery has evolved can be done by PCR amplification with a 5 - biotinylation 
to operate in compartments of ~ 1 - 2 um diameter , where primer such that the biotin and nucleic acid are covalently 
single genes are at approximately nanomolar concentrations . 5 linked . 
A single gene , in a compartment of 2 . 6 um diameter is at a The ligand or substrate can be attached to the modified 
concentration of 0 . 2 nM . This gene concentration is high nucleic acid by a variety of means that will be apparent to 
enough for efficient translation . Compartmentalisation in those of skill in the art ( see , for example , Hermanson , 1996 ) . 
such a volume also ensures that even if only a single A biotinylated nucleic acid may be coupled to a polystyrene 
molecule of the gene product is formed it is present at about 10 or paramagnetic microbead ( 0 . 02 to approx . 5 . 0 um in 

diameter ) that is coated with avidin or streptavidin , that will 0 . 2 nM , which is important if the gene product is to have a therefore bind the nucleic acid with very high affinity . This modifying activity of the genetic element itself . The volume bead can be derivatised with substrate or ligand by any of the microcapsule is thus selected bearing in mind not only suitable method such as by adding biotinylated substrate or 
the requirements for transcription and translation of the 15 by covalent coupling 
genetic element , but also the modifying activity required of Alternatively , a biotinylated nucleic acid may be coupled 
the gene product in the method of the invention . to avidin or streptavidin complexed to a large protein 

The size of emulsion microcapsules may be varied simply molecule such as thyroglobulin ( 669 Kd ) or ferritin ( 440 
by tailoring the emulsion conditions used to form the Kd ) . This complex can be derivatised with substrate or 
emulsion according to requirements of the selection system . 20 ligand , for example by covalent coupling to the E - amino 
The larger the microcapsule size , the larger is the volume group of lysines or through a non - covalent interaction such 
that will be required to encapsulate a given genetic element as biotin - avidin . 
library , since the ultimately limiting factor will be the size of The substrate may be present in a form unlinked to the 
the microcapsule and thus the number of microcapsules genetic element but containing an inactive " tag " that 
possible per unit volume . 25 requires a further step to activate it such as photoactivation 

The size of the microcapsules is selected not only having ( e . g . of a " caged ” biotin analogue , ( Sundberg et al . , 1995 ; 
regard to the requirements of the transcription / translation Pirrung and Huang , 1996 ) ) . The catalyst to be selected then 
system , but also those of the selection system employed for converts the substrate to product . The “ tag ” is then activated 
the genetic element . Thus , the components of the selection and the " tagged ” substrate and / or product bound by a 
system , such as a chemical modification system , may require 30 tag - binding molecule ( e . g . avidin or streptavidin ) com 
reaction volumes and / or reagent concentrations which are plexed with the nucleic acid . The ratio of substrate to 
not optimal for transcription / translation . As set forth herein , product attached to the nucleic acid via the " tag " will 
such requirements may be accommodated by a secondary therefore reflect the ratio of the substrate and product in 
re - encapsulation step ; moreover , they may be accommo - solution . 
dated by selecting the microcapsule size in order to maxi - 35 An alternative is to couple the nucleic acid to a product 
mise transcription / translation and selection as a whole . specific antibody ( or other product - specific molecule ) . In 
Empirical determination of optimal microcapsule volume this scenario , the substrate ( or one of the substrates ) is 
and reagent concentration , for example as set forth herein , is present in each microcapsule unlinked to the genetic ele 
preferred . ment , but has a molecular " tag ” ( for example biotin , DIG or 

A “ genetic element ” in accordance with the present inven - 40 DNP or a fluorescent group ) . When the catalyst to be 
tion is as described above . Preferably , a genetic element is selected converts the substrate to product , the product 
a molecule or construct selected from the group consisting retains the " tag " and is then captured in the microcapsule by 
of a DNA molecule , an RNA molecule , a partially or wholly the product - specific antibody . In this way the genetic ele 
artificial nucleic acid molecule consisting of exclusively ment only becomes associated with the " tag " when it 
synthetic or a mixture of naturally - occurring and synthetic 45 encodes or produces an enzyme capable of converting 
bases , any one of the foregoing linked to a polypeptide , and substrate to product . 
any one of the foregoing linked to any other molecular group The terms “ isolating " , " sorting ” and “ selecting ” , as well 
or construct . Advantageously , the other molecular group or as variations thereof ; are used herein . Isolation , according to 
construct may be selected from the group consisting of the present invention , refers to the process of separating an 
nucleic acids , polymeric substances , particularly beads , for 50 entity from a heterogeneous population , for example a 
example polystyrene beads , and magnetic or paramagnetic mixture , such that it is free of at least one substance with 
substances such as magnetic or paramagnetic beads . which it was associated before the isolation process . In a 

The nucleic acid portion of the genetic element may preferred embodiment , isolation refers to purification of an 
comprise suitable regulatory sequences , such as those entity essentially to homogeneity . Sorting of an entity refers 
required for efficient expression of the gene product , for 55 to the process of preferentially isolating desired entities over 
example promoters , enhancers , translational initiation undesired entities . In as far as this relates to isolation of the 
sequences , polyadenylation sequences , splice sites and the desired entities , the terms “ isolating ” and “ sorting ” are 
like . equivalent . The method of the present invention permits the 
As will be apparent from the following , in many cases the sorting of desired genetic elements from pools ( libraries or 

polypeptide or other molecular group or construct is a ligand 60 repertoires ) of genetic elements which contain the desired 
or a substrate which directly or indirectly binds to or reacts genetic element . Selecting is used to refer to the process 
with the gene product in order to alter the optical properties ( including the sorting process ) of isolating an entity accord 
of the genetic element . This allows the sorting of the genetic ing to a particular property thereof . 
element on the basis of the activity of the gene product . The In a highly preferred application , the method of the 
ligand or substrate can be connected to the nucleic acid by 65 present invention is useful for sorting libraries of genetic 
a variety of means that will be apparent to those skilled in elements . The invention accordingly provides a method 
the art ( see , for example , Hermanson , 1996 ) . according to preceding aspects of the invention , wherein the 
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genetic elements are isolated from a library of genetic encapsulation procedure such that 1 or less than 1 genetic 
elements encoding a repertoire of gene products . Herein , the element is encapsulated per microcapsule . This will provide 
terms “ library ” , “ repertoire ” and “ pool ” are used according the greatest power of resolution . Where the library is larger 
to their ordinary signification in the art , such that a library and / or more complex , however , this may be impracticable ; 
of genetic elements encodes a repertoire of gene products . In 5 it may be preferable to encapsulate several genetic elements 
general , libraries are constructed from pools of genetic together and rely on repeated application of the method of 
elements and have properties which facilitate sorting . the invention to achieve sorting of the desired activity . A 

Initial selection of a genetic element from a genetic combination of encapsulation procedures may be used to 
element library using the present invention will in most obtain the desired enrichment . 
cases require the screening of a large number of variant 10 Theoretical studies indicate that the larger the number of 
genetic elements . Libraries of genetic elements can be genetic element variants created the more likely it is that a 
created in a variety of different ways , including the follow - molecule will be created with the properties desired ( see 

Perelson and Oster , 1979 for a description of how this 
Pools of naturally occurring genetic elements can be applies to repertoires of antibodies ) . Recently it has also 

cloned from genomic DNA or cDNA ( Sambrook et al . , 15 been confirmed practically that larger phage - antibody rep 
1989 ) ; for example , phage antibody libraries , made by PCR ertoires do indeed give rise to more antibodies with better 
amplification repertoires of antibody genes from immunised binding affinities than smaller repertoires ( Griffiths et al . , 
or unimmunised donors have proved very effective sources 1994 ) . To ensure that rare variants are generated and thus are 
of functional antibody fragments ( Winter et al . , 1994 ; Hoo - capable of being selected , a large library size is desirable . 
genboom , 1997 ) . Libraries of genes can also be made by 20 Thus , the use of optimally small microcapsules is beneficial . 
encoding all ( see for example Smith , 1985 ; Parmley and The largest repertoire created to date using methods that 
Smith : 1988 ) or part of genes ( see for example Lowman et require an in vivo step ( phage - display and Lacl systems ) has 
al . , 1991 ) or pools of genes ( see for example Nissim et al . , been a 1 . 6x1011 clone phage - peptide library which required 
1994 ) by a randomised or doped synthetic oligonucleotide . the fermentation of 15 liters of bacteria ( Fisch et al . , 1996 ) . 
Libraries can also be made by introducing mutations into a 25 SELEX experiments are often carried out on very large 
genetic element or pool of genetic elements ' randomly by a numbers of variants ( up to 1015 ) . 
variety of techniques in vivo , including ; using mutator Using the present invention , at a preferred microcapsule 
strains of bacteria such as E . coli mutD5 ( Liao et al . , 1986 ; diameter of 2 . 6 um , a repertoire size of at least 1011 can be 
Yamagishi et al . , 1990 ; Low et at , 1996 ) ; using the antibody selected using 1 ml aqueous phase in a 20 ml emulsion . 
hypermutation system of B - lymphocytes ( Yelamos et al . , 30 In addition to the genetic elements described above , the 
1995 ) . Random mutations can also be introduced both in microcapsules according to the invention will comprise 
vivo and in vitro by chemical mutagens , and ionising or UV further components required for the sorting process to take 
irradiation ( see Friedberg et al . , 1995 ) , or incorporation of place . Other components of the system will for example 
mutagenic base analogues ( Frees ; 1959 ; Zaccolo et at , comprise those necessary for transcription and / or translation 
1996 ) . Random ' mutations can also be introduced into genes 35 of the genetic element . These are selected for the require 
in vitro during polymerisation for example by using error - ments of a specific system from the following ; a suitable 
prone polymerases ( Leung et al . , 1989 ) . buffer , an in vitro transcription / replication system and / or an 

Further diversification can be introduced by using in vitro translation system containing all the necessary 
homologous recombination either in vivo ( see Kowalc - ingredients , enzymes and cofactors , RNA polymerase , 
zykowski et al , 1994 ) or in vitro ( Stemmer , 1994a ; Stemmer , 40 nucleotides , nucleic acids ( natural or synthetic ) , transfer 
1994b ) . RNAs , ribosomes and amino acids , and the substrates of the 

According to a further aspect of the present invention , reaction of interest in order to allow selection of the modi 
therefore , there is provided a method of in vitro evolution fied gene product . 
comprising the steps of : A suitable buffer will be one in which all of the desired 

( a ) selecting one or more genetic elements from a genetic 45 components of the biological system are active and will 
element library according to the present invention ; therefore depend upon the requirements of each specific 

( b ) mutating the selected genetic element ( s ) in order to reaction system . Buffers suitable for biological and / or 
generate a further library of genetic elements encoding chemical reactions are known in the art and recipes provided 
a repertoire to gene products ; and in various laboratory texts , such as Sambrook et al . , 1989 . 

( c ) iteratively repeating steps ( a ) and ( b ) in order to obtain 50 The in vitro translation system will usually comprise a 
a gene product with enhanced activity . cell extract , typically from bacteria ( Zubay , 1973 ; Zubay , 

Mutations may be introduced into the genetic elements ( s ) 1980 ; Lesley et al . , 1991 ; Lesley , 1995 ) , rabbit reticulocytes 
as set forth above . ( Pelham and Jackson , 1976 ) , or wheat germ ( Anderson et 

The genetic elements according to the invention advan - al . , 1983 ) . Many suitable systems are commercially avail 
tageously encode enzymes , preferably of pharmacological 55 able ( for example from Promega ) including some which will 
or industrial interest , activators or inhibitors , especially of allow coupled transcription / translation ( all the bacterial sys 
biological systems , such as cellular signal transduction tems and the reticulocyte and wheat germ TNTTM extract 
mechanisms , antibodies and fragments thereof , and other systems from Promega ) . The mixture of amino acids used 
binding agents ( e . g . transcription factors ) suitable for diag - may include synthetic amino acids if desired , to increase the 
nostic and therapeutic applications . In a preferred aspect , 60 possible number or variety of proteins produced in the 
therefore , the invention permits the identification and isola - library . This can be accomplished by charging tRNAs with 
tion of clinically or industrially useful products . In a further artificial amino acids and using these tRNAs for the in vitro 
aspect of the invention , there is provided a product when translation of the proteins to be selected ( Ellman et al . , 1991 ; 
isolated by the method of the invention . Benner , 1994 ; Mendel et al . , 1995 ) . 

The selection of suitable encapsulation conditions is 65 After each round of selection the enrichment of the pool 
desirable . Depending on the complexity and size of the of genetic elements for those encoding the molecules of 
library to be screened , it may be beneficial to set up the interest can be assayed by non - compartmentalised in vitro 
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transcription / replication or coupled transcription - translation that antagonise gene product , or compounds that inhibit or 
reactions . The selected pool is cloned into a suitable plasmid potentiate other cellular functions required for the activity of 
vector and RNA or recombinant protein is produced from gene product . 
the individual clones for further purification and assay . The present invention also provides a method to exog 

In a preferred aspect , the internal environment of a 5 enously affect gene product dependent processes occurring 
microcapsule may be altered by addition of reagents to the in cells . Recombinant gene product producing host cells , e . g . 
oil phase of the emulsion . The reagents diffuse through the mammalian cells , can be contacted with a test compound , 
oil phase to the aqueous microcapsule environment . Prefer - and the modulating effect ( s ) thereof can then be evaluated by 
ably , the reagents are at least partly water - soluble ; such that comparing the gene product - mediated response in the pres 
a proportion thereof is distributed from the oil phase to the 10 ence and absence of test compound , or relating the gene 
aqueous microcapsule environment . Advantageously , the product - mediated response of test cells , or control cells ( i . e . , 
reagents are substantially insoluble in the oil phase . cells that do not express gene product ) , to the presence of the 
Reagents are preferably mixed into the oil phase by compound . 
mechanical mixing , for example vortexing . In a further aspect , the invention relates to a method for 

The reagents which may be added via the oil phase 15 optimising a production process which involves at least one 
include substrates , buffering components , factors and the step which is facilitated by a polypeptide . For example , the 
like . In particular , the internal pH of microcapsules may be step may be a catalytic step , which is facilitated by an 
altered in situ by adding acidic or basic components to the enzyme . Thus , the invention provides a method for prepar 
oil phase . ing a compound or compounds comprising the steps of : 

The invention moreover relates to a method for producing 20 ( a ) providing a synthesis protocol wherein at least one 
a gene product , once a genetic element encoding the gene step is facilitated by a polypeptide ; 
product has been sorted by the method of the invention . ( b ) preparing genetic elements encoding variants of the 
Clearly , the genetic element itself may be directly expressed polypeptide which facilitates this step , the expression 
by conventional means to produce the gene product . How of which may result , directly or indirectly , in the 
ever , alternative techniques may be employed , as will be 25 modification of the optical properties of the genetic 
apparent to those skilled in the art . For example , the genetic elements ; 
information incorporated in the gene product may be incor ( c ) compartmentalising genetic elements into microcap 
porated into a suitable expression vector , and expressed sules ; 
therefrom . ( d ) expressing the genetic elements to produce their 

The invention also describes the use of conventional 30 respective gene products within the microcapsules ; 
screening techniques to identify compounds which are ( e ) sorting the genetic elements which produce polypep 
capable of interacting with the gene products identified by tide gene product ( s ) having the desired activity using 
the first aspect of the invention . In preferred embodiments , the changed optical properties of the genetic elements ; 
gene product encoding nucleic acid is incorporated into a and 
vector , and introduced into suitable host cells to produce 35 ( f ) preparing the compound or compounds using the 
transformed cell lines that express the gene product . The polypeptide gene product identified in ( g ) to facilitate 
resulting cell lines can then be produced for reproducible the relevant step of the synthesis . 
qualitative and / or quantitative analysis of the effect ( s ) of By means of the invention , enzymes involved in the 
potential drugs affecting gene product function . Thus gene preparation of a compound may be optimised by selection 
product expressing cells may be employed for the identifi - 40 for optimal activity . The procedure involves the preparation 
cation of compounds , particularly small molecular weight of variants of the polypeptide to be screened , which equate 
compounds , which modulate the function of gene product . to a library of polypeptides as refereed to herein . The 
Thus host cells expressing gene product are useful for drug variants may be prepared in the same manner as the libraries 
screening and it is a further object of the present invention discussed elsewhere herein . 
to provide a method for identifying compounds which 45 The size of emulsion microcapsules may be varied simply 
modulate the activity of the gene product , said method by tailoring the emulsion conditions used to form the 
comprising exposing cells containing heterologous DNA emulsion according to requirements of the screening system . 
encoding gene product , wherein said cells produce func - The larger the microcapsule size , the larger is the volume 
tional gene product , to at least one compound or mixture of that will be required to encapsulate a given library , since the 
compounds or signal whose ability to modulate the activity 50 ultimately limiting factor will be the size of the microcap 
of said gene product is sought to be determined , and sule and thus the number of microcapsules possible per unit 
thereafter monitoring said cells for changes caused by said volume . 
modulation . Such an assay enables the identification of Water - in - oil emulsions can be re - emulsified to create 
modulators , such as agonists , antagonists and allosteric water - in - oil - in water double emulsions with an external 
modulators , of the gene product . As used herein , a com - 55 ( continuous ) aqueous phase . These double emulsions can be 
pound or signal that modulates the activity of gene product analysed and , optionally , sorted using a flow cytometer 
refers to a compound that alters the activity of gene product ( Bernath et al . , 2004 ) . 
in such a way that the activity of the gene product is different H ighly monodisperse microcapsules can be produced 
in the presence of the compound or signal ( as compared to using microfluidic techniques . For example , water - in - oil 
the absence of said compound or signal ) . 60 emulsions with less than 1 . 5 % polydispersity can be gener 

Cell - based screening assays can be designed by construct ated by droplet break off in a co - flowing steam of oil 
ing cell lines in which the expression of a reporter protein , ( Umbanhowar et al . , 2000 ) . Microfluidic systems can also 
i . e . an easily assayable protein , such as D - galactosidase , be used for laminar - flow of aqueous microdroplets dispersed 
chloramphenicol acetyltransferase ( CAT ) , green fluorescent in a stream of oil in microfluidic channels ( Thorsen et al . , 
protein ( GFP ) or luciferase , is dependent on gene product . 65 2001 ) . This allows the construction of microfluidic devices 
Such an assay enables the detection of compounds that for flow analysis and , optionally , flow sorting of microdrop 
directly modulate gene product function , such as compounds lets ( Fu et al . , 2002 ) . 
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Advantageously , highly monodisperse microcapsules can least about 10 - 17 C / micrometer , at least about 10 - 16 C / mi 
be formed using systems and methods for the electronic crometer ? , at least about 10 - 15 C / micrometer , at least about 
control of fluidic species . One aspect of the invention relates 10 - 14 C / micrometer , or at least about 10 - 13 C / micrometer ? 
to systems and methods for producing droplets of fluid or more . In other embodiments , the charge may be at least 
surrounded by a liquid . The fluid and the liquid may be 5 about 10 - 14 C / droplet , and , in some cases , at least about 
essentially immiscible in many cases , i . e . , immiscible on a 10 - 13 C / droplet , in other cases at least about 10 - 12 C / droplet , 
time scale of interest ( e . g . , the time it takes a fluidic droplet in other cases at least about 10 - 11 C / droplet , in other cases 
to be transported through a particular system or device ) . In at least about 10 - 10 C / droplet , or in still other cases at least 
certain cases , the droplets may each be substantially the about 10 - 9 C / droplet . 
same shape or size , as further described below . The fluid 10 The electric field , in some embodiments , is generated 
may also contain other species , for example , certain molecu - from an electric field generator , i . e . , a device or system able 
lar species ( e . g . , as further discussed below ) , cells , particles , to create an electric field that can be applied to the fluid . The 
etc . electric field generator may produce an AC field ( i . e . , one 

In one set of embodiments , electric charge may be created that varies periodically with respect to time , for example , 
on a fluid surrounded by a liquid , which may cause the fluid 15 sinusoidally , sawtooth , square , etc . ) , a DC field ( i . e . , one that 
to separate into individual droplets within the liquid . In some is constant with respect to time ) , a pulsed field , etc . The 
embodiments , the fluid and the liquid may be present in a electric field generator may be constructed and arranged to 
channel , e . g . , a microfluidic channel , or other constricted create an electric field within a fluid contained within a 
space that facilitates application of an electric field to the channel or a microfluidic channel . The electric field genera 
fluid ( which may be “ AC ” or alternating current , “ DC ” or 20 tor may be integral to or separate from the fluidic system 
direct current etc . ) , for example , by limiting movement of containing the channel or microfluidic channel , according to 
the fluid with respect to the liquid . Thus , the fluid can be some embodiments . As used herein , " integral ” means that 
present as a series of individual charged and / or electrically portions of the components integral to each other are joined 
inducible droplets within the liquid . In one embodiment , the in such a way that the components cannot be manually 
electric force exerted on the fluidic droplet may be large 25 separated from each other without cutting or breaking at 
enough to cause the droplet to move within the liquid . In least one of the components . 
some cases , the electric force exerted on the fluidic droplet Techniques for producing a suitable electric field ( which 
may be used to direct a desired motion of the droplet within may be AC , DC , etc . ) are known to those of ordinary skill 
the liquid , for example , to or within a channel or a micro - in the art . For example , in one embodiment , an electric field 
fluidic channel ( e . g . , as further described herein ) , etc . As one 30 is produced by applying voltage across a pair of electrodes , 
example , in apparatus 5 in FIG . 3A , droplets 15 created by which may be positioned on or embedded within the fluidic 
fluid source 10 can be electrically charged using an electric system ( for example , within a substrate defining the channel 
filed created by electric field generator 20 . or microfluidic channel ) , and / or positioned proximate the 

Electric charge may be created in the fluid within the fluid such that at least a portion of the electric field interacts 
liquid using any suitable technique , for example , by placing 35 with the fluid . The electrodes can be fashioned from any 
the fluid within an electric field ( which may be AC , DC , suitable electrode material or materials known to those of 
etc . ) , and / or causing a reaction to occur that causes the fluid ordinary skill in the art , including , but not limited to , silver , 
to have an electric charge , for example , a chemical reaction , gold , copper , carbon , platinum , copper , tungsten , tin , cad 
an ionic reaction , a photocatalyzed reaction , etc . In one mium , nickel , indium tin oxide ( “ ITO ” ) , etc . , as well as 
embodiment , the fluid is an electrical conductor . As used 40 combinations thereof . In some cases , transparent or substan 
herein , a " conductor ” is a material having a conductivity of tially transparent electrodes can be used . In certain embodi 
at least about the conductivity of 18 megohm ( MOhm or ments , the electric field generator can be constructed and 
MO ) water . The liquid surrounding the fluid may have a arranged ( e . g . , positioned ) to create an electric field appli 
conductivity less than that of the fluid . For instance , the cable to the fluid of at least about 0 . 01 V / micrometer , and , 
liquid may be an insulator , relative to the fluid , or at least a 45 in some cases , at least about 0 . 03 V / micrometer , at least 
“ leaky insulator , " i . e . , the liquid is able to at least partially about 0 . 05 V / micrometer , at least about 0 . 08 V / micrometer , 
electrically insulate the fluid for at least a short period of at least about 0 . 1 V / micrometer , at least about 0 . 3 V / mi 
time . Those of ordinary skill in the art will be able to identify crometer , at least about 0 . 5 V / micrometer , at least about 0 . 7 
the conductivity of fluids . In one non - limiting embodiment , V / micrometer , at least about 1 V / micrometer , at least about 
the fluid may be substantially hydrophilic , and the liquid 50 1 . 2 V / micrometer , at least about 1 . 4 V / micrometer , at least 
surrounding the fluid may be substantially hydrophobic . about 1 . 6 V / micrometer , or at least about 2 V / micrometer . In 

In some embodiments , the charge created on the fluid ( for some embodiments , even higher electric field intensities 
example , on a series of fluidic droplets ) may be at least about may be used , for example , at least about 2 V / micrometer , at 
10 - 22 C / micrometer . In certain cases , the charge may be at least about 3 V / micrometer , at least about 5 V / micrometer , 
least about 10 - 21 C / micrometer , and in other cases , the 55 at least about 7 V / micrometer , or at least about 10 V / mi 
charge may be at least about 10 - 20 C / micrometer , at least crometer or more . 
about 10 - 19 C / micrometer , at least about 10 - 18 C / microm - In some embodiments , an electric field may be applied to 
eter " , at least about 10 - 17 C / micrometer , at least about fluidic droplets to cause the droplets to experience an 
10 - 16 C / micrometer ) , at least about 10 - 15 C / micrometer , at electric force . The electric force exerted on the fluidic 
least about 10 - 14 C / micrometer , at least about 10 - 13 C / mi - 60 droplets may be , in some cases , at least about 10 - 16 N / mi 
crometer , at least about 10 - 12 C / micrometer > , at least about crometer » . In certain cases , the electric force exerted on the 
10 - 11 C / micrometer ) , at least about 10 - 10 C / micrometer , or fluidic droplets may be greater , e . g . , at least about 10 - 15 
at least about 10 - 9 C / micrometer or more . In certain N / micrometer ) , at least about 10 - 14 N / micrometer® , at least 
embodiments , the charge created on the fluid may be at least about 10 - 13 N / micrometer , at least about 10 - 12 N / microm 
about 10 - 21 C / micrometer , and in some cases , the charge 65 eter , at least about 10 - 11 N / micrometers , at least about 
may be at least about 10 - 20 C / micrometer , at least about 10 - 10 N / micrometer , at least about 10 - 9 N / micrometer , at 
10 - 19 C / micrometer , at least about 10 - 18 C / micrometer , at least about 10 - 8 N / micrometer ) , or at least about 10 - 7 
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N / micrometer or more . In other embodiments , the electric FIG . 14A , within channel 700 , a first fluid 701 and a second 
force exerted on the fluidic droplets , relative to the surface fluid 702 are each carried within liquid carrier 705 . First 
area of the fluid , may be at least about 10 - 15 N / micrometer , fluid 701 and second fluid 702 alternate as a series of 
and in some cases , at least about 10 - 14 N / micrometer , at alternating , individual droplets , each carried by liquid carrier 
least about 10 - 13 N / micrometer , at least about 10 - 12 N / mi - 5 705 within channel 700 . As the first fluid , the second fluid , 
crometer , at least about 10 - 11 N / micrometer , at least about and the liquid carrier are all essentially mutually immiscible , 
10 - 10 N / micrometer , at least about 10 - 9 N / micrometer , at any two of the fluids ( or all three fluids ) can come into 
least about 10 - 8 N / micrometer , at least about 10 - 7 N / mi - contact without causing droplet coalescence to occur . A 
crometer , or at least about 10 - N / micrometer or more . In photomicrograph of an example of such a system is shown 
yet other embodiments , the electric force exerted on the 10 in FIG . 14B , illustrating first fluid 701 and second fluid 702 , 
fluidic droplets may be at least about 10 - 9 N , at least about present as individual , alternating droplets , each contained 
10 - 8 N , at least about 10 - 7 N , at least about 10 - N , at least within liquid carrier 705 . 
about 10 - N , or at least about 104 N or more in some cases . One example of a system involving three essentially 

In some embodiments of the invention , systems and mutually immiscible fluids is a silicone oil , a mineral oil , and 
methods are provided for at least partially neutralizing an 15 an aqueous solution ( i . e . , water , or water containing one or 
electric charge present on a fluidic droplet , for example , a more other species that are dissolved and / or suspended 
fluidic droplet having an electric charge , as described above . therein , for example , a salt solution , a saline solution , a 
For example , to at least partially neutralize the electric suspension of water containing particles or cells , or the like ) . 
charge , the fluidic droplet may be passed through an electric Another example of a system is a silicone oil , a fluorocarbon 
field and / or brought near an electrode , e . g . , using techniques 20 oil , and an aqueous solution . Yet another example of a 
such as those described herein . Upon exiting of the fluidic system is a hydrocarbon oil ( e . g . , hexadecane ) , a fluorocar 
droplet from the electric field ( i . e . , such that the electric field bon oil , and an aqueous solution . In these examples , any of 
no longer has a strength able to substantially affect the these fluids may be used as the liquid carrier . Non - limiting 
fluidic droplet ) , and / or other elimination of the electric field , examples of suitable fluorocarbon oils include octadecafluo 
the fluidic droplet may become electrically neutralized , 25 rodecahydro naphthalene : 
and / or have a reduced electric charge . 

In another set of embodiments , droplets of fluid can be 
created from a fluid surrounded by a liquid within a channel F F F F 

by altering the channel dimensions in a manner that is able 
to induce the fluid to form individual droplets . The channel 30 
may , for example , be a channel that expands relative to the 
direction of flow , e . g . , such that the fluid does not adhere to 
the channel walls and forms individual droplets instead , or 
a channel that narrows relative to the direction of flow , e . g . , 
such that the fluid is forced to coalesce into individual 35 
droplets . One example is shown in FIG . 7A , where channel or 1 - ( 1 , 2 , 2 , 3 , 3 , 4 , 4 , 5 , 5 , 6 , 6 - undecafluorocyclohexyl ) ethanol : 
510 includes a flowing fluid 500 ( flowing downwards ) , 
surrounded by liquid 505 . Channel 510 narrows at location 
501 , causing fluid 500 to form a series of individual fluidic 
droplets 515 . In other embodiments , internal obstructions 40 
may also be used to cause droplet formation to occur . For 
instance , baffles , ridges , posts , or the like may be used to 
disrupt liquid flow in a manner that causes the fluid to 
coalesce into fluidic droplets . 

In some cases , the channel dimensions may be altered 45 
with respect to time ( for example , mechanically or electro F F 
mechanically , pneumatically , etc . ) in such a manner as to 
cause the formation of individual fluidic droplets to occur . A non - limiting example of such a system is illustrated in 
For example , the channel may be mechanically contracted FIG . 14B . In this figure , fluidic network 710 includes a 
( " squeezed ” ) to cause droplet formation , or a fluid stream 50 channel containing liquid carrier 705 , and first fluid 701 and 
may be mechanically disrupted to cause droplet formation , second fluid 702 . Liquid carrier 705 is introduced into fluidic 
for example , through the use of moving baffles , rotating network 710 through inlet 725 , while first fluid 701 is 
blades , or the like . As a non - limiting example , in FIG . 7B , introduced through inlet 721 , and second fluid 702 is intro 
fluid 500 flows through channel 510 in a downward direc - duced through inlet 722 . Channel 716 within fluidic network 
tion . Fluid 500 is surrounded by liquid 505 . Piezoelectric 55 710 contains liquid carrier 715 introduced from inlet 725 . 
devices 520 positioned near or integral to channel 510 may Initially , first fluid 701 is introduced into liquid 10 carrier 
then mechanically constrict or “ squeeze " channel 510 , caus 705 , forming fluidic droplets therein . Next , second fluid 702 
ing fluid 500 to break up into individual fluidic droplets 515 . is introduced into liquid 705 , forming fluidic droplets therein 

In yet another set of embodiments , individual fluidic that are interspersed with the fluidic droplets containing first 
droplets can be created and maintained in a system com - 60 fluid 701 . Thus , upon reaching channel 717 , liquid carrier 
prising three essentially mutually immiscible fluids ( i . e . , 705 contains a first set of fluidic droplets containing first 
immiscible on a time scale of interest ) , where one fluid is a fluid 701 , interspersed with a second set of fluidic droplets 
liquid carrier , and the second fluid and the third fluid containing second fluid 702 . In the embodiment illustrated , 
alternate as individual fluidic droplets within the liquid channel 706 optionally comprises a series of bends , which 
carrier . In such a system , surfactants are not necessarily 65 may allow mixing to occur within each of the fluidic 
required to ensure separation of the fluidic droplets of the droplets , as further discussed below . However , it should be 
second and third fluids . As an example , with reference to noted that in this embodiment , since first fluid 701 and 
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second fluid 702 are essentially immiscible , significant macromolecules , cells , particles , etc . In some cases , the 
fusion and / or mixing of the droplets containing first fluid droplets may each independently contain a range of entities , 
701 with the droplets containing second fluid 702 is not for example , less than 20 entities , less than 15 entities , less 
generally expected . than 10 entities , less than 7 entities , less than 5 entities , or 

Other examples of the production of droplets of fluid 5 less than 3 entities in some cases . In one set of embodiments , 
surrounded by a liquid are described in International Patent in a liquid containing droplets of fluid , some of which 
Application Serial No . PCT / US2004 / 010903 , filed Apr . 9 , contain a species of interest and some of which do not 
2004 by Link , et al . and International Patent Application contain the species of interest , the droplets of fluid may be 
Serial No . PCT / US03 / 20542 , filed Jun . 30 , 2003 by Stone , screened or sorted for those droplets of fluid containing the 
et al . , published as WO 2004 / 002627 on Jan . 8 , 2004 , each 10 species as further described below ( e . g . , using fluorescence 
incorporated herein by reference . or other techniques such as those described above ) , and in 

In some embodiments , the fluidic droplets may each be some cases , the droplets may be screened or sorted for those 
substantially the same shape and / or size . The shape and / or droplets of fluid containing a particular number or range of 
size can be determined , for example , by measuring the entities of the species of interest , e . g . , as previously 
average diameter or other characteristic dimension of the 15 described . Thus , in some cases , a plurality or series of fluidic 
droplets . The term “ determining , " as used herein , generally droplets , some of which contain the species and some of 
refers to the analysis or measurement of a species , for which do not , may be enriched ( or depleted ) in the ratio of 
example , quantitatively or qualitatively , and / or the detection droplets that do contain the species , for example , by a factor 
of the presence or absence of the species . “ Determining ” of at least about 2 , at least about 3 , at least about 5 , at least 
may also refer to the analysis or measurement of an inter - 20 about 10 , at least about 15 , at least about 20 , at least about 
action between two or more species , for example , quantita - 50 , at least about 100 , at least about 125 , at least about 150 , 
tively or qualitatively , or by detecting the presence or at least about 200 , at least about 250 , at least about 500 , at 
absence of the interaction . Examples of suitable techniques least about 750 , at least about 1000 , at least about 2000 , or 
include , but are not limited to , spectroscopy such as infrared , at least about 5000 or more in some cases . In other cases , the 
absorption , fluorescence , UV / visible , FTIR ( “ Fourier Trans - 25 enrichment ( or depletion may be in a ratio of at least about 
form Infrared Spectroscopy ” ) , or Raman ; gravimetric tech - 104 , at least about 10 % , at least about 10 % , at least about 107 , 
niques ; ellipsometry ; piezoelectric measurements ; immuno - at least about 108 , at least about 10 % , at least about 1010 , at 
assays ; electrochemical measurements ; optical least about 1011 , at least about 1012 , at least about 1013 , at 
measurements such as optical density measurements ; circu - least about 1014 , at least about 101 ) , or more . For example , 
lar dichroism ; light scattering measurements such as quasi - 30 a fluidic droplet containing a particular species may be 
electric light scattering ; polarimetry ; refractometry ; or tur - selected from a library of fluidic droplets containing various 
bidity measurements . species , where the library may have about 10 % , about 10 % , 

The " average diameter ” of a plurality or series of droplets about 107 , about 108 , about 10° , about 1010 , about 1011 , 
is the arithmetic average of the average diameters of each of about 1012 , about 1013 , about 1014 , about 1015 , or more 
the droplets . Those of ordinary skill in the art will be able to 35 items , for example , a DNA library , an RNA library , a protein 
determine the average diameter ( or other characteristic library , a combinatorial chemistry library , a library of 
dimension ) of a plurality or series of droplets , for example , genetic elements , etc . In certain embodiments , the droplets 
using laser light scattering , microscopic examination , or carrying the species may then be fused , reacted , or otherwise 
other known techniques . The diameter of a droplet , in a used or processed , etc . , as further described below , for 
non - spherical droplet , is the mathematically - defined average 40 example , to initiate or determine a reaction . 
diameter of the droplet , integrated across the entire surface . The use of microfluidic handling to create microcapsules 
The average diameter of a droplet ( and / or of a plurality or according to the invention has a number of advantages : 
series of droplets ) may be , for example , less than about 1 ( a ) They allow the formation of highly monodisperse 
mm , less than about 500 micrometers , less than about 200 microcapsules ( < 1 . 5 % polydispersity ) , each of which 
micrometers , less than about 100 micrometers , less than 45 functions as an almost identical , very small microre 
about 75 micrometers , less than about 50 micrometers , less actor ; 
than about 25 micrometers , less than about 10 micrometers , ( b ) The microcapsules can have volumes ranging from 
or less than about 5 micrometers in some cases . The average about 1 femtoliter to about 1 nanoliter ; 
diameter may also be at least about 1 micrometer , at least ( c ) Compartmentalisation in microcapsules prevents dif 
about 2 micrometers , at least about 3 micrometers , at least 50 fusion and dispersion due to parabolic flow ; 
about 5 micrometers , at least about 10 micrometers , at least ( d ) By using a perfluorocarbon carrier fluid it is possible 
about 15 micrometers , or at least about 20 micrometers in to prevent exchange of molecules between microcap 
certain cases . sules ; 

In certain instances , the invention provides for the pro ( e ) Reagents in microcapsules cannot react or interact 
duction of droplets consisting essentially of a substantially 55 with the fabric of the microchannels as they are sepa 
uniform number of entities of a species therein ( i . e . , mol rated by a layer of inert perfluorocarbon carrier fluid . 
ecules , compounds , cells , genetic elements , particles , etc . ) . ( f ) Microcapsules can be created at up to 10 , 000 per 
For example , about 90 % , about 93 % , about 95 % , about second and screened using optical methods at the same 
97 % , about 98 % , or about 99 % , or more of a plurality or rate . This is a throughput of - 10 % per day . 
series of droplets may each contain the same number of 60 Microcapsules ( or droplets ; the terms may be used inter 
entities of a particular species . changeably for the purposes envisaged herein ) can , advan 

For instance , a substantial number of fluidic droplets tageously , be fused or split . For example , aqueous micro 
produced , e . g . , as described above , may each contain 1 droplets can be merged and split using microfluidics systems 
entity , 2 entities , 3 entities , 4 entities , 5 entities , 7 entities , 10 ( Link et al . , 2004 ; Song et al . , 2003 ) . Microcapsule fusion 
entities , 15 entities , 20 entities , 25 entities , 30 entities , 40 65 allows the mixing of reagents . Fusion , for example , of a 
entities , 50 entities , 60 entities , 70 entities , 80 entities , 90 microcapsule containing the genetic element with a micro 
entities , 100 entities , etc . , where the entities are molecules or capsule containing a transcription factor could initiate tran 
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scription of the genetic information . Microcapsule splitting created by electrodes 526 and 527 . Electrode 526 is posi 
allows single microcapsules to be split into two or more tioned near channel 542 , while electrode 527 is positioned 
smaller microcapsules . For example a single microcapsule near channel 544 . Under the influence of electric field 525 , 
containing a reagent can be split into multiple microcapsules charge separation is induced within fluidic droplet 530 , i . e . , 
which can then each be fused with a different microcapsule 5 such that a positive charge is induced at one end of the 
containing a different reagent or genetic element . A single droplet , while a negative charge is induced at the other end 
microcapsule containing a reagent can also be split into of the droplet . The droplet may then split into a negatively 
multiple microcapsules which can then each be fused with a charged droplet 545 and a positively charged droplet 546 , 
different microcapsule containing a different genetic ele - which then may travel in channels 542 and 544 , respectively . 
ment , or other reagents , for example at different concentra - 10 In some cases , one or both of the electric charges on the 
tions . resulting charged droplets may also be neutralized , as pre 

In one aspect , the invention relates to microfluidic sys - viously described . 
tems and methods for splitting a fluidic droplet into two or Other examples of splitting a fluidic droplet into two 
more droplets . The fluidic droplet may be surrounded by a droplets are described in International Patent Application 
liquid , e . g . , as previously described , and the fluid and the 15 Serial No . PCT / US2004 / 010903 , filed Apr . 9 , 2004 by Link , 
liquid are essentially immiscible in some cases . The two or et al . ; U . S . Provisional Patent Application Ser . No . 60 / 498 , 
more droplets created by splitting the original fluidic droplet 091 , filed Aug . 27 , 2003 , by Link , et . al . , and International 
may each be substantially the same shape and / or size , or the Patent Application Serial No . PCT / US03 / 20542 , filed Jun . 
two or more droplets may have different shapes and / or sizes , 30 , 2003 by Stone , et al . , published as WO 2004 / 002627 on 
depending on the conditions used to split the original fluidic 20 Jan . 8 , 2004 , each incorporated herein by reference . 
droplet . In many cases , the conditions used to split the The invention , in yet another aspect , relates to systems 
original fluidic droplet can be controlled in some fashion , for and methods for fusing or coalescing two or more fluidic 
example , manually or automatically ( e . g . , with a processor , droplets into one droplet . For example , in one set of embodi 
as discussed below ) . In some cases , each droplet in a ments , systems and methods are provided that are able to 
plurality or series of fluidic droplets may be independently 25 cause two or more droplets ( e . g . , arising from discontinuous 
controlled . For example , some droplets may be split into streams of fluid ) to fuse or coalesce into one droplet in cases 
equal parts or unequal parts , while other droplets are not where the two or more droplets ordinarily are unable to fuse 
split . or coalesce , for example , due to composition , surface ten 

According to one set of embodiments , a fluidic droplet sion , droplet size , the presence or absence of surfactants , etc . 
can be split using an applied electric field . The electric field 30 In certain microfluidic systems , the surface tension of the 
may be an AC field , a DC field , etc . The fluidic droplet , in droplets , relative to the size of the droplets , may also prevent 
this embodiment , may have a greater electrical conductivity fusion or coalescence of the droplets from occurring in some 
than the surrounding liquid , and , in some cases , the fluidic cases . 
droplet may be neutrally charged . In some embodiments , the In one embodiment , two fluidic droplets may be given 
droplets produced from the original fluidic droplet are of 35 opposite electric charges ( i . e . , positive and negative charges , 
approximately equal shape and / or size . In certain embodi - not necessarily of the same magnitude ) , which may increase 
ments , in an applied electric field , electric charge may be the electrical interaction of the two droplets such that fusion 
urged to migrate from the interior of the fluidic droplet to the or coalescence of the droplets can occur due to their opposite 
surface to be distributed thereon , which may thereby cancel electric charges , e . g . , using the techniques described herein . 
the electric field experienced in the interior of the droplet . In 40 For instance , an electric field may be applied to the droplets , 
some embodiments , the electric charge on the surface of the the droplets may be passed through a capacitor , a chemical 
fluidic droplet may also experience a force due to the applied reaction may cause the droplets to become charged , etc . As 
electric field , which causes charges having opposite polari - an example , as is shown schematically in FIG . 13A , 
ties to migrate in opposite directions . The charge migration uncharged droplets 651 and 652 , carried by a liquid 654 
may , in some cases , cause the drop to be pulled apart into 45 contained within a microfluidic channel 653 , are brought 
two separate fluidic droplets . The electric field applied to the into contact with each other , but the droplets are not able to 
fluidic droplets may be created , for example , using the fuse or coalesce , for instance , due to their size and / or surface 
techniques described above , such as with a reaction an tension . The droplets , in some cases , may not be able to fuse 
electric field generator , etc . even if a surfactant is applied to lower the surface tension of 
As a non - limiting example , in FIG . 1A , where no electric 50 the droplets . However , if the fluidic droplets are electrically 

field is applied , fluidic droplets 215 contained in channel 230 charged with opposite charges ( which can be , but are not 
are carried by a surrounding liquid , which flows towards necessarily of , the same magnitude ) , the droplets may be 
intersection 240 , leading to channels 250 and 255 . In this able to fuse or coalesce . For instance , in FIG . 13B , positively 
example , the surrounding liquid flows through channels 250 charged droplets 655 and negatively charged droplets 656 
and 255 at equal flowrates . Thus , at intersection 240 , fluidic 55 are directed generally towards each other such that the 
droplets 215 do not have a preferred orientation or direction , electrical interaction of the oppositely charged droplets 
and move into exit channels 250 and 255 with equal prob - causes the droplets to fuse into fused droplets 657 . 
ability due to the surrounding liquid flow . In contrast , in In another embodiment , the fluidic droplets may not 
FIG . 1B , while the surrounding liquid flows in the same necessarily be given opposite electric charges ( and , in some 
fashion as FIG . 1A , under the influence of an applied electric 60 cases , may not be given any electric charge ) , and are fused 
field of 1 . 4 V / micrometers , fluidic droplets 215 are split into through the use of dipoles induced in the fluidic droplets that 
two droplets at intersection 240 , forming new droplets 216 causes the fluidic droplets to coalesce . In the example 
and 217 . Droplet 216 moves to the left in channel 250 , while illustrated in FIG . 13C , droplets 660 and 661 ( which may 
droplet 217 moves to the right in channel 255 . each independently be electrically charged or neutral ) , sur 

A schematic of this process can be seen in FIG . 5 , where 65 rounded by liquid 665 in channel 670 , move through the 
a neutral fluidic droplet 530 , surrounded by a liquid 535 in channel such that they are the affected by an applied electric 
channel 540 , is subjected to applied electric field 525 , field 675 . Electric field 675 may be an AC field , a DC field , 
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etc . , and may be created , for instance , using electrodes 676 be determined and / or sorted in some cases , and in other 
and 677 , as shown here . The induced dipoles in each of the cases , at least about 20 droplets per second , at least about 30 
fluidic droplets , as shown in FIG . 13C , may cause the fluidic droplets per second , at least about 100 droplets per second , 
droplets to become electrically attracted towards each other at least about 200 droplets per second , at least about 300 
due to their local opposite charges , thus causing droplets 660 5 droplets per second , at least about 500 droplets per second , 
and 661 to fuse to produce droplet 663 . In FIG . 13D , at least about 750 droplets per second , at least about 1000 
droplets 651 and 652 flow together to fuse to form droplet droplets per second , at least about 1500 droplets per second , 
653 , which flows in a third channel . at least about 2000 droplets per second , at least about 3000 

It should be noted that , in various embodiments , the two droplets per second , at least about 5000 droplets per second , 
or more droplets allowed to coalesce are not necessarily 10 at least about 7500 droplets per second , at least about 10 , 000 
required to meet “ head - on ” . Any angle of contact , so long as droplets per second , at least about 15 , 000 droplets per 
at least some fusion of the droplets initially occurs , is second , at least about 20 , 000 droplets per second , at least 
sufficient . As an example , in FIG . 12H , droplets 73 and 74 about 30 , 000 droplets per second , at least about 50 , 000 
each are traveling in substantially the same direction ( e . g . , at droplets per second , at least about 75 , 000 droplets per 
different velocities ) , and are able to meet and fuse . As 15 second , at least about 100 , 000 droplets per second , at least 
another example , in FIG . 121 , droplets 73 and 74 meet at an about 150 , 000 droplets per second , at least about 200 , 000 
angle and fuse . In FIG . 12 ) , three fluidic droplets 73 , 74 and droplets per second , at least about 300 , 000 droplets per 
68 meet and fuse to produce droplet 79 . second , at least about 500 , 000 droplets per second , at least 

Other examples of fusing or coalescing fluidic droplets about 750 , 000 droplets per second , at least about 1 , 000 , 000 
are described in International Patent Application Serial No . 20 droplets per second , at least about 1 , 500 , 000 droplets per 
PCT / US2004 / 010903 , filed Apr . 9 , 2004 by Link , et al . , second , at least about 2 , 000 , 000 or more droplets per sec 
incorporated herein by reference . ond , or at least about 3 , 000 , 000 or more droplets per second 

Fluidic handling of microcapsules therefore results in may be determined and / or sorted in such a fashion . 
further advantages : In one set of embodiments , a fluidic droplet may be 

( a ) Microcapsules can be split into two or more smaller 25 directed by creating an electric charge ( e . g . , as previously 
microdroplets allowing the reagents contained therein described ) on the droplet , and steering the droplet using an 
to be reacted with a series of different molecules in applied electric field , which may be an AC field , a DC field , 
parallel or assayed in multiplicate . etc . As an example , in reference to FIGS . 2 - 4 , an electric 

( b ) Microcapsules can be fused . This allows molecules to field may be selectively applied and removed ( or a different 
be : ( a ) diluted , ( b ) mixed with other molecules , and ( c ) 30 electric field may be applied , e . g . , a reversed electric field as 
reactions initiated , terminated or modulated at precisely shown in FIG . 4A ) as needed to direct the fluidic droplet to 
defined times . a particular region . The electric field may be selectively 

( c ) Reagents can be mixed very rapidly in < 2 ms ) in applied and removed as needed , in some embodiments , 
microcapsules using chaotic advection , allowing fast without substantially altering the flow of the liquid contain 
kinetic measurements and very high throughput . 35 ing the fluidic droplet . For example , a liquid may flow on a 

( d ) Reagents can be mixed in a combinatorial manner . For substantially steady - state basis ( i . e . , the average flowrate of 
example , allowing the effect of all possible pairwise the liquid containing the fluidic droplet deviates by less than 
combinations of compounds in a library to be tested . 20 % or less than 15 % of the steady - state flow or the 

Creating and manipulating microcapsules in microfluidic expected value of the flow of liquid with respect to time , and 
systems means that : 40 in some cases , the average flowrate may deviate less than 

( a ) Stable streams of microcapsules can be formed in 10 % or less than 5 % ) or other predetermined basis through 
microchannels and identified by their relative positions . a fluidic system of the invention ( e . g . , through a channel or 

( b ) If the reactions are accompanied by an optical signal a microchannel ) , and fluidic droplets contained within the 
( e . g . a change in fluorescence ) a spatially - resolved liquid may be directed to various regions , e . g . , using an 
optical image of the microfluidic network allows time 45 electric field , without substantially altering the flow of the 
resolved measurements of the reactions in each micro - liquid through the fluidic system . As a particular example , in 
capsules . FIGS . 2A , 3A and 4A , a liquid containing fluidic droplets 15 

( c ) Microcapsules can be separated using a microfluidic flows from fluid source 10 , through channel 30 to intersec 
flow sorter to allow recovery and further analysis or t ion 40 , and exits through channels 50 and 55 . In FIG . 2A , 
manipulation of the molecules they contain . 50 fluidic droplets 15 are directed through both channels 50 and 

Screening / Sorting of Microcapsules 55 , while in FIG . 3A , fluidic droplets 15 are directed to only 
In still another aspect , the invention provides systems and channel 55 and , in FIG . 4A , fluidic droplets 15 are directed 

methods for screening or sorting fluidic droplets in a liquid , to only channel 50 . 
and in some cases , at relatively high rates . For example , a In another set of embodiments , a fluidic droplet may be 
characteristic of a droplet may be sensed and / or determined 55 sorted or steered by inducing a dipole in the fluidic droplet 
in some fashion ( e . g . , as further described below ) , then the ( which may be initially charged or uncharged ) , and sorting 
droplet may be directed towards a particular region of the or steering the droplet using an applied electric field . The 
device , for example , for sorting or screening purposes . electric field may be an AC field , a DC field , etc . For 

In some embodiments , a characteristic of a fluidic droplet example , with reference to FIG . 9A , a channel 540 , con 
may be sensed and / or determined in some fashion , for 60 taining fluidic droplet 530 and liquid 535 , divides into 
example , as described herein ( e . g . , fluorescence of the channel 542 and 544 . Fluidic droplet 530 may have an 
fluidic droplet may be determined ) , and , in response , an electric charge , or it may be uncharged . Electrode 526 is 
electric field may be applied or removed from the fluidic positioned near channel 542 , while electrode 527 is posi 
droplet to direct the fluidic droplet to a particular region ( e . g . tioned near channel 544 . Electrode 528 is positioned near the 
a channel ) . In some cases , high sorting speeds may be 65 junction of channels 540 , 542 , and 544 . In FIGS . 9C and 9D , 
achievable using certain systems and methods of the inven - a dipole is induced in the fluidic droplet using electrodes 
tion . For instance , at least about 10 droplets per second may 526 , 527 , and / or 528 . In FIG . 9C , a dipole is induced in 
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droplet 530 by applying an electric field 525 to the droplet cases , piezoelectric components may be particularly useful 
using electrodes 527 and 528 . Due to the strength of the due to their relatively rapid response times , e . g . , in response 
electric field , the droplet is strongly attracted to the right to an electrical signal . 
into channel 544 . Similarly , in FIG . 9D , a dipole is induced As a non - limiting example , in FIG . 11A , fluidic droplet 
in droplet 530 by applying an electric field 525 to the droplet 5 600 is surrounded by a liquid 605 in channel 610 . Channel 
using electrodes 526 and 528 , causing the droplet to be 610 divides into channels 611 , 612 . Positioned in fluidic 
attracted into channel 542 . Thus , by applying the proper communication with channels 611 and 612 are liquid reser 
electric field , droplet 530 can be directed to either channel voirs 617 and 618 , which may be expanded and / or con 
542 or 544 as desired . tracted , for instance , by piezoelectric components 615 and 

In other embodiments , however , the fluidic droplets may 10 616 , by a piston ( not shown ) , etc . In FIG . 11B , liquid 
reservoir 617 has been expanded , while liquid reservoir 618 be screened or sorted within a fluidic system of the invention has been contracted . The effect of the expansion / contrac by altering the flow of the liquid containing the droplets . For tions of the reservoirs is to cause a net flow of liquid towards instance , in one set of embodiments , a fluidic droplet may be channel 611 , as indicated by arrows 603 . Thus , fluidic steered or sorted by directing the liquid surrounding the 15 drop the 15 droplet 600 , upon reaching the junction between the chan 

fluidic droplet into a first channel , a second channel , etc . As nels , is directed to channel 611 by the movement of liquid 
a non - limiting example , with reference to FIG . 10A , fluidic 605 . The reverse situation is shown in FIG . 11C , where 
droplet 570 is surrounded by a liquid 575 in channel 580 . liquid reservoir 617 has contracted while liquid reservoir 
Channel 580 divides into three channels 581 , 582 , and 583 . 618 has been expanded . A net flow of liquid occurs towards 
The flow of liquid 575 can be directed into any of channels 20 channel 612 ( indicated by arrows 603 ) , causing fluidic 
581 , 582 , and 583 as desired , for example , using flow droplet 600 to move into channel 612 . It should be noted , 
controlling devices known to those of ordinary skill in the however , that reservoirs 617 and 618 do not both need to be 
art , for example , valves , pumps , pistons , etc . Thus , in FIG . activated to direct fluidic droplet 600 into channels 611 or 
10B , fluidic droplet 570 is directed into channel 581 by 612 . For example , in one embodiment , fluidic droplet 600 
directing liquid 575 to flow into channel 581 ( indicated by 25 may be directed to channel 611 by the expansion of liquid 
arrows 574 ) ; in FIG . 10C , fluidic droplet 570 is directed into reservoir 617 ( without any alteration of reservoir 618 ) , while 
channel 582 by directing liquid 575 to flow into channel 582 in another embodiment , fluidic droplet 600 may be directed 
( indicated by arrows 574 ) ; and in FIG . 10D , fluidic droplet to channel 611 by the contraction of liquid reservoir 618 
570 is directed into channel 583 by directing liquid 575 to ( without any alteration of reservoir 617 ) . In some cases , 

30 more than two liquid reservoirs may be used . flow into channel 583 ( indicated by arrows 574 ) . 
However , it is preferred that control of the flow of liquids In some embodiments , the fluidic droplets may be sorted 

into more than two channels . Non - limiting examples of in microfluidic systems is not used to direct the flow of embodiments of the invention having multiple regions fluidic droplets therein , but that an alternative method is within a fluidic system for the delivery of droplets are shown used . Advantageously , therefore , the microcapsules are not are no 35 in FIGS . 6A and 6B . Other arrangements are shown in FIGS . 
sorted by altering the direction of the flow of a carrier fluid 10A - 10D . In FIG . 6A , charged droplets 315 in channel 330 in a microfluidic system . may be directed as desired to any one of exit channels 350 , 

In another set of embodiments , pressure within a fluidic 352 , 354 , or 356 , by applying electric fields to control the 
system , for example , within different channels or within movement of the droplets at intersections 340 , 341 , and 342 , 
different portions of a channel , can be controlled to direct the 40 using electrodes 321 / 322 , 323 / 324 , and 325 / 326 , respec 
flow of fluidic droplets . For example , a droplet can be tively . In FIG . 6A , droplets 315 are directed to channel 354 
directed toward a channel junction including multiple using applied electric fields 300 and 301 , using 5 principles 
options for further direction of flow ( e . g . , directed toward a similar to those discussed above . Similarly , in FIG . 6B , 
branch , or fork , in a channel defining optional downstream charged droplets 415 in channel 430 can be directed to any 
flow channels ) . Pressure within one or more of the optional 45 one of exit channels 450 , 452 , 454 , 456 , or 458 , by applying 
downstream flow channels can be controlled to direct the electric fields to control the movement of the droplets at 
droplet selectively into one of the channels , and changes in intersections 440 , 441 , 442 , and 443 , using electrodes 421 / 
pressure can be effected on the order of the time required for 422 , 423 / 424 , 425 / 426 , and 427 / 428 , respectively . In this 
successive droplets to reach the junction , such that the figure , droplets 415 are directed to channel 454 ; of course , 
downstream flow path of each successive droplet can be 50 the charged droplets may be directed to any other exit 
independently controlled . In one arrangement , the expansion channel as desired . 
and / or contraction of liquid reservoirs may be used to steer In another example , in apparatus 5 , as schematically 
or sort a fluidic droplet into a channel , e . g . , by causing illustrated in FIG . 2A , fluidic droplets 15 created by fluid 
directed movement of the liquid containing the fluidic source 10 are positively charged due to an applied electric 
droplet . The liquid reservoirs may be positioned such that , 55 field created using electric field generator 20 , which com 
when activated , the movement of liquid caused by the prises two electrodes 22 , 24 . Fluidic droplets 15 are directed 
activated reservoirs causes the liquid to flow in a preferred through channel 30 by a liquid containing the droplets , and 
direction , carrying the fluidic droplet in that preferred direc are directed towards intersection 40 . At intersection 40 , the 
tion . For instance , the expansion of a liquid reservoir may fluidic droplets do not have a preferred orientation or 
cause a flow of liquid towards the reservoir , while the 60 direction , and move into exit channels 50 and 55 with equal 
contraction of a liquid reservoir may cause a flow of liquid probability ( in this embodiment , liquid drains through both 
away from the reservoir . In some cases , the expansion and / or exit channels 50 and 55 at substantially equal rates ) . Simi 
contraction of the liquid reservoir may be combined with larly , fluidic droplets 115 created by fluid source 110 are 
other flow - controlling devices and methods , e . g . , as negatively charged due to an applied electric field created 
described herein . Non - limiting examples of devices able to 65 using electric field generator 120 , which comprises elec 
cause the expansion and / or contraction of a liquid reservoir trodes 122 and 124 . After traveling through channel 130 
include pistons and piezoelectric components . In some towards intersection 140 , the fluidic droplets do not have a 
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preferred orientation or direction , and move into exit chan applied electric field may be achieved to control droplet 
nels 150 and 155 with equal probability , as the liquid exits formation ; thus , for example , after fluidic droplet 565 has 
through exit channels 150 and 155 at substantially equal been split into droplets 565 and 566 , droplets 565 and 566 
rates . A representative photomicrograph of intersection 140 may be of substantially equal size , or either of droplets 565 
is shown in FIG . 2B . 5 and 566 may be larger , e . g . , as is shown in FIGS . 8E and 8F , 

In the schematic diagram of FIG . 3A , an electric field 100 respectively . 
of 1 . 4 V / micrometer has been applied to apparatus 5 of FIG . As another , example , in FIG . 9A , channel 540 , carrying 
2A , in a direction towards the right of apparatus 5 . Posi fluidic droplet 530 and liquid 535 , divides into channel 542 tively - charged fluidic droplets 15 in channel 30 , upon reach and 544 . Fluidic droplet 530 may be electrically charged , or ing intersection 40 , are directed to the right in channel 55 10 it may uncharged . Electrode 526 is positioned near channel due to the applied electric field 100 , while the liquid 542 , while electrode 527 is positioned near channel 544 . containing the droplets continues to exit through exit chan Electrode 528 is positioned near the junction of channels nels 50 and 55 at substantially equal rates . Similarly , nega 
tively - charged fluidic droplets 115 in channel 130 , upon 540 , 542 , and 544 . When fluidic droplet 530 reaches the 
reaching intersection 140 . are directed to the left in channel 15 junction , it may be subjected to an electric field , and / or 
150 due to the applied electric field 100 , while the liquid directed to a channel or other region , for example , by 
fluid continues to exit the device through exit channels 150 directing the surrounding liquid into the channel . As shown 
and 155 at substantially equal rates . Thus , electric field 100 in FIG . 9B , fluidic droplet 530 may be split into two separate 
can be used to direct fluidic droplets into particular channels droplets 565 and 566 by applying an electric field 525 to the 
as desired . A representative photomicrograph of intersection 20 droplet using electrodes 526 and 527 . In FIG . 9C , a dipole 
140 is shown in FIG . 3B . can be induced in droplet 530 by applying an electric field 

FIG . 4A is a schematic diagram of apparatus 5 of FIG . 2A , 525 to the droplet using electrodes 527 and 528 . Due to the 
also with an applied electric field 100 of 1 . 4 V / micrometer , strength of the applied electric field , the droplet may be 
but in the opposite direction ( i . e . , - 1 . 4 V / micrometer ) . In strongly attracted to the right , into channel 544 . Similarly , in 
this figure , positively - charged fluidic droplets 15 in channel 25 FIG . 9D , a dipole may be induced in droplet 530 by applying 
30 , upon reaching intersection 40 , are directed to the left into an electric field 525 to the droplet using electrodes 526 and 
channel 50 due to the applied electric field 100 , while 528 , causing the droplet to be attracted into channel 542 . By negatively - charged fluidic droplets 115 in channel 130 , upon controlling which electrodes are used to induce an electric reaching intersection 140 , are directed to the right into field across droplet 530 , and / or the strength of the applied channel 155 due to applied electric field 100 . The liquid 30 electric field , one or more fluidic droplets within channel containing the droplets exits through exit channels 50 and 540 may be sorted and / or split into two droplets , and each 55 , and 150 and 155 , at substantially equal rates . A repre 
sentative photomicrograph of intersection 140 is shown in droplet may independently be sorted and / or split . 
FIG . 4B . Microcapsules can be optically tagged by , for example , 

In some embodiments of the invention , a fluidic droplet 35 mcorporating the et 35 incorporating fluorochromes . In a preferred configuration , 
may be sorted and / or split into two or more separate drop the microcapsules are optically tagged by incorporating 
lets , for example , depending on the particular application . quantum dots : quantum dots of 6 colours at 10 concentra 
Any of the above - described techniques may be used to spilt tions would allow the encoding of 100 microcapsules ( Han 
and / or sort droplets . As a non - limiting example , by applying et al . , 2001 ) . Microcapsules flowing in an ordered sequence 
( or removing ) a first electric field to a device ( or a portion 40 in a microfluidic channel can be encoded ( wholly or par 
thereof ) , a fluidic droplet may be directed to a first region or tially ) by their sequence in the stream of microcapsules 
channel ; by applying ( or removing ) a second electric field to ( positional encoding ) . 
the device ( or a portion thereof ) , the droplet may be directed By means of the invention , enzymes involved in the 
to a second region or channel ; by applying a third electric preparation of a compound may be optimised by selection 
field to the device ( or a portion thereof ) , the droplet may be 45 for optimal activity . The procedure involves the preparation 
directed to a third region or channel ; etc . , where the electric of variants of the polypeptide to be screened , which equate 
fields may differ in some way , for example , in intensity , to a library of polypeptides as refereed to herein . The 
direction , frequency , duration , etc . In a series of droplets , variants may be prepared in the same manner as the libraries 
each droplet may be independently sorted and / or split ; for discussed elsewhere herein . 
example , some droplets may be directed to one location or 50 ( B ) Selection Procedures 
another , while other droplets may be split into multiple The system can be configured to select for RNA , DNA or 
droplets directed to two or more locations . protein gene product molecules with catalytic , regulatory or 
As one particular example , in FIG . 8A , fluidic droplet binding activity . 

550 , surrounding liquid 555 in channel 560 may be directed ( i ) Selection for Binding 
to channel 556 , channel 557 , or be split in some fashion 55 In the case of selection for a gene product with affinity for 
between channels 562 and 564 . In FIG . 8B , by directing a specific ligand the genetic element may be linked to the 
surrounding liquid 555 towards channel 562 , fluidic droplet gene product in the microcapsule via the ligand . Only gene 
550 may be directed towards the left into channel 562 ; in products with affinity for the ligand will therefore bind to the 
FIG . 8C , by directing surrounding liquid 555 towards chan - genetic element and only those genetic elements with gene 
nel 564 , fluidic droplet 550 may be directed towards the 60 product bound via the ligand will acquire the changed 
right into channel 564 , In FIG . 8D , an electric field may be optical properties which enable them to be retained in the 
applied , in combination with control of the flow of liquid selection step . In this embodiment , the genetic element will 
555 surrounding fluidic droplet 550 , that causes the droplet thus comprise a nucleic acid encoding the gene product 
to impact junction 561 , which may cause the droplet to split linked to a ligand for the gene product . 
into two separate fluidic droplets 565 , 566 . Fluidic droplet 65 The change in optical properties of the genetic element 
565 is directed to channel 562 , while fluidic droplet 566 is after binding of the gene product to the ligand may be 
directed to channel 566 . A high degree of control of the induced in a variety of ways , including : 
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( 1 ) the gene product itself may have distinctive optical example , is used to search gene libraries for pairs of genes 
properties , for example , it is fluorescent ( e . g . green encoding pairs of proteins which bind each other . 
fluorescent protein , ( Lorenz et al . , 1991 ) ) . Fluorescence may be enhanced by the use of Tyramide 

( 2 ) the optical properties of the gene product may be Signal Amplification ( TSATM ) amplification to make the 
modified on binding to the ligand , for example , the 5 genetic elements fluorescent . This involves peroxidase 
fluorescence of the gene product is quenched or ( linked to another protein ) binding to the genetic elements 
enhanced on binding ( Guixe et al . , 1998 ; Qi and and catalysing the conversion of fluorescein - tyramine in to 
Grabowski , 1998 ) a free radical form which then reacts ( locally ) with the 

( 3 ) the optical properties of the ligand may be modified on genetic elements . Methods for performing TSA are known in 
binding of the gene product , for example , the fluores - 10 the art , and kits are available commercially from NEN . 
cence of the ligand is quenched or enhanced on binding TSA may be configured such that it results in a direct 
( Voss , 1993 ; Masui and Kuramitsu , 1998 ) . increase in the fluorescence of the genetic element , or such 

( 4 ) the optical properties of both ligand and gene product that a ligand is attached to the genetic element which is 
are modified on binding , for example , there can be a bound by a second fluorescent molecule , or a sequence of 
fluorescence resonance energy transfer ( FRET ) from 15 molecules , one or more of which is fluorescent . 
ligand to gene product ( or vice versa ) resulting in ( ii ) Selection for Catalysis 
emmission at the “ acceptor " emmission wavelength When selection is for catalysis , the genetic element in 
when excitation is at the “ donor ” absorption wave each microcapsule may comprise the substrate of the reac 
length ( Heim & Tsien , 1996 ; Mahaj an et al . , 1998 ; tion . If the genetic element encodes a gene product capable 
Miyawaki et al . , 1997 ) . 20 of acting as a catalyst , the gene product will catalyse the 

In this embodiment , it is not necessary for binding of the conversion of the substrate into the product . Therefore , at the 
gene product to the genetic element via the ligand to directly end of the reaction the genetic element is physically linked 
induce a change in optical properties . All the gene products to the product of the catalysed reaction . 
to be selected can contain a putative binding domain , which It may also be desirable , in some cases , for the substrate 
is to be selected for , and a common feature a tag . The 25 not to be a component of the genetic element . In this case the 
genetic element in each microcapsule is physically linked to substrate would contain an inactive “ tag ” that requires a 
the ligand . If the gene product produced from the genetic further step to activate it such as photoactivation ( e . g . of a 
element has affinity for the ligand , it will bind to it and “ caged ” biotin analogue , ( Sundberg et al . , 1995 ; Pirrung and 
become physically linked to the same genetic element that Huang , 1996 ) ) . The catalyst to be selected then converts the 
encoded it , resulting in the genetic element being ' tagged ’ . 30 substrate to product . The " tag " is then activated and the 
At the end of the reaction , all of the microcapsules are “ tagged ” substrate and / or product bound by a tag - binding 
combined , and all genetic elements and gene products molecule ( e . g . avidin or streptavidin ) complexed with the 
pooled together in one environment . Genetic elements nucleic acid . The ratio of substrate to product attached to the 
encoding gene products exhibiting the desired binding can nucleic acid via the " tag " will therefore reflect the ratio of 
be selected by adding reagents which specifically bind to , or 35 the substrate and product in solution . 
react specifically with , the “ tag ” and thereby induce a The optical properties of genetic elements with product 
change in the optical properties of the genetic element attached and which encode gene products with the desired 
allowing there sorting . For example , a fluorescently - labelled catalytic activity can be modified by either : 
anti - “ tag ” antibody can be used , or an anti - “ tag ” antibody ( 1 ) the product - genetic element complex having charac 
followed by a second fluorescently labelled antibody which 40 teristic optical properties not found in the substrate 
binds the first . genetic element complex , due to , for example ; 

In an alternative embodiment , genetic elements may be ( a ) the substrate and product having different optical 
sorted on the basis that the gene product , which binds to the properties ( many fluorogenic enzyme substrates are 
ligand , merely hides the ligand from , for example , further available commercially ( see for example Haugland , 
binding partners which would otherwise modify the optical 45 1996 ) including substrates for glycosidases , phos 
properties of the genetic element . In this case genetic phatases , peptidases and proteases ( Craig et al . , 
elements with unmodified optical properties would be 1995 ; Huang et al . , 1992 ; Brynes et al . , 1982 ; Jones 
selected . et al . , 1997 ; Matayoshi et al . , 1990 ; Wang et al . , 

In an alternative embodiment , the invention provides a 1990 ) ) , or 
method according to the first aspect of the invention , 50 ( b ) the substrate and product having similar optical 
wherein in step ( b ) the gene products bind to genetic properties , but only the product , and not the substrate 
elements encoding them . The gene products together with binds to , or reacts with , the genetic element ; 
the attached genetic elements are then sorted as a result of ( 2 ) adding reagents which specifically bind to , or react 
binding of a ligand to gene products having the desired with , the product and which thereby induce a change in 
binding activity . For example , all gene products can contain 55 the optical properties of the genetic elements allowing 
an invariant region which binds covalently or non - cova their sorting ( these reagents can be added before or 
lently to the genetic element , and a second region which is after breaking the microcapsules and pooling the 
diversified so as to generate the desired binding activity . genetic elements ) . The reagents ; 

In an alternative embodiment , the ligand for the gene ( a ) bind specifically to , or react specifically with , the 
product is itself encoded by the genetic element and binds to 60 product , and not the substrate , if both substrate and 
the genetic element . Stated otherwise , the genetic element product are attached to the genetic element , or 
encodes two ( or indeed more ) gene products , at least one of ( b ) optionally bind both substrate and product if only 
which binds to the genetic element , and which can poten the product , and not the substrate binds to , or reacts 
tially bind each other . Only when the gene products interact with , the genetic element . 
in a microcapsule is the genetic element modified in a way 65 The pooled genetic elements encoding catalytic mol 
that ultimately results in a change in a change in its optical ecules can then be enriched by selecting for the genetic 
properties that enables it to be sorted . This embodiment , for elements with modified optical properties . 
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An alternative is to couple the nucleic acid to a product - Expressed in an alternative manner , there is provided a 
specific antibody ( or other product - specific molecule ) . In method of isolating one or more genetic elements encoding 
this scenario , the substrate ( or one of the substrates ) is a gene product having a desired catalytic activity , compris 
present in each microcapsule unlinked to the genetic ele - ing the steps of : 
ment , but has a molecular “ tag ” ( for example biotin , DIG or 5 ( 1 ) expressing genetic elements to give their respective 
DNP or a fluorescent group ) . When the catalyst to be gene products ; 
selected converts the substrate to product , the product ( 2 ) allowing the gene products to catalyse conversion of 

a substrate to a product , which may or may not be retains the “ tag ” and is then captured in the microcapsule by 
the product - specific antibody . In this way the genetic ele directly selectable , in accordance with the desired 

activity ; ment only becomes associated with the “ tag ” when it ( 3 ) optionally coupling the first reaction to one or more encodes or produces an enzyme capable of converting subsequent reactions , each reaction being modulated by substrate to product . When all reactions are stopped and the the product of the previous reactions , and leading to the microcapsules are combined , the genetic elements encoding creation of a final , selectable product ; active enzymes will be “ tagged ” and may already have 15 ( 4 ) linking the selectable product of catalysis to the changed optical properties , for example , if the “ tag ” was a genetic elements by either : fluorescent group . Alternatively , a change in optical prop a ) coupling a substrate to the genetic elements in such 
erties of “ tagged ” genes can be induced by adding a fluo a way that the product remains associated with the 
rescently labelled ligand which binds the “ tag ” ( for example genetic elements , or 
fluorescently - labelled avidin / streptavidin , an anti - “ tag ” anti - 20 b ) reacting or binding the selectable product to the 
body which is fluorescent , or a non - fluorescent anti - “ tag ” genetic elements by way of a suitable molecular 
antibody which can be detected by a second fluorescently " tag " attached to the substrate which remains on the 
labelled antibody ) . product , 

Alternatively , selection may be performed indirectly by 
coupling a first reaction to subsequent reactions that takes 25 c ) coupling the selectable product ( but not the sub 
place in the same microcapsule . There are two general ways strate ) to the genetic elements by means of a product 
in which this may be performed . In a first embodiment , the specific reaction or interaction with the product ; and 
product of the first reaction is reacted with , or bound by , a ( 5 ) selecting the product of catalysis , together with the 
molecule which does not react with the substrate of the first genetic element to which it is bound , either by means 
reaction . A second , coupled reaction will only proceed in the 30 of its characteristic optical properties , or by adding 
presence of the product of the first reaction . A genetic reagents which specifically bind to , or react specifically 
element encoding a gene product with a desired activity can with , the product and which thereby induce a change in 
then be purified by using the properties of the product of the the optical properties of the genetic elements wherein 
second reaction to induce a change in the optical properties steps ( 1 ) to 
of the genetic element as above . 35 ( 6 ) each genetic element and respective gene product is 

Alternatively , the product of the reaction being selected contained within a microcapsule . 
may be the substrate or cofactor for a second enzyme ( iii ) Selecting for Enzyme Substrate Specificity / Selectivity 
catalysed reaction . The enzyme to catalyse the second Genetic elements encoding enzymes with substrate speci 
reaction can either be translated in situ in the microcapsules ficity or selectivity can be specifically enriched by carrying 
or incorporated in the reaction mixture prior to microencap - 40 out a positive selection for reaction with one substrate and 
sulation . Only when the first reaction proceeds will the a negative selection for reaction with another substrate . Such 
coupled enzyme generate a product which can be used to combined positive and negative selection pressure should be 
induce a change in the optical properties of the genetic of great importance in isolating regio - selective and stereo 
element as above . selective enzymes ( for example , enzymes that can distin 

This concept of coupling can be elaborated to incorporate 45 guish between two enantiomers of the same substrate ) . For 
multiple enzymes , each using as a substrate the product of example , two substrates ( e . g . two different enantiomers ) are 
the previous reaction . This allows for selection of enzymes each labelled with different tags ( e . g . two different fluoro 
that will not react with an immobilised substrate . It can also phores ) such that the tags become attached to the genetic 
be designed to give increased sensitivity by signal amplifi - element by the enzyme - catalysed reaction . If the two tags 
cation if a product of one reaction is a catalyst or a cofactor 50 confer different optical properties on the genetic element the 
for a second reaction or series of reactions leading to a substrate specificity of the enzyme can be determined from 
selectable product ( for example , see Johannsson and Bates , the optical properties of the genetic element and those 
1988 ; Johannsson , 1991 ) . Furthermore an enzyme cascade genetic elements encoding gene products with the wrong ( or 
system can be based on the production of an activator for an no ) specificity rejected . Tags conferring no change in optical 
enzyme or the destruction of an enzyme inhibitor ( see Mize 55 activity can also be used if tag - specific ligands with different 
et al . , 1989 ) . Coupling also has the advantage that a common optical properties are added ( e . g . tag - specific antibodies 
selection system can be used for a whole group of enzymes labelled with different fluorophores ) . 
which generate the same product and allows for the selection ( iv ) Selection for Regulation 
of complicated chemical transformations that cannot be A similar system can be used to select for regulatory 
performed in a single step . 60 properties of enzymes . 

Such a method of coupling thus enables the evolution of In the case of selection for a regulator molecule which 
novel “ metabolic pathways ” in vitro in a stepwise fashion , acts as an activator or inhibitor of a biochemical process , the 
selecting and improving first one step and then the next . The components of the biochemical process can either be trans 
selection strategy is based on the final product of the lated in situ in each microcapsule or can be incorporated in 
pathway , so that all earlier steps can be evolved indepen - 65 the reaction mixture prior to microencapsulation . If the 
dently or sequentially without setting up a new selection genetic element being selected is to encode an activator , 
system for each step of the reaction . selection can be performed for the product of the regulated 
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reaction , as described above in connection with catalysis . If ( vii ) Flow Analysis and Sorting 
an inhibitor is desired , selection can be for a chemical In a preferred embodiment of the invention the micro 
property specific to the substrate of the regulated reaction . capsules will be analysed and , optionally , sorted by flow 

There is therefore provided a method of sorting one or cytometry . Many formats of microcapsule can be analysed 
more genetic elements coding for a gene product exhibiting 5 a 0 5 and , optionally , sorted directly using flow cytometry . 

In a highly preferred embodiment , microfluidic devices a desired regulatory activity , comprising the steps of : for flow analysis and , optionally , flow sorting ( Fu , 2002 ) of ( 1 ) expressing genetic elements to give their respective microcapsules will be used . Such a sorting device can be gene products ; integrated directly on the microfluidic device , and can use 
( 2 ) allowing the gene products to activate or inhibit a electronic means to sort the microcapsules and / or genetic 
biochemical reaction , or sequence of coupled reactions , " elements . Optical detection , also integrated directly on the 
in accordance with the desired activity , in such a way microfluidic device , can be used to screen the microcapsules 
as to allow the generation or survival of a selectable to trigger the sorting . Other means of control of the micro 
molecule ; capsules , in addition to charge , can also be incorporated onto 

( 3 ) linking the selectable molecule to the genetic elements the microfluidic device . 
15 A variety of optical properties can be used for analysis and either by to trigger sorting , including light scattering ( Kerker , 1983 ) 

a ) having the selectable molecule , or the substrate from and fluorescence polarisation ( Rolland et al . , 1985 ) . In a which it derives , attached to the genetic elements , or highly preferred embodiment the difference in optical prop 
b ) reacting or binding the selectable product to the b ) reacting or binding the selectable product to the erties of the microcapsules or microbeads will be a differ 

genetic elements , by way of a suitable molecular 20 ence in fluorescence and , if required , the microcapsules or 
“ tag ” attached to the substrate which remains on the microbeads will be sorted using a microfluidic or conven 
product , tional fluorescence activated cell sorter ( Norman , 1980 ; 

or Mackenzie and Pinder , 1986 ) , or similar device . Flow 
c ) coupling the product of catalysis ( but not the sub - cytometry has a series of advantages : 

strate ) to the genetic elements , by means of a prod - 25 ( 1 ) fluorescence activated cell sorting equipment from 
uct - specific reaction or interaction with the product ; established manufacturers ( e . g . Becton - Dickinson , 

( 4 ) selecting the selectable product , together with the Coulter , Cytomation ) allows the analysis and sorting at 
genetic element to which it is bound , either by means up to 100 , 000 microcapsules or microbeads per second . 
of its characteristic optical properties , or by adding ( 2 ) the fluorescence signal from each microcapsule or 
reagents which specifically bind to , or react specifically 30 microbead corresponds tightly to the number of fluo 
with , the product and which thereby induce a change in rescent molecules present . As little as few hundred 
the optical properties of the genetic elements wherein fluorescent molecules per microcapsules or microbeads 
steps ( 1 ) to ( 3 ) each genetic element and respective can be quantitatively detected ; 
gene product is contained within a microcapsule . ( 3 ) the wide dynamic range of the fluorescence detectors 

( v ) Selection for Optical Properties of the Gene Product 35 ( typically 4 log units ) allows easy setting of the strin 
It is possible to select for inherent optical properties of gency of the sorting procedure , thus allowing the 

gene products if , in the microcapsules , the gene product recovery of the optimal number microcapsules or 
binds back to the genetic element , for example through a microbeads from the starting pool ( the gates can be set 
common element of the gene product which binds to a ligand to separate microcapsules or microbeads with small 
which is part of the genetic element . After pooling the 40 differences in fluorescence or to only separate out 
genetic elements they can then be sorted using the optical microcapsules or microbeads with large differences in 
properties of the bound gene products . This embodiment can fluorescence , dependant on the selection being per 
be used , for example , to select variants of green fluorescent formed ) ; 
protein ( GFP ) ( Cormack et al . , 1996 ; Delagrave et al . , 1995 ; ( 4 ) fluorescence - activated cell sorting equipment can per 
Ehrig et al . , 1995 ) , with improved fluorescence and / or novel 45 form simultaneous excitation and detection at multiple 
absorption and emission spectra . wavelengths ( Shapiro , 1995 ) allowing positive and 
( vi ) Screening Using Cells negative selections to be performed simultaneously by 

In the current drug discovery paradigm , validated recom monitoring the labelling of the microcapsules or micro 
binant targets form the basis of in vitro high - throughput beads with two to thirteen ( or more ) fluorescent mark 
screening ( HTS ) assays . Isolated genetic constructs or poly - 50 ers , for example , if substrates for two alternative targets 
peptides cannot , however , be regarded as representative of are labelled with different fluorescent tags the micro 
complex biological systems ; hence , cell - based systems can capsules or microbeads can labelled with different 
provide greater confidence in compound activity in an intact fluorophores dependent on the target regulated . 
biological system . A wide range of cell - based assays for If the microcapsules or microbeads are optically tagged , 
drug leads are known to those skilled in the art . Cells can be 55 flow cytometry can also be used to identify the genetic 
compartmentalised in microcapsules , such as the aqueous element or genetic elements in the microcapsule or coated 
microdroplets of a water - in - oil emulsion ( Ghadessy , 2001 ) . on the microbeads ( see below ) . Optical tagging can also be 
The effect of a compound ( s ) on a target can be determined used to identify the concentration of reagents in the micro 
by compartmentalising a cell ( or cells ) in a microcapsule capsule ( if more than one concentration is used in a single 
together with a genetic element ( s ) and using an appropriate 60 experiment ) or the number of compound molecules coated 
cell - based assay to identify those compartments containing on a microbead ( if more than one coating density is used in 
genetic elements with the desired effect on the cell ( s ) . The a single experiment ) . Furthermore , optical tagging can be 
use of water - in - fluorocarbon emulsions may be particularly used to identify the target in a microcapsule ( if more than 
advantageous : the high gas dissolving capacity of fluoro - one target is used in a single experiment ) . This analysis can 
carbons can support the exchange of respiratory gases and 65 be performed simultaneously with measuring activity , after 
has been reported to be beneficial to cell culture systems sorting of microcapsules containing microbeads , or after 
( Lowe , 2002 ) . sorting of the microbeads . 
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( viii ) Microcapsule Identification and Sorting wavelength leads to the removal of the cage . Afterwards , all 
The invention provides for the identification and , option - microcapsules are combined and the microbeads pooled 

ally , the sorting of intact microcapsules where this is enabled together in one environment . Genetic elements exhibiting 
by the sorting techniques being employed . Microcapsules the desired activity can be selected by affinity purification 
may be identified and , optionally , sorted as such when the 5 using a molecule that specifically binds to , or reacts spe 
change induced by the desired genetic element either occurs cifically with , the " tag " . 
or manifests itself at the surface of the microcapsule or is ( ix ) Flow Sorting of Genetic Elements 
detectable from outside the microcapsule . The change may In a preferred embodiment of the invention the genetic 
be caused by the direct action of the gene product , or elements will be sorted by flow cytometry . A variety of 
indirect , in which a series of reactions , one or more of which 10 optical properties can be used to trigger sorting , including 
involve the gene product having the desired activity leads to light scattering ( Kerker , 1983 ) and fluorescence polarisation 
the change . For example , where the microcapsule is a ( Rolland et al . , 1985 ) . In a highly preferred embodiment the 
membranous microcapsule , the microcapsule may be so difference in optical properties of the genetic elements will 
configured that a component or components of the bio - be a difference in fluorescence and the genetic elements will 
chemical system comprising the target are displayed at its 15 be sorted using a fluorescence activated cell sorter ( Norman , 
surface and thus accessible to reagents which can detect 1980 ; Mackenzie and Pinder , 1986 ) , or similar device . Such 
changes in the biochemical system regulated by the gene a sorting device can be integrated directly on the microflu 
product within the microcapsule . idic device , and can use electronic means to sort the genetic 

In a preferred aspect of the invention , however , micro - elements . Optical detection , also integrated directly on the 
capsule identification and , optionally , sorting relies on a 20 microfluidic device , can be used to screen the genetic 
change in the optical properties of the microcapsule , for elements to trigger the sorting . Other means of control of the 
example absorption or emission characteristics thereof , for genetic elements , in addition to charge , can also be incor 
example alteration in the optical properties of the microcap - porated onto the microfluidic device . In an especially pre 
sule resulting from a reaction leading to changes in absor - ferred embodiment the genetic element comprises of a 
bance , luminescence , phosphorescence or fluorescence asso - 25 nonfluorescent nonmagnetic ( e . g . polystyrene ) or paramag 
ciated with the microcapsule . All such properties are netic microbead ( see Fornusek and Vetvicka , 1986 ) , opti 
included in the term " optical ” . In such a case , microcapsules mally 0 . 6 to 1 . 0 um diameter , to which are attached both the 
can be identified and , optionally , sorted by luminescence , gene and the groups involved in generating a fluorescent 
fluorescence or phosphorescence activated sorting . In a signal : 
highly preferred embodiment , flow cytometry is employed 30 ( 1 ) commercially available fluorescence activated cell 
to analyse and , optionally , sort microcapsules containing sorting equipment from established manufacturers ( e . g . 
gene products having a desired activity which result in the Becton - Dickinson , Coulter ) allows the sorting of up to 
production of a fluorescent molecule in the microcapsule . 108 genetic elements ( events ) per hour ; 

The methods of the current invention allow reagents to be ( 2 ) the fluorescence signal from each bead corresponds 
mixed rapidly in < 2 ms ) , hence a spatially - resolved optical 35 tightly to the number of fluorescent molecules attached 
image of microcapsules in microfluidic network allows time to the bead . At present as little as few hundred fluo 
resolved measurements of the reactions in each microcap rescent molecules per particle can be quantitatively 
sule . Microcapsules can , optionally , be separated using a detected ; 
microfluidic flow sorter to allow recovery and further analy ( 3 ) the wide dynamic range of the fluorescence detectors 
sis or manipulation of the molecules they contain . Advan - 40 ( typically 4 log units ) allows easy setting of the strin 
tageously , the flow sorter would be an electronic flow sorting gency of the sorting procedure , thus allowing the 
device . Such a sorting device can be integrated directly on recovery of the optimal number of genetic elements 
the microfluidic device , and can use electronic means to sort from the starting pool ( the gates can be set to separate 
the microcapsules . Optical detection , also integrated directly beads with small differences in fluorescence or to only 
on the microfluidic device , can be used to screen the 45 separate out beads with large differences in fluores 
microcapsules to trigger the sorting . Other means of control cence , dependant on the selection being performed ; 
of the microcapsules , in addition to charge , can also be ( 4 ) commercially available fluorescence - activated cell 
incorporated onto the microfluidic device . sorting equipment can perform simultaneous excitation 

In an alternative embodiment , a change in microcapsule at up to two different wavelengths and detect fluores 
fluorescence , when identified , is used to trigger the modifi - 50 cence at up to four different wavelengths ( Shapiro , 
cation of the microbead within the compartment . In a 1983 ) allowing positive and negative selections to be 
preferred aspect of the invention , microcapsule identifica performed simultaneously by monitoring the labelling 
tion relies on a change in the optical properties of the of the genetic element with two ( or more ) different 
microcapsule resulting from a reaction leading to lumines fluorescent markers , for example , if two alternative 
cence , phosphorescence or fluorescence within the micro - 55 substrates for an enzyme ( e . g . two different enantiom 
capsule . Modification of the microbead within the micro ers ) are labelled with different fluorescent tags the 
capsules would be triggered by identification of genetic element can labelled with different fluoro 
luminescence , phosphorescence or fluorescence . For phores dependent on the substrate used and only genes 
example , identification of luminescence , phosphorescence encoding enzymes with enantioselectivity selected . 
or fluorescence can trigger bombardment of the compart - 60 ( 5 ) highly uniform derivatised and non - derivatised non 
ment with photons ( or other particles or waves ) which leads magnetic and paramagnetic microparticles ( beads ) are 
to modification of the microbead or molecules attached to it . commercially available from many sources ( e . g . 
A similar procedure has been described previously for the Sigma , and Molecular Probes ) ( Fornusek and Vetvicka , 
rapid sorting of cells ( Keij et al . , 1994 ) . Modification of the 1986 ) . 
microbead may result , for example , from coupling a molecu - 65 ( x ) Multi - Step Procedure 
lar “ tag ” , caged by a photolabile protecting group to the It will be also be appreciated that according to the present 
microbeads : bombardment with photons of an appropriate invention , it is not necessary for all the processes of tran 
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scription / replication and / or translation , and selection to pro elements . Selective amplification may be used as a means to 
ceed in one single step , with all reactions taking place in one enrich for genetic elements encoding the desired gene prod 
microcapsule . The selection procedure may comprise two or uct . 
more steps . First , transcription / replication and / or translation In all the above configurations , genetic material com 
of each genetic element of a genetic element library may 5 prised in the genetic elements may be amplified and the 
take place in a first microcapsule . Each gene product is then process repeated in iterative steps . Amplification may be by 
linked to the genetic element which encoded it ( which the polymerase chain reaction ( Saiki et al . , 1988 ) or by using 
resides in the same microcapsule ) , for example via a gene one of a variety of other gene amplification techniques 

product - specific ligand such as an antibody . The microcap including ; Qb replicase amplification ( Cahill , Foster and 

sules are then broken , and the genetic elements attached to 10 Mahan , 1991 ; Chetverin and Spirin , 1995 ; Katanaev , Kur 
nasov and Spirin , 1995 ) ; the ligase chain reaction ( LCR ) their respective gene products optionally purified . Alterna ( Landegren et al . , 1988 ; Barany , 1991 ) ; the self - sustained tively , genetic elements can be attached to their respective sequence replication system ( Fahy , Kwoh and Gingeras , gene products using methods which do not rely on encap 1991 ) and strand displacement amplification ( Walker et al . , sulation . For example phage display ( Smith , G . P . , 1985 ) , Lig 1902 ) , 15 1992 ) . Advantageously , the amplification procedure can be 

polysome display ( Mattheakkis et al . , 1994 ) , RNA - peptide performed in a microfluidic device . 
fusion ( Roberts and Szostak , 1997 ) or lac repressor peptide ( C ) Rapid Mixing of Reagents in Microcapsules 
fusion ( Cull , et al . , 1992 ) . Advantageously , after fusion of microcpasules , the 

In the second step of the procedure , each purified genetic reagents contained in the fused microcapsule can be mixed 
element attached to its gene product is put into a second 20 rapidly using chaotic advection by passing the droplets 
microcapsule containing components of the reaction to be through channels that disrupt the laminar flow lines of the 
selected . This reaction is then initiated . After completion of fluid within the droplets , their contents can be rapidly mixed , 
the reactions , the microcapsules are again broken and the fully initiating any chemical reactions . 
modified genetic elements are selected . In the case of ( D ) Sensing Microcapsule Characteristics 
complicated multistep reactions in which many individual 25 In certain aspects of the invention , sensors are provided 
components and reaction steps are involved , one or more that can sense and / or determine one or more characteristics 
intervening steps may be performed between the initial step of the fluidic droplets , and / or a characteristic of a portion of 
of creation and linking of gene product to genetic element , the fluidic system containing the fluidic droplet ( e . g . , the 
and the final step of generating the selectable change in the liquid surrounding the fluidic droplet ) in such a manner as to 

30 allow the determination of one or more characteristics of the genetic element . fluidic droplets . Characteristics determinable with respect to If necessary , release of the gene product from the genetic the droplet and usable in the invention can be identified by element within a secondary microcapsule can be achieved in those of ordinary skill in the art . Non - limiting examples of a variety of ways , including by specific competition by a such characteristics include fluorescence , spectroscopy ( e . g . , low - molecular weight product for the binding site or cleav AV - 35 optical , infrared , ultraviolet , etc . ) , radioactivity , mass , vol age of a linker region joining the binding domain of the gene ume , density , temperature , viscosity , pH , concentration of a product from the catalytic domain either enzymatically substance , such as a biological substance ( e . g . , a protein , a 
( using specific proteases ) or autocatalytically ( using an nucleic acid , etc . ) , or the like . 
integrin domain ) . In some cases , the sensor may be connected to a proces 
( xi ) Selection by Activation of Reporter Gene Expression In 40 sor , which in turn , causes an operation to be performed on 
Situ the fluidic droplet , for example , by sorting the droplet , 

The system can be configured such that the desired adding or removing electric charge from the droplet , fusing 
binding , catalytic or regulatory activity encoded by a genetic the droplet with another droplet , splitting the droplet , caus 
element leads , directly or indirectly to the activation of ing mixing to occur within the droplet , etc . , for example , as 
expression of a “ reporter gene ” that is present in all micro - 45 previously described . For instance , in response to a sensor 
capsules . Only gene products with the desired activity measurement of a fluidic droplet , a processor may cause the 
activate expression of the reporter gene . The activity result fluidic droplet to be split , merged with a second fluidic 
ing from reporter gene expression allows the selection of the droplet , sorted etc . 
genetic element ( or of the compartment containing it ) by any O ne or more sensors and / or processors may be positioned 
of the methods described herein . 50 to be in sensing communication with the fluidic droplet . 

For example , activation of the reporter gene may be the “ Sensing communication , " as used herein , means that the 
result of a binding activity of the gene product in a manner sensor may be positioned anywhere such that the fluidic 
analogous to the “ two hybrid system ” ( Fields and Song ; droplet within the fluidic system ( e . g . , within a channel ) , 
1989 ) . Activation can also result from the product of a and / or a portion of the fluidic system containing the fluidic 
reaction catalysed by a desirable gene product . For example , 55 droplet may be sensed and / or determined in some fashion . 
the reaction product can be a transcriptional inducer of the For example , the sensor may be in sensing communication 
reporter gene . For example arabinose may be used to induce with the fluidic droplet and / or the portion of the fluidic 
transcription from the araBAD promoter . The activity of the system containing the fluidic droplet fluidly , optically or 
desirable gene product can also result in the modification of visually , thermally , pneumatically , electronically , or the like . 
a transcription factor , resulting in expression of the reporter 60 The sensor can be positioned proximate the fluidic system , 
gene . For example , if the desired gene product is a kinase or for example , embedded within or integrally connected to a 
phosphatase the phosphorylation or dephosphorylation of a wall of a channel , or positioned separately from the fluidic 
transcription factor may lead to activation of reporter gene system but with physical , electrical , and / or optical commu 
expression . nication with the fluidic system so as to be able to sense 
( xii ) Amplification 65 and / or determine the fluidic droplet and / or a portion of the 

According to a further aspect of the present invention the fluidic system containing the fluidic droplet ( e . g . , a channel 
method comprises the further step of amplifying the genetic or a microchannel , a liquid containing the fluidic droplet , 
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etc . ) . For example , a sensor may be free of any physical above - described components of the microfluidic systems 
connection with a channel containing a droplet , but may be and devices of the invention . In some cases , the various 
positioned so as to detect electromagnetic radiation arising materials selected lend themselves to various methods . For 
from the droplet or the fluidic system , such as infrared , example , various components of the invention can be 
ultraviolet , or visible light . The electromagnetic radiation 5 formed from solid materials , in which the channels can be 
may be produced by the droplet , and / or may arise from other formed via micromachining , film deposition processes such 
portions of the fluidic system ( or externally of the fluidic as spin coating and chemical vapor deposition , laser fabri 
system ) and interact with the fluidic droplet and / or the cation , photolithographic techniques , etching methods 
portion of the fluidic system containing the fluidic droplet in including wet chemical or plasma processes , and the like . 
such as a manner as to indicate one or more characteristics 10 See , for example , Scientific American , 248 : 44 - 55 , 1983 
of the fluidic droplet , for example , through absorption , ( Angell , et al ) . In one embodiment , at least a portion of the 
reflection , diffraction , refraction , fluorescence , phosphores - fluidic system is formed of silicon by etching features in a 
cence , changes in polarity , phase changes , changes with silicon chip . Technologies for precise and efficient fabrica 
respect to time , etc . As an example , a laser may be directed tion of various fluidic systems and devices of the invention 
towards the fluidic droplet and / or the liquid surrounding the 15 from silicon are known . In another embodiment , various 
fluidic droplet , and the fluorescence of the fluidic droplet components of the systems and devices of the invention can 
and / or the surrounding liquid may be determined . “ Sensing be formed of a polymer , for example , an elastomeric poly 
communication , ” as used herein may also be direct or mer such as polydimethylsiloxane ( “ PDMS ” ) , polytetrafluo 
indirect . As an example , light from the fluidic droplet may roethylene ( “ PTFE ” or Teflon® ) , or the like . 
be directed to a sensor , or directed first through a fiber optic 20 Different components can be fabricated of different mate 
system , a waveguide , etc . , before being directed to a sensor . rials . For example , a base portion including a bottom wall 
Non - limiting examples of sensors useful in the invention and side walls can be fabricated from an opaque material 

include optical or electromagnetically - based systems . For such as silicon or PDMS , and a top portion can be fabricated 
example , the sensor may be a fluorescence sensor ( e . g . , from a transparent or at least partially transparent material , 
stimulated by a laser ) , a microscopy system ( which may 25 such as glass or a transparent polymer , for observation 
include a camera or other recording device ) , or the like . As and / or control of the fluidic process . Components can be 
another example , the sensor may be an electronic sensor , coated so as to expose a desired chemical functionality to 
e . g . , a sensor able to determine an electric field or other fluids that contact interior channel walls , where the base 
electrical characteristic . For example , the sensor may detect supporting material does not have a precise , desired func 
capacitance , inductance , etc . , of a fluidic droplet and / or the 30 tionality . For example , components can be fabricated as 
portion of the fluidic system containing the fluidic droplet . illustrated , with interior channel walls coated with another 

As used herein , a " processor " or a " microprocessor " is material . Material used to fabricate various components of 
any component or device able to receive a signal from one the systems and devices of the invention , e . g . , materials used 
or more sensors , store the signal , and / or direct one or more to coat interior walls of fluid channels , may desirably be 
responses ( e . g . , as described above ) , for example , by using 35 selected from among those materials that will not adversely 
a mathematical formula or an electronic or computational affect or be affected by fluid flowing through the fluidic 
circuit . The signal may be any suitable signal indicative of system , e . g . , material ( s ) that is chemically inert in the 
the environmental factor determined by the sensor , for presence of fluids to be used within the device . 
example a pneumatic signal , an electronic signal , an optical In one embodiment , various components of the invention 
signal , a mechanical signal , etc . 40 are fabricated from polymeric and / or flexible and / or elasto 
As a particular non - limiting example , a device of the meric materials , and can be conveniently formed of a 

invention may contain fluidic droplets containing one or hardenable fluid , facilitating fabrication via molding ( e . g . 
more cells . The desired activity of one or more gene prod - replica molding , injection molding , cast molding , etc . ) . The 
ucts may result in the expression ( or inhibition of expres - hardenable fluid can be essentially any fluid that can be 
sion ) of a ' marker ' gene , for example a gene for green 45 induced to solidify , or that spontaneously solidifies , into a 
fluorescent protein ( GFP ) . The cells may be exposed to a solid capable of containing and / or transporting fluids con 
fluorescent signal marker that binds if a certain condition is templated for use in and with the fluidic network . In one 
present , for example , the marker may bind to a first cell type embodiment , the hardenable fluid comprises a polymeric 
but not a second cell type , the marker may bind to an liquid or a liquid polymeric precursor ( i . e . a " prepolymer ” ) . 
expressed protein , the marker may indicate viability of the 50 Suitable polymeric liquids can include , for example , ther 
cell ( i . e . , if the cell is alive or dead ) , the marker may be moplastic polymers , thermoset polymers , or mixture of such 
indicative of the state of development or differentiation of polymers heated above their melting point . As another 
the cell , etc . , and the cells may be directed through a fluidic example , a suitable polymeric liquid may include a solution 
system of the invention based on the presence / absence , of one or more polymers in a suitable solvent , which 
and / or magnitude of the fluorescent signal marker . For 55 solution forms a solid polymeric material upon removal of 
instance , determination of the fluorescent signal marker may the solvent , for example , by evaporation . Such polymeric 
cause the cells to be directed to one region of the device materials , which can be solidified from , for example , a melt 
( e . g . , a collection chamber ) , while the absence of the fluo state or by solvent evaporation , are well known to those of 
rescent signal marker may cause the cells to be directed to ordinary skill in the art . A variety of polymeric materials , 
another region of the device ( e . g . , a waste chamber ) . Thus , 60 many of which are elastomeric , are suitable , and are also 
in this example , a population of cells may be screened and / or suitable for forming molds or mold masters , for embodi 
sorted on the basis of one or more determinable or targetablem ents where one or both of the mold masters is composed 
characteristics of the cells , for example , to select live cells , of an elastomeric material . A non - limiting list of examples 
cells expressing a certain protein , a certain cell type , etc . of such polymers includes polymers of the general classes of 
( E ) Materials 65 silicone polymers , epoxy polymers , and acrylate polymers . 

A variety of materials and methods , according to certain Epoxy polymers are characterized by the presence of a 
aspects of the invention , can be used to form any of the three - membered cyclic ether group commonly referred to as 
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an epoxy group , 1 , 2 - epoxide , or oxirane . For example , can structures comprised of typical , unoxidized elastomeric 
diglycidyl ethers of bisphenol A can be used , in addition to polymers or other hydrophobic materials . 
compounds based on aromatic amine , triazine , and cycloa In one embodiment , a bottom wall is formed of a material 
liphatic backbones . Another example includes the well - different from one or more side walls or a top wall , or other 
known Novolac polymers . Non - limiting examples of sili - 5 components . For example , the interior surface of a bottom 
cone elastomers suitable for use according to the invention wall can comprise the surface of a silicon wafer or micro 
include those formed from precursors including the chlo - chip , or other substrate . Other components can , as described 
rosilanes such as methylchlorosilanes , ethylchlorosilanes , above , be sealed to such alternative substrates . Where it is 
phenylchlorosilanes , etc . desired to seal a component comprising a silicone polymer 

Silicone polymers are preferred in one set of embodi - 10 ( e . g . PDMS ) to a substrate ( bottom wall ) of different mate 
rial , the substrate may be selected from the group of mate ments , for example , the silicone elastomer polydimethylsi rials to which oxidized silicone polymer is able to irrevers loxane . Non - limiting examples of PDMS polymers include ibly seal ( e . g . , glass , silicon , silicon oxide , quartz , silicon those sold under the trademark Sylgard by Dow Chemical nitride , polyethylene , polystyrene , epoxy polymers , and Co . , Midland , Mich . , and particularly Sylgard 182 , Sylgard 15 glassy carbon surfaces which have been oxidized ) . Alterna 184 , and Sylgard 186 . Silicone polymers including PDMS tively , other sealing techniques can be used , as would be 

have several beneficial properties simplifying fabrication of apparent to those of ordinary skill in the art , including , but 
the microfluidic structures of the invention . For instance , not limited to , the use of separate adhesives , thermal bond 
such materials are inexpensive , readily available , and can be i ng , solvent bonding , ultrasonic welding , etc . 
solidified from a prepolymeric liquid via curing with heat . 20 Various aspects and embodiments of the present invention 
For example , PDMSs are typically curable by exposure of are illustrated in the following examples . It will be appre 
the prepolymeric liquid to temperatures of about , for c iated that modification of detail may be made without 
example , about 65° C . to about 75° C . for exposure times of , departing from the scope of the invention . 
for example , about an hour . Also , silicone polymers , such as All documents mentioned in the text are incorporated by 
PDMS , can be elastomeric and thus may be useful for 25 reference . 
forming very small features with relatively high aspect 
ratios , necessary in certain embodiments of the invention . EXAMPLES 
Flexible ( e . g . , elastomeric ) molds or masters can be advan 
tageous in this regard . Example 1 
One advantage of forming structures such as microfluidic 30 

structures of the invention from silicone polymers , such as Microfluidic Device for Selection of Genes Using 
PDMS , is the ability of such polymers to be oxidized , for In Vitro Compartmentalisation 
example by exposure to an oxygen - containing plasma such 
as an air plasma , so that the oxidized structures contain , at A schematic representation of the microfluidic device is 
their surface , chemical groups capable of cross - linking to 35 shown in FIG . 15 . Microchannels are fabricated with rect 
other oxidized silicone polymer surfaces or to the oxidized angular cross - sections using rapid prototyping in poly ( dim 
surfaces of a variety of other polymeric and non - polymeric ethylsiloxane ) ( PDMS ) ( McDonald and Whitesides , 2002 ) 
materials . Thus , components can be fabricated and then and rendered hydrophobic as ( Song and Ismagilov , 2003 ) . 
oxidized and essentially irreversibly sealed to other silicone Syringe pumps were used to drive flows ( Harvard Apparatus 
polymer surfaces , or to the surfaces of other substrates 40 PHD 2000 Infusion pumps ) . For aqueous solutions , 250 ui 
reactive with the oxidized silicone polymer surfaces , with Hamilton Gastight syringes ( 1700 series , TLL ) with 
out the need for separate adhesives or other sealing means . removeable needles of 27 - gaugeare used with 30 - gauge 
In most cases , sealing can be completed simply by contact Teflon tubing ( WeiCo Wire and Cable ) . For the carrier fluid , 
ing an oxidized silicone surface to another surface without 1 ml Hamilton Gastight syringes ( 1700 series , TLL ) are used 
the need to apply auxiliary pressure to form the seal . That is , 45 with 30 - gauge Teflon needles with one hub from Hamilton 
the pre - oxidized silicone surface acts as a contact adhesive ( Song and Ismagilov , 2003 ) . The carrier fluid is 9 % ( v / v ) 
against suitable mating surfaces . Specifically , in addition to CF41C , H , OH in perfluorodecaline ( PFD ) ( Song et al . , 
being irreversibly sealable to itself , oxidized silicone such as 2003 ) . The microfluidic device consists of a series of inter 
oxidized PDMS can also be sealed irreversibly to a range of connected modules . Each module has a specific function . 
oxidized materials other than itself including , for example , 50 These include modules that will produce droplets , fuse 
glass , silicon , silicon oxide , quartz , silicon nitride , polyeth - droplets , mix droplets , react droplets , detect droplets , and 20 
ylene , polystyrene , glassy carbon , and epoxy polymers , sort droplets ( see FIG . 16 ) . In one example , droplets are 
which have been oxidized in a similar fashion to the PDMS made , consisting of different molecules or different concen 
surface ( for example , via exposure to an oxygen - containing trations of molecules . Droplets are made at rates of up to 104 
plasma ) . Oxidation and sealing methods useful in the con - 55 sec - 1 , and are made with a polydispersity of less than 1 . 5 % 
text of the present invention , as well as overall molding and with sizes ranging from 1 um to 100 um . Each droplet 
techniques , are described in the art , for example , in an article is fused with a second droplet containing a second set of 
entitled “ Rapid Prototyping of Microfluidic Systems and reactants , and is rapidly mixed to initiate the chemical 
Polydimethylsiloxane , ” Anal . Chem . , 70 : 474 - 480 , 1998 reaction . This chemical reaction is allowed to proceed in 
( Duffy et al . ) , incorporated herein by reference . 60 each droplet by passing it through a delay channel . Each 

Another advantage to forming microfluidic structures of droplet is then fused with another droplet containing a 
the invention ( or interior , fluid contacting surfaces ) from second set of reactants , and is subsequently rapidly mixed to 
oxidized silicone polymers is that these surfaces can be initiate the second set of chemical reactions . After the 
much more hydrophilic than the surfaces of typical elasto - second reaction has proceeded in a delay module , the results 
meric polymers ( where a hydrophilic interior surface is 65 of the reaction is determined using an optical sensor or other 
desired ) . Such hydrophilic channel surfaces can thus be form of detection module . Finally , the desired droplets are 
more easily filled and wetted with aqueous solutions than sorted into two populations based on signal form the optical 
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detection module , one population is kept for further pro - let coalescence ; moreover , the droplets must cross the 
cessing and the other discarded . These and other modules stream lines that define their respective flows and must be 
can be used in this combination , or in other combinations . perfectly synchronized to arrive at a precise location for 

Droplet Generation Module : We use a flow - focusing coalescence . 
geometry to form the drops . A water stream is infused from 5 Use of electrostatic charge overcomes these difficulties ; 
one channel through a narrow constriction ; counter propa - placing charges of opposite sign on each droplet and apply 
gating oil streams hydrodynamically focus the water stream i ng an electric field forces them to coalesce . As an example 
reducing its size as it passes through the constriction as we show a device consisting of two separate nozzles that 
shown in FIG . 17A . This droplet generator can be operated generate droplets with different compositions and opposite 
in a flow regime that produces a steady stream of uniform 10 charges , sketched in FIG . 18A . The droplets are brought 
droplets of water in oil . The size of the water droplets is together at the confluence of the two streams . The electrodes 
controlled by the relative flow rates of the oil and the water ; used to charge the droplets upon formation also provide the 
the viscous forces overcome surface tension to create uni - electric field to force the droplets across the stream lines , 
form droplets . If the flow rate of the water is too high a leading to coalesce . Slight variations in the structure of the 
longer jet of fluid passes through the orifice and breaks up 15 two nozzles result in slight differences in the frequency and 
into droplets further down stream ; these droplets are less phase of their droplet generation in the absence of a field . 
uniform in size . If the flow rate of the water is too low , the Thus the droplets differ in size even though the infusion rates 
droplet breakup in the orifice becomes irregular again , are identical . Moreover , the droplets do not arrive at the 
producing a wider range of droplet sizes . While this emul point of confluence at exactly the same time . As a result the 
sification technology is robust , it is limited to producing 20 droplets do not coalesce as shown in FIG . 18B . By contrast , 
droplets of one size at any given flow rate ; this droplet size upon application of an electric field , droplet formation 
is largely determined by the channel dimensions . Moreover , becomes exactly synchronized , ensuring that pairs of iden 
the timing of the droplet production cannot be controlled . tically sized droplets each reach the point of confluence 
We overcome these limitations by incorporating electric simultaneously . Moreover , the droplets are oppositely 

fields to create an electrically addressable emulsification 25 charged , forcing them to traverse the stream lines and 
system . To achieve this , we apply high voltage to the contact each other , thereby causing them to coalesce , as 
aqueous stream and charge the oil water interface , as shown shown in FIG . 18C . The remarkable synchronization of the 
schematically in FIG . 17A . The water stream behaves as a droplet formation results from coupling of the break - off of 
conductor while the oil is an insulator ; electrochemical each of the pair of droplets as mediated by the electric field ; 
reactions charge the fluid interface like a capacitor . At 30 the magnitude of the electric field varies as the separation 
snap - off , charge on the interface remains on the droplet . In between the leading edges of the two droplets changes and 
addition , the droplet volume , Vd , and frequency , f , can be the frequency of droplet break - off is mode - locked to the 
tailored over nearly three orders of magnitude without electric field . A minimum charge is required to cause drop 
changing the infusion rate of the oil or water . Droplet size lets to coalesce , presumably because of the stabilizing 
and frequency are not independent ; instead their product is 35 effects of the surfactant coating ; this is clear from FIG . 18D 
determined by the infusion rate of the dispersed phase which shows the voltage dependence of the percentage of 
Q = fVd . The droplet size decreases with increasing field drops that contact each other that actually coalesce . 
strength , as shown in FIGS . 17 , B to E . The dependence of Droplet Mixer Module : Rapid mixing is achieved through 
the droplet size on applied voltage for three different flow either successive iterations of translation and rotation , FIG . 
rates is summarized in FIG . 17F . At low applied voltages the 40 19 , or by coalescing drops along the direction parallel to the 
electric field has a negligible effect , and droplet formation is flow direction , FIG . 20 . 
driven exclusively by the competition between surface ten - Droplet Reactor / Time Delay Module : A delay line is used 
sion and viscous flow . By contrast , at high electric field to provide a fixed time for a reaction . Two non - limiting 
strengths , there is a significant additional force on the examples of how this can be achieved are ‘ single file ' and 
growing drop , F = qE , where q is the charge on the droplet . 45 ‘ large cross - section ' channels . The ' single file ' delay line 
Since the droplet interface behaves as a capacitor , q is uses length to achieve a fixed reaction time . As this often 
proportional to the applied voltage , V . This leads to a V2 results in exceptionally long channels , it is desirable to place 
dependence of the force , which accounts for the decrease in spacer droplets of a third fluid , immicible with both the 
droplet size with increasing applied field shown in FIG . 17F . carrier oil and the aqueous droplets inbetween aqueous 
If the electric field becomes too large , the charged interface 50 droplet pairs . There is then an alternation between aqueous 
of the water stream is repelled by the highly charged drops ; and non - aqueous droplets in a carrier oil . This is shown in 
this destabilizes the production and increases the variation in FIG . 21A . A second possibility for achieving a long time 
droplet size . delay is to use wide and deep channel having a ' large 

The electronic control afforded by the field - induced drop - cross - sectional area ' to slow the average velocity of the 
let formation provides an additional valuable benefit : it 55 droplets . An example of this is shown in FIG . 21B . 
allows the phase of the droplet break - off to be adjusted Recharging Module : The use of oppositely charged drop 
within the production cycle . This is accomplished by lets and an electric field to combine and mix reagents is 
increasing the field above the critical break - off field only at extremely robust , and 100 % of the droplets coalesce with 
the instant the droplet is required . This provides a conve - their partner from the opposite stream . However , after they 
nient means to precisely synchronize the production and 60 coalesce the resultant drops carry no electrostatic charge . 
arrival of individual droplets at specific locations . While it is convenient to charge droplets during formation , 

Droplet Coalesces Module : An essential component in other methods must be employed in any robust droplet 
any droplet - based reaction confinement system is a droplet based micro fluidic system to recharge the mixed droplets if 
coalescing module which combines two or more reagents to necessary for further processing . This is readily accom 
initiate a chemical reaction . This is particularly difficult to 65 plished through the use of extensional flow to split neutral 
achieve in a microfluidic device because surface tension , droplets in the presence of an electric field which polarizes 
surfactant stabilization , and drainage forces all hinder drop them , resulting in two oppositely charged daughter droplets ; 
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this is sketched in FIG . 22A . The photomicrograph in FIG . DNA Preparation 
22B shows neutral droplets entering a bifurcation and split The lacZ gene encoding for B - galactosidase is amplified 
ting into charged daughter droplets . The dashed region in from genomic DNA isolated from strain BL21 of Escheri 
FIG . 22B is enlarged in FIG . 22C to illustrate the asymmet chia coli using primers GALBA and GALFO ( GALBA : 

5 5 - CAGACTGCACCATGGCCATGATTACGGAT ric stretching of the charged droplets in the electric field . The 5 TCACTGGCCGTCGTTTTAC - 3 ' ( SEQ ID NO : 1 ) ; vertical dashed lines indicate the edges of the electrodes GALFO : 5 - ACGATGTCAGGATCCTTATTATTTTT 
where the droplets return to their symmetric spherical shape . GACACCAGACCAACTG GTAA TGGTAG - 3 ' ( SEQ ID 
The electric field also allows precision control of the droplet NO : 2 ) ) The PCR product is digested with restriction 
splitting providing the basis for a robust droplet division endonueleases Ncol and BamHI ( New England Biolabs Inc . , 
module which allows the splitting of the contents into two or 1 Beverly , Mass . , USA ) . Digested DNA is gel purified and 
more aliquots of identical reagent , facilitating multiple ligated into vector pIVEX2 . 2b ( Roche Biochemicals GmbH , 
assays on the contents of the same microreactor . Mannheim , Germany ) that is digested with the same 

Detection Module : The detection module consists of an enzymes . The ligation product is transformed into XL - 10 
optical fiber , one or more laser , one or more dichroic beam 1 gold cells ( Stratagene ) . Minicultures are grown from 5 
splitter , bandpass filters , and one or more photo multiplying 15 single colonies in 3 ml LB medium supplemented with 100 

ug / ml ampicillin at 37° C . over night . From these overnight 
tube ( PMT ) as sketched in FIG . 23 . cultures , plasmid DNA ( PDNA ) is isolated and sequenced 

Sorting Module : The Contents of individual droplets must for the presence of the right insert . Linear DNA constructs 
be probed , and selected droplets sorted into discreet streams . are generated by PCR using pDNA from a sequenced clone 
The use of electrostatic charging of droplets provides a 20 ( containing the correct lacZ sequence ) as template and 
means for sorting that can be precisely controlled , can be primers LMB2 - 10E ( 5 - GATGGCGCCCAACAGTCC - 3 ' 
switched at high frequencies , and requires no moving parts . ( SEQ ID NO : 3 ) ) and PIVB - 4 ( 5 ' - TTTGGCCGCCGC 
Electrostatic charge on the droplets enables drop - by - drop CCAGT - 3 ' ( SEQ ID NO : 4 ) ) . 
sorting based on the linear coupling of charge to an external Full - length mutant lacZ ( lacZmut ) , which has an internal 
electric field . As an example , a T - junction bifurcation that 25 frameshift and hence does not encode an active ß - galacto 
splits the flow of carrier fluid equally will also randomly sidase , is obtained by cutting pIVEX2 . 2b - LacZ with restric 
split the droplet population equally into the two streams , as tion enzyme SacI ( NEB ) . Digested DNA is blunted by 
shown in FIG . 24A . However , a small electric field applied incubation for 15 min at 12° C . with T4 DNA polymerase ( 2 
at the bifurcation precisely dictates which channel the drops U ) and dNTPs ( 500 uM final concentration ) . The reaction is 
enter ; a schematic of the electrode configuration is shown in 30 g wn in 30 quenched by adding EDTA to a final concentration of 10 
FIG . 24B . Varying the direction of the field varies the mM and heating to 75º C . for 20 minutes . Blunted DNA is 

purified and self - ligated with T4 DNA ligase ( 1 Weiss unit ) direction of the sorted droplets as shown in FIGS . 24C and in the presence of 5 % PEG 4 , 000 by incubating for 2 hrs at 24D . The large forces that can be imparted on the droplets 22° C . pDNA is directly transformed into XL - 10 Gold cells . and the high switching frequency make this a fast and robust 35 Minicultures are grown from 5 single colonies in 3 ml LB sorting engine with no moving parts ; thus the processing rate medium supplemented with 100 ug / ml ampicillin at 37° C . is limited only by the rate of droplet generation . over night and plasmid DNA is isolated . PDNA is digested 
with Sac ) and one of the clones lacking the internal Sacl site Example 2 is used to generate linear DNA constructs as described 

40 above . 
Enrichment of lacZ Genes from a Pool of Mutant In Vitro Transcription and Translation Inside Aqueous Drop 
lacZ Genes Based on ß - galactosidase Activity lets in a Microfluidic System 

Inside Aqueous Droplets in a Microfluidic Device LacZ and lacZmut linear DNA constructs are mixed at a 
molar ratio of 1 : 5 , 1 : 100 and 1 : 1000 , respectively in nucle 

An example is given how single genes encoding enzymes 45 ase - free water . 
with a desired activity can be selected from a pool of genes commercial in vitro translation system ( EcoProT7 , 
by making and manipulating aqueous droplets using the Novagen / EMD biosciences Ltd , Madison , Wi , USA ) is used 
microfluidic device described in Example 1 . It is demon according to the manufacturer ' s protocol . Using the device 
strated that lacZ genes encoding for active ß - galactosidase described in Example 1 , EcoProT7 extract is compartmen 
enzyme can be selected from a pool of mutant lacZ genes by : 50 talised into droplets ( a ) of mean um diameter ( 520 fi 

( 1 ) forming droplets containing ( a ) a coupled in vitro volume ) . Droplets ( b ) , of mean 7 . 4 um diameter ( 220 fl 
transcription / translation system and ( b ) genes ; ( 2 ) fusing volume ) are formed containing 0 . 67 mM , - methionine and 
droplets ( a ) and ( b ) to initiate translation with the concen - 0 . 25 mM 7 - hydroxycoumarin - 3 - carboxylic acid ( Sigma 
tration of genes such that the majority of combined droplets Aldrich ) ( excitation 386 nm , emission 448 nm ) , and 0 . 75 PM 
( c ) contain no more than one gene per droplet ; ( 3 ) passing 55 DNA ( mixes of LacZ and lacZmut linear DNA at the ratios 
the combined droplets ( c ) down a microfluidic channel to described above ) in nuclease - free water . The droplets are 
allow translation ; ( 4 ) fusing each droplet ( c ) with a droplet formed in a carrier fluid consisting of perfluorinated oil ; the 
( d ) which contains an inhibitor of translation ( puromycin ) perfluorinated oil can either consist of the mixture described 
and the fluorogenic substrate , fluorescein digalactoside in example 1 or alternatively one of the 3MTM FluorinertTM 
( FDG ) ; ( 5 ) passing the combined droplets ( e ) down a 60 liquids . Each droplet ( a ) is fused with a droplet ( b ) . The 
microfluidic channel to allow catalysis and ; ( 6 ) monitoring concentration of DNA is such that the majority of combined 
the fluorescence of the droplets . When the gene present in droplets ( c ) contain no more than one gene per droplet ( the 
the aqueous droplet encodes for an active B - galactosidase mean number of genes per droplet = 0 . 1 ) . According to the 
enzyme , FDG inside the compartment will be converted into Poisson Distribution , P ( a ) = e - mm " / a ! ) , where m = 0 . 1 = the 
the fluorescent product fluorescein ( excitation 488 nm , emis - 65 mean number of genes per droplet , and P ( a ) = the probability 
sion 514 nm ) . After a single round of selection , lacZ genes of finding a genes per droplet , 90 . 5 % of droplets contain no 
can be enriched from a mixture of genes by over 100 - fold . genes , 9 . 05 % contain 1 gene , and 0 . 45 % contain 2 genes and 
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0 . 016 % contain more than two genes ) . The combined drop Example 3 
lets ( c ) are passed down the microfluidic channel held at 30° 
C . for 30 minutes to allow in vitro transcription and trans Mutants with Improved B - galactosidase Activity 
lation . can be Selected from a Random Mutagenesis 
Screening and Selection for B - galactosidase Activity 5 Library of Evolved B - galactosidase ( Ebg ) Using 

After the translation step , a series of droplets ( d ) of 11 . 2 Compartmentalisation of Genes in Aqueous 
um diameter ( 740 fi volume , equal in volume to droplets ( c ) ) Droplets in a Microfluidic Device 
and which contain 4 mM puromycin ( to stop translation ) and 
1 mM FDG ( Molecular Probes ) in water . Each droplet ( c ) is The gene encoding for evolved B - galactosidase ( Ebg ) is 
fused with a droplet ( d ) to stop translation and start the 10 often used as a model to study the evolution of novel enzyme 

functions within an organism . The wild type ebgA gene of catalytic reaction . The combined droplets ( e ) are passed Escherichia coli encodes an enzyme with feeble B - galac down the microfluidic channel held at 30° C . for 10 minutes tosidase activity , but ebgA has the potential to evolve 
to allow catalysis . The fluorescence of the droplets is moni sufficient activity to replace the lacZ gene for growth on the tored . All droplets contain 7 - hydroxycoumarin - 3 - carboxylic IC 15 sugars lactose and lactulose . Genetic analysis of these acid allowing their identification . Monitoring of the fluo mutants has revealed that only two amino acid replacements 
rescence signal from individual droplets is achieved by account for the drastic increase in B - galactosidase activity . 
coupling both excitation and fluorescent signals to the Here we show that similar mutants can be obtained in 
droplets through an optical fiber . The continuous wave vitro by creating a random mutagenesis library of the ebg 
emission from two diode lasers ( 363 nm and 488 nm ) is used 20 gene and subjecting them to selection for B - galactosidase 
for excitation dichroic beam splitters and band pass filters activity by making and manipulating aqueous droplets using 
( 450 + 20 nm and 530 + 20 nm ) are used to isolate the fluo the microfluidic device described in Example 1 . 
rescent emission to detect the 7 - hydroxycoumarin - 3 - carbox - Error Prone Mutagenesis of EbgAC Using Base Analogues 
ylic acid fluorescence and the fluorescein fluorescence as A gene segment encoding for the A domain and the C 
measured with photomultiplying tubes . Droplets with the 25 domain of evolved ß - galactosidase enzyme is amplified 
highest fluorescein fluorescence ( with a sorting gate set such from genomic DNA of E . coli strain BL21 using primers 
that less than 0 . 05 % of the population of droplets from a EbgACFw ( 5 ' - CAGACTGCACCGCGGGAT 
negative control without DNA ) are sorted . For each sort , GAATCGCTGGGAAAACATTCAGC - 3 ' ( SEQ ID NO : 7 ) ) 

and EbgACBW ( 5 - GCGAGGAGCTCTTATTGTTATG 10 , 000 droplets are collected . 
DNA Recovery from Sorted Droplets 30 GAAATAACCATCTTCG - 3 ' ( SEQ ID NO : 8 ) ) . The PCR 

product is cloned into vector pIVEX2 . 2b using restriction DNA from the sorted droplets is precipitated by adding endonucleases Sacli and SacI ( NEB ) . DNA is transfected 100 ul 0 . 3M sodium acetate pH 5 . 2 and 70 ul isopropanol in into XLIO - gold cells and single colonies are screened for the the presence of 20 ug glycogen as carrier ( Roche 20 Bio presence of the EbgAC gene construct with the right nucleo chemicals GmbH , Mannheim , Germany ) . DNA is pelleted 4 35 tide sequence . pDNA from a single clone with the right by centrifugation at 20 , 000xg for 15 rain at 4° C . Precipi EDGAC gene sequence is used as template to generate a 
tated DNA is ished twice with 100 ul 70 % ethanol and the random mutagenesis library using nucleoside analogues 
DNA pellet is dried using a Speedvac ( Eppendorf ) . DNA is essentially as described by Zaccolo et al . ( J Mol Biol 255 ( 4 ) : 
resuspended into 10 ul nuclease - free water . 589 - 603 , 1996 ) . A mixture of the 5 ' - triphosphates of 6 - 2 
PCR Amplification of — Recovered DNA 40 deoxy - b - D - ribofuranosyl ) - 3 , 4 - dihydro - 8H - pyrimido - [ 4 , 5 

PCR reactions are set up at 50 ul total volume , using C ] [ 1 , 2 ] oxazin - 7 - one ( dPTP ) and of 8 - oxo - 2 ' deoxyguanosine 
Expand Long Template PCR mix with buffer 1 according to ( 8 - oxodG ) is prepared in PCR grade water at 2 mM and 10 
the manufacturer ' s protocol ( Roche ) . Primers LMB2 - 11E mM concentrations , respectively . This base analogue mix is 
( 5 - GCCCGATCTTCCCCATCGG - 3 ' ( SEQ ID NO : 5 ) ) and diluted 167x and 333x in expand long template PCR buffer 
PIVB - 8 ( 5 ' - CACACCCGTCCTGTGGA - 3 ' ( SEQ ID NO : 45 1 ( Roche ) ; containing MgCl2 ( 2 mM ) , dNTPs ( 500 uM ) , 
6 ) ) are used at a concentration of 300 uM each . Reactions are expand long template PCR polymerase enzyme mix 
incubated for 2 min at 94° C . and subsequently subjected to ( Roche ) , primer LMB2 - 9E ( 5 - GCATTTATCAGGGTTAT 
10 cycles at 94° C . , 15 s ; 55° C . , 30 s ; 68° C . , 2 min , another TGTC - 3 ( SEQ ID NO : 9 ) ; 500 nM ' ) and triple biotinylated 
22 cycles with an increment in elongation time of 10 s / cycle primer PIVB - 1 ( 5 ' - 3Bi - GCGTTGATGCAATTTCT - 3 ' ( SEQ 
and a final incubation step for 7 min at 68° C . PCR products 30 acts 50 ID NO : 10 ) ; 500 nM ) in a total reaction volume of 50 ul . 
are purified using a Wizard PCR prep kit ( Promega ) . Five nanograms of pIVEX2 . 2b - EbgAC DNA is added and 

samples are subjected to 1 cycle of 2 minutes at 94° C . , SacI , Digestion of PCR Products followed by 3 cycles at 94° C . , 1 min ; at 50° C . , 1 min ; at To be able to distinguish between lacZ DNA and lacZmut 68° C . , 4 min ) , followed by a final extension of 7 min at 68° DNA , purified PCR products are digested with 20 U of SacI 55 C . Ten micrograms of molecular biology - grade glycogen is enzyme . Sacl cuts the lacZ gene but not lacZmut . SacI added to the DNA prior to purification using a Qiaquick PCR enzyme is heat - inactivated ( 15 min at 65° C . ) and 5 ul of purification kit . After purification DNA is recovered in 50 ul digested DNA is loaded onto a 1 % agarose gel in TAE . DNA PCR - grade water . Ten micrograms of Streptavidin - coated 
is electrophoresed at 5V / cm . DNA is visualized by staining magnetic beads ( Dynabeads M - 280 streptavidin , Dynal Bio 
with ethidium bromide and quantified using ImageQuant TL 60 tech , Oslo , Norway ) are rinsed in 2x binding buffer provided 
gel analysis software ( Amersham Biosciences ) . with the beads , resuspended into 50 ul 2x binding buffer and 
Genes encoding an active B - galactosidase ( lacZ genes ) added to the purified DNA . Beads and DNA are incubated 

are significantly enriched from a pool of mutant genes for 2 . 5 hrs at room temperature in a rotating device . Beads 
( lacZmut genes ) encoding an inactive B - galactosidase with are collected with a magnet and rinsed twice with ish buffer 
all ratios of lacZ : lacZmut tested . With an initial gene con - 65 that is provided with the beads and twice with PCR - grade 
centration of 0 . 1 % lacZ genes , the lacZ genes could be water . Finally , beads are resuspended into 25 ul water . 5 ml 
enriched over 100 - fold in a single round of selection . of bead - bound DNA is used as template in a second PCR 
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reaction ( 25 cycles of 15 s at 94° C . , 30 s at 55° C . and 2 min ug / ml BSA in 10 mM Tris - HCl , pH 7 . 9 ) is added and the 
at 68° C . ) . PCR product is purified using a Qiaquick PCR conversion of FDG into fluorescein is monitored every 45 s 
purification kit and recovered in 50 ul of PCR - grade water . for 90 min at 37° C . 
Iterative Rounds of In Vitro Selection Using a Microfluidic The screened clones show a broad variety of B - galacto 
System 5 sidase activities . ~ 50 % of colonies have B - galactosidase 

The generated random mutagenesis library of ebgAC is activities that are comparable to or lower than wild type Ebg . 
subjected to 2 successive rounds of selection . Each selection ~ 12 . 5 % of clones show B - galactosidase activity that is 
round consisted of 7 separate steps : ( 1 ) forming droplets comparable to the Class I and Class II mutants ( single point 
containing ( a ) a coupled in vitro transcription / translation mutations ) described by Hall et al . ( FEMS Microbiol Lett 
system and ( b ) genes ; ( 2 ) fusing droplets ( a ) and ( b ) to 10 174 ( 1 ) : 1 - 8 , 1999 ; Genetica 118 ( 2 - 3 ) : 143 - 56 , 2003 ) . In 
initiate translation with the concentration of genes such that conclusion , the system described here can be used for the 
the majority of combined droplets ( c ) contain no more than selection of ebg variants with improved B - galactosidase 
one gene per droplet ; ( 3 ) passing the combined droplets ( c ) activity from a large gene library . 
down a microfluidic channel to allow translation ; ( 4 ) fusing 15 
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apparent to those skilled in the art without departing from embodiments . Indeed , various modifications of the 
the scope and spirit of the invention . Although the invention described modes for carrying out the invention which are 
has been described in connection with specific preferred obvious to those skilled in molecular biology or related 
embodiments , it should be understood that the invention as fields are intended to be within the scope of the following 
claimed should not be unduly limited to such specific claim . 

SEQUENCE LISTING 

< 160 > NUMBER OF SEQ ID NOS : 16 

? 

< 210 > SEQ ID NO 1 
1 > LENGTH : 48 

< 212 > TYPE : DNA 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
223 > OTHER INFORMATION : Synthetic primer ? 

< 400 > SEQUENCE : 1 
cagactgcac catggccatg attacggatt cactggccgt cgttttac 48 

< 210 > SEQ ID NO 2 
< 211 > LENGTH : 52 
< 212 > TYPE : DNA 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic primer 

< 400 > SEQUENCE : 2 
acgatgtcag gatccttatt atttttgaca ccagaccaac tggtaatggt ag 52 

< 210 > SEQ ID NO 3 
< 211 > LENGTH : 18 
< 212 > TYPE : DNA 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic primer 

< 400 > SEQUENCE : 3 

gatggcgcccaacagtcc 18 

< 210 > SEQ ID NO 4 
< 211 > LENGTH : 17 

2 > TYPE : DNA 
3 > ORGANISM : Artificial Sequence 

< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic primer 

< 400 > SEQUENCE : 4 

tttggccgcc gcccagt 17 

? 

? 

? 

< 210 > SEQ ID NO 5 
< 211 > LENGTH : 19 
< 212 > TYPE : DNA 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic primer 

? 

? 

? 

< 400 > SEQUENCE : 5 

gcccgatctt ccccatcgg 19 

V 

V V 

NNNNN V HN MO 
V V 

< 210 > SEQ ID NO 6 
< 211 > LENGTH : 17 
< 212 > TYPE : DNA 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic primer 

< 400 > SEQUENCE : 6 

Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 710 of 835 PageID #: 2195



US 9 , 919 , 277 B2 
72 

- continued 

cacacccgtc ctgtgga 17 

< 210 > SEQ ID NO 7 
< 211 > LENGTH : 41 
< 212 > TYPE : DNA 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic primer 

< 400 > SEQUENCE : 7 
cagactgcac cgcgggatga atcgctggga kaacattcag C 41 

? 

? ? 

< 210 > SEQ ID NO 8 
< 211 > LENGTH : 39 

TYPE : DNA 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic primer 
< 400 > SEQUENCE : 8 

gcgaggagct cttatttgtt atggaaataa ccatcttcg 39 

< 210 > SEQ ID NO 9 
< 211 > LENGTH : 21 
< 212 > TYPE : DNA 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic primer 

< 400 > SEQUENCE : 9 
gcatttatca gggttattgt c 21 

< 210 > SEQ ID NO 10 
< 211 > LENGTH : 17 
< 212 > TYPE : DNA 

ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic primer 

< 400 > SEQUENCE : 10 
gcgttgatgc aatttct 17 

< 210 > SEQ ID NO 11 
< 211 > LENGTH : 21 
< 212 > TYPE : DNA 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic primer 

< 400 > SEQUENCE : 11 
gcatttatca gggttattgt C 21 

< 210 > SEQ ID NO 12 
< 211 > LENGTH : 17 
< 212 > TYPE : DNA 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic primer 

< 400 > SEQUENCE : 12 

gcgttgatgc aatttct 17 

< 210 > SEQ ID NO 13 
< 211 > LENGTH : 18 
< 212 > TYPE : DNA 
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- continued 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic primer 

< 400 > SEQUENCE : 13 

gatggcgcccaacagtcc 18 

< 210 > SEQ ID NO 14 
< 211 > LENGTH : 17 
< 212 > TYPE : DNA 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic primer 
< 400 > SEQUENCE : 14 

tttggccgcc goccagt 17 

< 210 > SEQ ID NO 15 
< 211 > LENGTH : 18 
< 212 > TYPE : DNA 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic primer 
? 

< 400 > SEQUENCE : 15 

atgcgtccgg cgtagagg 18 

< 210 > SEQ ID NO 16 
< 211 > LENGTH : 19 
< 212 > TYPE : DNA 
< 213 > ORGANISM : Artificial Sequence 
< 220 > FEATURE : 
< 223 > OTHER INFORMATION : Synthetic primer 
< 400 > SEQUENCE : 16 

agcagccaac tcagcttcc 19 

The invention claimed is : 40 
1 . A method for conducting an enzymatic reaction , com - 

prising the steps of : 
providing a droplet generator to produce , under micro 

fluidic control , a plurality of aqueous microcapsules 
surrounded by an immiscible continuous phase that 45 
comprises a fluorinated oil that comprises a fluorinated 
polymer surfactant , each of the plurality of microcap 
sules comprising an enzyme , a genetic element linked 
covalently or non - covalently to a bead , and reagents for 
the enzymatic reaction ; 50 

pooling the microcapsules into one or more common 
compartments such that a portion of the plurality of 
microcapsules contact each other but do not fuse with 
each other due to the presence of the surfactant ; and 55 conducting the enzymatic reaction on the genetic element 
of at least one of the plurality of microcapsules within 
the one or more common compartments . 

2 . The method of claim 1 , wherein the genetic element 
comprises nucleic acids . on 

3 . The method of claim 2 , wherein the nucleic acids 
further comprise primers for a polymerase chain reaction 
( PCR ) . 

4 . The method of claim 2 , wherein the genetic element 
comprises RNA . 

5 . The method of claim 1 . wherein the genetic element is 
labeled . 

6 . The method of claim 1 , wherein the microcapsules are 
monodisperse with respect to each other . 

7 . The method of claim 1 , wherein the droplet generator 
further comprises an aqueous fluid channel and two immis 
cible continuous phase channels and producing the plurality 
of microcapsules surrounded by the immiscible continuous 
phase under the microfluidic control comprises partitioning 
an aqueous fluid that is flowing through the aqueous fluid 
channel with two counter propagating streams of the immis 
cible continuous phase that are flowing through the immis 
cible continuous phase channels . 

8 . The method of claim 1 , wherein the concentration of 
the beads is adjusted such that a single bead appears in each 
microcapsule . 

9 . The method of claim 1 , wherein the genetic element is 
identified with a tag . 

10 . The method of claim 1 , wherein the droplet generator 
comprises a channel that narrows relative to the direction of 
flow . 

11 . The method of claim 1 , wherein the enzymatic reac 
tion is an amplification reaction . 

12 . The method of claim 11 , wherein the amplification 
reaction is a strand displacement amplification . 

13 . The method of claim 1 , wherein the microcapsules are 
produced by infusing an aqueous fluid through a narrow 
constriction into a counter - propagating oil stream . 

14 . The method of claim 1 , wherein the enzymatic reac 
tion is a reverse transcription reaction . 

* * * * * 
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METHODS AND COMPOSITIONS FOR In some cases , the first partitions are first droplets and the 
NUCLEIC ACID ANALYSIS second partitions are second droplets ; and prior to the 

merging , the at least one second droplet comprises the at 
CROSS - REFERENCE TO RELATED least one first droplet . In other cases , the first partitions are 

APPLICATIONS 5 first droplets and the second partitions are second droplets ; 
and prior to the merging , the at least one second droplet does 

This application is a continuation of U . S . patent applica not comprise the at least one first droplet . In some cases , the 
tion Ser . No . 13 / 456 , 121 , filed on Apr . 25 , 2012 , which first partitions are first droplets and the second partitions are 

claims the benefit of priority under 35 U . S . C . . $ 119 ( e ) of second droplets ; and prior to the merging , the at least one 
U . S . Provisional Patent Application No . 61 / 478 , 777 , filed od 10 first droplet comprises the at least one second droplet . In 
Apr . 25 , 2011 , each of which is incorporated herein by some cases , the first partitions are first droplets and the 

second partitions are second droplets ; and prior to the reference in its entirety . merging , the at least one first droplet does not comprise the 
at least one second droplet . BACKGROUND OF THE INVENTION 15 The volumes of the partitions containing the sample may 
be different than the volumes of the partitions containing the Next generation sequencing has many useful applications adaptors . For example , the second volume is at least two and can be used to analyze multiple samples . There is a need times the volume of the first volume . In other cases , the first for improved methods of multiplexing samples for applica volume is at least two times the volume of the second 

tions of next generation sequencing . There is also a need for 20 volume . The methods disclosed herein may further comprise 
improved methods of barcode tagging partitioned poly - modifying the temperature of the droplets . 
nucleotides and analyzing the barcode tagged polynucle - In some cases , the method further comprises merging 
otides . droplets by a method comprising use of a controller such that 

Determining the copy number of a target sequence can each of the first droplets merges with each of the second 
have many useful applications . There is a need for improved 25 droplets . In some cases , merging comprises randomly merg 
methods of determining the copy number of a target ing droplets comprising polynucleotides with droplets com 
sequence . prising adaptors . The methods may further comprise pooling 

the adaptor - tagged polynucleotides , or fragments thereof . 
BRIEF SUMMARY OF THE INVENTION Often , the method further comprises analyzing the adap 

30 tor - tagged polynucleotides , or fragments thereof . The ana 
This disclosure provides methods that can be used in lyzing may involve sequencing the adaptor - tagged poly 

sequencing and other applications . In some instances , this nucleotides , or fragments thereof . The analyzing may 
disclosure provides a method comprising : a . subdividing a comprise determining whether the adaptor - tagged poly 
plurality of adaptors into a plurality of first partitions , nucleotides , or fragments thereof , were located in the same 
wherein each of the first partitions has on average a first 35 partition ; or , in some cases , estimating the likelihood that 
volume and wherein the adaptors comprise unique barcodes ; any two sequence reads generated by the sequencing came 
b . subdividing a sample comprising multiple polynucle - from the same or different partitions . 
otides into a plurality of second partitions , wherein each of In some cases , the method further comprises fragmenting 
the second partitions has on average a second volume , the polynucleotides within the second partitions to form 
wherein the second volume is greater than the first volume ; 40 polynucleotide fragments . The polynucleotides fragments 
c . merging at least one of the first partitions with at least one may be generated by fragmenting the polynucleotides with 
of the second partitions to form a merged partition ; and d . an endonuclease . 
tagging one of the multiple polynucleotides , or fragment In some cases , the polynucleotides are tagged by ligating 
thereof , with at least one of the adaptors . the adaptors to the polynucleotides within a plurality of the 

The method may comprise : a . subdividing a plurality of 45 merged partitions . The tagging may be accomplished by 
adaptors into a plurality of first partitions , wherein each of multiple means ; for example , tagging can be accomplished 
the first partitions has on average a first volume and wherein using transposons . 
the adaptors comprise unique barcodes ; b . subdividing a Often , the methods herein include an amplification reac 
sample comprising multiple polynucleotides into a plurality tion . Often , the amplification comprises a polymerase chain 
of second partitions , wherein each of the second partitions 50 reaction ; or , the amplification can be a different type of 
has on average a second volume , wherein said second reaction such as multiple - displacement amplification . Often , 
volume is less than said first volume ; c . merging at least one tagged polynucleotides are amplified ; and , in some cases , 
of said first partitions with at least one of said second they are amplified before tagging . 
partitions to form a merged partition ; and d . tagging one of In some cases , each of the first partitions comprises , on 
said multiple polynucleotides , or fragment thereof , with at 55 average , less than five adaptors . Often , each of said second 
least one of said adaptors . partitions comprises , on average , less than five of the 

Often , in a method disclosed herein , the first partitions are multiple polynucleotides . In some cases , the subdividing of 
droplets . In some instances , said second partitions are drop - the sample comprises emulsifying or mixing the sample with 
lets . In some cases , said droplets are within an immiscible the second partitions . Often , the subdividing of the plurality 
fluid . 60 of adaptors comprises emulsifying or mixing the plurality of 

In some cases , the polynucleotides are genomic DNA . For adaptors with the second partitions . 
example , the genomic DNA may be high molecular weight In some aspects , this disclosure provides a method com 
DNA . In some cases , the sample of genomic DNA is prising : a . partitioning organelles into a plurality of parti 
partitioned so that it is unlikely that a given partition tions , wherein each partition comprises on average less than 
comprises two or more polynucleotides , or fragments 65 five organelles per partition ; b . lysing the extracellular 
thereof , from the same locus but from different chromo organelles in the plurality of partitions , wherein the lysing 
somes . releases RNA from the organelles ; c . generating tagged 
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cDNA from the released RNA in the plurality of partitions library preparations can be prepared for each sample , and 
with adaptors comprising a barcode , wherein each partition each sample can have its own unique barcode . The sepa 
in the plurality of partitions comprises adaptors with a rately prepared libraries with unique barcodes can then be 
unique barcode . In some cases , the organelles are extracel - pooled and sequenced . Each sequence read of the resulting 
lular organelles such as exosomes . In some cases , the 5 dataset can be traced back to an original sample via the 
generating tagged cDNA comprises reverse transcription of barcode in the sequence read . 
the released RNA with partition - specific barcoded primers . In methods provided herein , polynucleotides in a sample 
The method may further comprise sequencing the tagged can be separated into a plurality of partitions , e . g . , droplets . 
cDNA and / or determining if the tagged cDNA is from the Adaptors with a unique barcode ( or “ tag ” ) can be supplied 
same organelle . 10 to each of a plurality of partitions comprising polynucle 

This disclosure also provides a method comprising : a . otides . Polynucleotides with barcode adaptors can be 
partitioning microorganisms into a plurality of partitions , b . sequenced , and the barcodes can be used determine if two or 
obtaining polynucleotides from the microorganisms in the more sequence reads were generated from one or more 

sortition plurality of partitions ; and c . tagging the polynucleotides in polynucleotides in the same partition . polynucleo 
the plurality of partitions with adaptors comprising a bar - 15 Barcode adaptors can be bundled within a partition , e . g . , 
code , wherein each partition in the plurality of partitions an aqueous phase of an emulsion , e . g . , a droplet . Barcode 
comprises adaptors with a unique barcode . In some cases , tagging may be accomplished by merging adaptor - filled 
each of said partitions comprises , on average , less than five partitions ( e . g . , droplets ) with sample - polynucleotide - con 
microorganisms . The method may further comprise taining partitions ( e . g . , droplets ) . In some cases , adaptor 
sequencing the tagged polynucleotides and / or determining if 20 filled partitions are smaller than sample - polynucleotide 
the tagged polynucleotide fragments are from the same containing partitions ( see e . g . , FIG . 1A ) . Barcoded - adaptors 
partition . can be separated into a plurality of partitions smaller in size 

than sample - polynucleotide - containing partitions . Larger 
INCORPORATION BY REFERENCE sample - polynucleotide - containing partitions can be formed . 

25 A barcoded - adaptor - filled partition can be merged with a 
All publications , patents , and patent applications men sample - polynucleotide - containing partition , and an adaptor 

tioned in this specification are herein incorporated by ref can be attached to a polynucleotide . For example , the 
erence to the same extent as if each individual publication , partitions containing sample polynucleotide may be , on 
patent , or patent application was specifically and individu average , greater than 1 . 5 - fold , 2 - fold , 2 . 5 - fold , 3 - fold , 3 . 5 
ally indicated to be incorporated by reference . 30 fold , 4 - fold , 4 . 5 fold , 5 - fold , 6 - fold , 7 - fold , 8 - fold , 9 - fold , 

10 - fold , 20 - fold , 50 - fold , 75 - fold , 100 - fold , 500 - fold , 1000 
BRIEF DESCRIPTION OF THE DRAWINGS fold , 10 , 000 - fold , 50 , 000 - fold , or 100 , 000 - fold the average 

size the of the partitions containing the adaptors . The 
Novel features are set forth with particularity in the partitions containing sample polynucleotide may be , on 

appended claims . A better understanding of the features and 35 average , greater than 1 . 5 - fold , 2 - fold , 2 . 5 - fold , 3 - fold , 3 . 5 
advantages will be obtained by reference to the following fold , 4 - fold , 4 . 5 fold , 5 - fold , 6 - fold , 7 - fold , 8 - fold , 9 - fold , 
detailed description that sets forth illustrative embodiments , 10 - fold , 20 - fold , 50 - fold , 75 - fold , 100 - fold , 500 - fold , 1000 
in which principles are utilized , and the accompanying fold , 10 , 000 - fold , 50 , 000 - fold , or 100 , 000 - fold the average 
drawings of which : volume of the partitions containing the adaptors . In some 

FIGS . 1A and 1B illustrate methods of merging droplets 40 cases , sample - polynucleotide - containing partitions are 
comprising a sample with droplets comprising adaptors with formed so that they contain adaptor - filled partitions . For 
barcodes . example , adaptor - filled partitions ( e . g . , droplets ) can be 

FIG . 2 illustrates a method of determining copy number emulsified with a polynucleotide sample so that sample 
of a high copy number target using references detected with polynucleotide - containing partitions ( e . g . , droplets ) end up 
a common label . 45 containing adaptor - filled partitions . The adaptor - filled drop 

lets can be burst ( e . g . , through a temperature adjustment ) to 
DETAILED DESCRIPTION OF THE release reaction components ( e . g . , PCR or ligation compo 

INVENTION nents ) that can be used for library preparation . In some 
embodiments , the temperature adjustment comprises raising 

In general , described herein are methods , compositions , 50 the temperature to about , more than about , or at least about 
and kits for library preparation for sequencing polynucle - 50 , 51 , 52 , 53 , 54 , 55 , 56 , 57 , 58 , 59 , 60 , 61 , 62 , 63 , 64 , 65 , 
otides . The methods , compositions , and kits can be used to 66 , 67 , 68 , 69 , 70 , 71 , 72 , 73 , 74 , 75 , 76 , 77 , 78 , 79 , 80 , 81 , 
separate a sample of polynucleotides into a plurality of 82 , 83 , 84 , 85 , 86 , 87 , 88 , 89 , 90 , 91 , 92 , 93 , 94 , 95 , 96 , 97 , 
partitions , and each of the plurality of partitions can be 98 , 99 , or 100° C . for about , more than about , or at least 
provided with a unique set of adaptors comprising a barcode . 55 about 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 , 10 , 11 , 12 , 13 , 14 , 15 , 16 , 17 , 
Library preparation can be performed in each of the plurality 18 , 19 , 20 , 21 , 22 , 23 , 24 , 25 , 26 , 27 , 28 , 29 , 30 , 31 , 32 , 33 , 
of partitions ( e . g . , droplets ) . The contents of the partitions 34 , 35 , 36 , 37 , 38 , 39 , 40 , 41 , 42 , 43 , 44 , 45 , 46 , 47 , 48 , 49 , 
can be pooled and sequenced to generate sequence reads , 50 , 51 , 52 , 53 , 54 , 55 , 56 , 57 , 58 , 59 , or 60 min . In some 
and the barcodes can be used to identify which sequence embodiments , the temperature adjustment can last for about , 
reads came from the same partition . A number of embodi - 60 more than about , or at least about 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 , 10 , 
ments of methods , compositions , systems , and kits are 11 , 12 , 13 , 14 , 15 , 16 , 17 , 18 , 19 , 20 , 21 , 22 , 23 , or 24 hrs . 
provided herein . In some cases , the adaptor - filled droplets are not contained 

Overview within the sample - containing droplets . In such cases , sepa 
In general , barcoding ( or “ tagging ' ' ) can enable one to rate droplets may be merged together . 

pool samples of nucleic acids in order to reduce the cost of 65 In some cases , an adaptor - filled partition is larger than a 
sequencing per sample , yet retain the ability to determine sample - polynucleotide - containing partition ( see e . g . , FIG . 
from which sample a sequence read is derived . Separate 1B ) . Barcoded - adaptors can be separated into a plurality of 
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partitions larger in size than sample - polynucleotide - contain - within each partition can be performed . Once the libraries 
ing partitions . Smaller sample - polynucleotide - containing are prepared , the contents of all the partitions can be merged 
partitions can be formed . A barcoded - adaptor - filled partition ( e . g . , by breaking droplets ) and loaded onto a nucleic acid 
can be merged with a sample - polynucleotide - containing sequencer . The sequencer can generate sequence reads for 
partition , and an adaptor can be attached to a polynucleotide . 5 many of the library polynucleotides . Polynucleotides pre 
For example , partitions containing adaptors may be , on pared within the same droplet can contain the same barcode . average , greater than 1 . 5 - fold , 2 - fold , 2 . 5 - fold , 3 - fold , 3 . 5 If the number of barcodes is sufficiently large , it can be 
fold , 4 - fold , 4 . 5 fold , 5 - fold , 6 - fold , 7 - fold , 8 - fold , 9 - fold , surmised that molecules containing the same barcode came 10 - fold , 20 - fold , 50 - fold , 75 - fold , 100 - fold , 500 - fold , 1000 from the same partition . If N is sufficiently large ( e . g . , larger fold , 10 , 000 - fold , 50 , 000 - fold , or 100 , 000 - fold the average 10 than the number of adaptor - filled partitions actually used in size of the partitions containing the samples . The partitions the experiment ) , it can be expected that any two sample containing adaptors can be , on average , greater than 1 . 5 
fold , 2 - fold , 2 . 5 - fold , 3 - fold , 3 . 5 - fold , 4 - fold , 4 . 5 fold . polynucleotide - containing partitions can be tagged by dif 

ferent adaptor - filled partitions . However , if N is not very 5 - fold , 6 - fold , 7 - fold , 8 - fold , 9 - fold , 10 - fold , 20 - fold , 
50 - fold . 75 - fold . 100 - fold 500 - fold . 1000 - fold . 10 . 000 - fold . 15 large , sample - polynucleotide partitions can be tagged with 
50 , 000 - fold , or 100 , 000 - fold the average volume of the the same adaptors . In that case , the likelihood that any two 
partitions containing the samples . In some cases , adaptor - reads came from the same or different sample containing 
containing partitions are formed so that they contain sample partitions can be estimated probabilistically . For many appli 
containing partitions . For example , in some embodiments , cations , a probabilistic assessment can be sufficient . 
sample - polynucleotide - filled partitions ( e . g . , droplets ) can 20 In some embodiments , the number of different samples 
be emulsified with adaptors so that adaptor - containing par - that can be multiplexed , e . g . , in a sequencing reaction , can 
titions ( e . g . , droplets ) end up enveloping sample - containing be about , more than about , less than about , or at least about 
partitions . In such cases , the sample - containing droplets can 1000 , 5000 , 10 , 000 , 20 , 000 , 30 , 000 , 40 , 000 , 50 , 000 , 60 , 000 , 
be burst ( e . g . , through a temperature adjustment ) so that the 70 , 000 , 80 , 000 , 90 , 000 , 100 , 000 , 200 , 000 , 300 , 000 , 400 , 
contents of the different types of droplets can merge . In some 25 000 , 500 , 000 , 600 , 000 , 700 , 000 , 800 , 000 , 900 , 000 , 1 , 000 , 
embodiments , the temperature adjustment comprises raising 000 . 2 . 000 . 000 . 3 . 000 . 000 . 4 . 000 . 000 , 5 . 000 . 000 . 6 . 000 . 000 , 
the temperature to about , more than about , or at least about 7 , 000 , 000 . 8 , 000 , 000 , 9 , 000 , 000 , or 10 , 000 , 000 samples . In 
50 , 51 , 52 , 53 , 54 , 55 , 56 , 57 , 58 , 59 , 60 , 61 , 62 , 63 , 64 , 65 , some embodiments , about 1000 to about 10 , 000 , about 66 , 67 , 68 , 69 , 70 , 71 , 72 , 73 , 74 , 75 , 76 , 77 , 78 , 79 , 80 , 81 , 10 , 000 to about 100 , 000 , about 10 , 000 to about 500 , 000 , 
82 , 83 , 84 , 85 , 86 , 87 , 88 , 89 , 90 , 91 , 92 , 93 , 94 , 95 , 96 , 97 , 30 about 100 , 000 to about 500 , 000 , about 100 , 000 to about 98 , 99 , or 100° C . for about , more than about , or at least 1 , 000 , 000 , about 500 , 000 to about 1 , 000 , 000 , about 1 , 000 , about 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 , 10 , 11 , 12 , 13 , 14 , 15 , 16 , 17 , 000 to about 5 , 000 , 000 , or about 1 , 000 , 000 to about 10 , 000 , 18 , 19 , 20 , 21 , 22 , 23 , 24 , 25 , 26 , 27 , 28 , 29 , 30 , 31 , 32 , 33 , 
34 , 35 , 36 , 37 , 38 , 39 , 40 , 41 , 42 , 43 , 44 , 45 , 46 , 47 , 48 , 49 , 000 samples are multiplexed in the methods described 
50 , 51 , 52 , 53 , 54 , 55 , 56 , 57 , 58 , 59 , or 60 min . In some 35 1 herein . 
embodiments , the temperature adjustment can last for about Some methods of barcode tagging are described , for 
more than about or at least about 1 . 2 . 3 . 4 . 5 . 6 . 7 . 8 . 9 . 10 . example , in U . S . Patent Application Publication No . 
11 , 12 , 13 , 14 , 15 , 16 , 17 , 18 , 19 , 20 , 21 , 22 , 23 , or 24 hrs . 20110033854 . 
In some cases , the sample - polynucleotide - filled droplets are Fusing Smaller Droplets ( E . g . , Inner Droplets ) with 
not contained within the adaptor - containing droplets . In 40 Larger Droplets ( E . g . , Outer Droplets ) 
such cases , separate droplets may be merged together . Some methods for fusing smaller droplets ( e . g . , inner 

A microfluidic device can be used to merge pre - made droplets ) with larger droplets ( e . g . , outer droplets ) are dis 
adaptor reagents with a plurality of sample - polynucleotide closed , e . g . , in U . S . Patent Application Publication No . 
partitions such that every sample - polynucleotide partition 20110053798 . In some cases , an inner droplet ( or partition ) 
comprises adaptor reagents . For example , a square - shaped 45 can be fused with an outer droplet ( or partition ) by heating 
device can be used with 1000x1000 ( one million ) partitions cooling to change temperature , applying pressure , altering 
and each polynucleotide can be tagged with two barcodes . composition ( e . g . , via a chemical additive ) , applying acous 
One million unique identifiers can be constructed with 2 , 000 tic energy ( e . g . , via sonication ) , exposure to light ( e . g . , to 
different barcodes . Reagents with 1 , 000 different barcodes stimulate a photochemical reaction ) , applying an electric 
can be loaded in horizontal channels of the device and 50 field , or any combination thereof . In some cases , the inner 
reagents for another set of 1 , 000 different barcodes can be droplet may fuse to the outer droplet spontaneously . The 
loaded in vertical channels of the device . Every one of the treatment may be continuous or may vary temporally ( e . g . , 
million partitions can have its own unique combination of pulsatile , shock , and / or repetitive treatment ) . The treatment 
barcodes . may provide a gradual or rapid change in an emulsion 

In some cases , sample - polynucleotide - containing parti - 55 parameter , to effect steady state or transient initiation of 
tions ( e . g . , droplets ) and adaptor - filled partitions ( e . g . , drop - droplet fusion . The stability of the partitions , and their 
lets ) are merged in a controlled manner , e . g . , one droplet of responsiveness to a treatment to induce droplet fusion , may 
sample polynucleotides with one droplet of unique adaptors . be determined during their formation by selection of an 
In some cases , adaptor - filled partitions are randomly merged appropriate surfactant type , surfactant concentration , critical 
with sample - polynucleotide - containing partitions . 60 micelle concentration , ionic strength , etc . , for one or more 

The following example illustrates an embodiment of a phases of the inner / outer partition . 
method . A large set of droplets of a number ( N ) types can be The fusing can result in a fused emulsion . Fusion may 
made . Each type of droplet can be loaded with its own occur spontaneously , such that no treatment , other than a 
barcode . The value N can be determined in part by the length sufficient time delay ( or no delay ) , is necessary before 
of the barcode ( L ) . For example , N can be as large as 4 L . 65 processing fused droplets . Alternatively , the inner / outer 
Thus , if L = 10 , around 1 million different droplet types can droplet may be treated to controllably induce fusion of 
be generated . Standard sequencing library preparation droplets to form assay mixtures . 
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The fused emulsion may be processed . Processing may 25 , 26 , 27 , 28 , 29 , 30 , 31 , 32 , 33 , 34 , 35 , 36 , 37 , 38 , 39 , 40 , 
include subjecting the fused emulsion to any condition or set 41 , 42 , 43 , 44 , 45 , 46 , 47 , 48 , 49 , 50 , 51 , 52 , 53 , 54 , 55 , 56 , 
of conditions under which at least one reaction of interest 57 , 58 , 59 , 60 , 61 , 62 , 63 , 64 , 65 , 66 , 67 , 68 , 69 , 70 , 71 , 72 , 
can occur ( and / or is stopped ) , and for any suitable time 73 , 74 , 75 , 76 , 77 , 78 , 79 , 80 , 81 , 82 , 83 , 84 , 85 , 86 , 87 , 88 , 
period . Accordingly , processing may include maintaining 5 89 , 90 , 91 , 92 , 93 , 94 , 95 , 96 , 97 , 98 , 99 , or 100 bases . If an 
the temperature of the fused emulsion near a predefined set adaptor comprises a double - stranded portion , the double 
point , varying the temperature of the fused emulsion stranded portion can be about , more than about , at least 
between two or more predefined set points ( such as ther - about , or less than about 5 , 6 , 7 , 8 , 9 , 10 , 11 , 12 , 13 , 14 , 15 , 
mally cycling the fused emulsion ) , exposing the fused 16 , 17 , 18 , 19 , 20 , 21 , 22 , 23 , 24 , 25 , 26 , 27 , 28 , 29 , 30 , 31 , 
emulsion to light , changing a pressure exerted on the fused 10 32 , 33 , 34 , 35 , 36 , 37 , 38 , 39 , 40 , 41 , 42 , 43 , 44 , 45 , 46 , 47 , 
emulsion , adding at least one chemical substance to the 48 , 49 , 50 , 51 , 52 , 53 , 54 , 55 , 56 , 57 , 58 , 59 , 60 , 61 , 62 , 63 , 
fused emulsion , applying an electric field to the fused 64 , 65 , 66 , 67 , 68 , 69 , 70 , 71 , 72 , 73 , 74 , 75 , 76 , 77 , 78 , 79 , 
emulsion , or any combination thereof , among others . 80 , 81 , 82 , 83 , 84 , 85 , 86 , 87 , 88 , 89 , 90 , 91 , 92 , 93 , 94 , 95 , 

Signals may be detected from the fused emulsion after 96 , 97 , 98 , 99 , or 100 base - pairs . 
and / or during processing . Detection is described further in 15 An adaptor can comprise DNA and / or RNA . In some 
other sections herein . The signals may be detected optically , cases , an adaptor comprises DNA . In some cases , an adaptor 
electrically , chemically , or a combination thereof , among comprises RNA . In some cases , an adaptor comprises DNA 
others . The detected signals may include test signals that and RNA . 
correspond to at least one reaction of interest performed in An adaptor can comprise double stranded nucleic acid . In 
the fused emulsion . Alternatively , or in addition , the detected 20 some cases , an adaptor comprises double stranded DNA . In 
signals may include code signals that correspond to codes some cases , an adaptor comprises double stranded RNA . In 
present in the fused emulsion . Test signals and code signals some cases , an adaptor comprises a DNA / RNA hybrid 
generally are distinguishable and may be detected using the duplex . 
same or distinct detectors . For example , the test signals and An adaptor can comprise single stranded nucleic acid . In 
code signals each may be detected as fluorescence signals , 25 some embodiments , an adaptor comprises single stranded 
which may be distinguishable based on excitation wave - RNA . In some cases , an adaptor comprises single stranded 
length ( or spectrum ) , emission wavelength ( or spectrum ) , DNA . In some cases , an adaptor comprises single stranded 
and / or distinct positions in a fused droplet ( e . g . , code signals RNA and DNA . 
may be detectable as more localized than test signals with When an adaptor comprises double stranded sequence , 
respect to fused droplets ) , among others . As another 30 one strand of the adaptor can comprise only DNA and one 
example , the test signals and code signals may be detected strand of the adaptor can comprise only RNA . A first strand 
as distinct optical characteristics , such as test signals can comprise DNA and RNA and a second strand can 
detected as fluorescence and code signals detected as optical comprise DNA only . A first stand can comprise DNA and 
reflectance . As a further example , the test signals may be RNA , and a second strand can comprise RNA only . If a 
detected optically and the code signals electrically , or vice 35 strand of an adaptor comprises both DNA and RNA , the 
versa . DNA can be 5 ' of the RNA or the DNA and be 3 ' or the RNA . 

Adaptors In some embodiments , an adaptor is single stranded and 
Barcodes can be present on adaptors , and an adaptor with comprises DNA and RNA , and the DNA is 5 ' of the RNA or 

a barcode can be attached to a polynucleotide by ligation . A 3 ' of the RNA . 
variety of types of adaptors can be used in the methods , 40 An adaptor can comprise a hairpin ( or hairpin loop ) . A 
compositions , systems , and kits described herein . For hairpin can comprise DNA and / or RNA . The number of 
example , an adaptor can comprise double stranded nonbase - paired bases in a loop of a hairpin can be about , 
sequence . An adaptor with double stranded sequence can more than about , or at least about 4 , 5 , 6 , 7 , 8 , 9 , 10 , 11 , 12 , 
comprise one blunt end . In some cases , an adaptor with 13 , 14 , 15 , 16 , 17 , 18 , 19 , 20 , 21 , 22 , 23 , 24 , 25 , 26 , 27 , 28 , 
double stranded sequence comprises two blunt ends . An 45 29 , or 30 bases . The number of nonbase - paired bases in a 
adaptor with double stranded sequence can comprise one 3 loop of a hairpin can be about 4 to about 8 , about 4 to about 
overhang . An adaptor with double stranded sequence can 10 , about 4 to about 14 , about 4 to about 16 , about 4 to about 
comprise two 3 ' overhangs . An adaptor with double stranded 20 , about 4 to about 24 , about 4 to about 26 , or about 4 to 
sequence can comprise one 5 ' overhang . In some cases , an about 30 bases . The length of the stem ( base - paired portion ) 
adaptor with double stranded sequence can comprise two 5 ' 50 of the adaptor can be about , more than about , or at least 
overhangs . An adaptor with double stranded sequence can about 4 , 5 , 6 , 7 , 8 , 9 , 10 , 11 , 12 , 13 , 14 , 15 , 16 , 17 , 18 , 19 , 
comprise a 5 ' overhang and a 3 ' overhang . In some cases , an 20 , 21 , 22 , 23 , 24 , 25 , 26 , 27 , 28 , 29 , or 30 base - pairs . 
adaptor comprises only single stranded nucleic acid . In some cases , a hairpin adaptor is ligated to only one end 
When an adaptor has one or more overhangs , the over - of a polynucleotide . In some cases , a first hairpin adaptor is 

hang can be about , more than about , less than about , or at 55 ligated to one end of a polynucleotide and a second hairpin 
least about 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 , 10 , 11 , 12 , 13 , 14 , 15 , 16 , adaptor is ligated to the other end of the polynucleotide . The 
17 , 18 , 19 , or 20 bases . For example , a 3 ' overhang can be hairpin adaptors that are ligated to each end of a polynucle 
about , more than about , less than about , or at least about 1 , otide can comprise the same nucleic acid sequence or 
2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 , 10 , 11 , 12 , 13 , 14 , 15 , 16 , 17 , 18 , 19 , different nucleic acid sequence . The hairpin adaptors that 
or 20 bases . A 5 ' overhang can be about , more than about , at 60 ligate to each end of a polynucleotide can have barcodes , 
least about , or less than about 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 , 10 , 11 , and the barcodes can be the same or different . A hairpin 
12 , 13 , 14 , 15 , 16 , 17 , 18 , 19 , or 20 bases . If an adaptor adaptor that ligates to one end of a polynucleotide can have 
comprises two overhangs , the overhangs can comprise the a barcode , and a hairpin adaptor that ligates to the other end 
same or different number of bases . of a polynucleotide can lack a barcode . 

The longest strand of an adaptor can be about , more than 65 In some cases , adaptors are ligated to polynucleotides 
about , less than about , or at least about 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 , such that multiple adaptors and polynucleotides are inter 
9 , 10 , 11 , 12 , 13 , 14 , 15 , 16 , 17 , 18 , 19 , 20 , 21 , 22 , 23 , 24 , spersed . 

ad 
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Barcode RNA Barcoding Kit , Module 17 - 32 , SOLIDTM RNA Barcod 
An adaptor can comprise one or more barcode ( tag ) ing Kit , Module 33 - 48 , SOLIDTM RNA Barcoding Kit , 

sequences . A barcode sequence can be a unique identifier . In Module 49 - 64 , SOLIDTM RNA Barcoding Kit , Module 
some embodiments , a barcode is about , more than about , 49 - 96 , SOLIDTM RNA Barcoding Kit , Module 65 - 80 , or 
less than about , or at least about 4 , 5 , 6 , 7 , 8 , 9 , 10 , 11 , 12 , 5 SOLIDTM RNA Barcoding Kit , Module 81 - 96 . 
13 , 14 , 15 , 16 , 17 , 18 , 19 , 20 , 21 , 22 , 23 , 24 , 25 , 26 , 27 , 28 , Other commercially available kits with adaptors with 
29 , 30 , 31 , 32 , 33 , 34 , 35 , 36 , 37 , 38 , 39 , 40 , 41 , 42 , 43 , 44 , barcodes include SureSelect AB Barcode Adaptor Kit ( AGI 
45 , 46 , 47 , 48 , 49 , or 50 bases or bases pairs . In some LENT TECHONOLOGIES ) , Bioo Scientific ' s AIRTM Bar 
embodiments , a barcode is about 4 to about 6 bases or bp , coded Adapters , NEXTFLEXTM DNA Barcodes , ILLU 
about 4 to about 7 bases or bp , about 4 to about 8 bases or 10 MINA? TRUSEQTM RNA and DNA Sample Preparation 
bp , about 4 to about 9 bases or bp , about 4 to about 10 bases Kits , RAINDANCE® Technologies DEEPSEQTM FFPE 
or bp , about 4 to about 12 bases or bp , about 4 to about 14 solution , NEBNEXT® Multiplex Oligos for ILLUMNIA? 
bases or bp , about 4 to about 16 bases or bp , about 4 to about ( Index Primers 1 - 12 ) , or NEBNEXT® Multiplex Small 
18 bases or bp , about 4 to about 20 bases or bp , about 5 to RNA Library Prep set for ILLUMNIA® ( Index Primers 
about 10 bases or bp , about 5 to about 15 bases or bp , about 15 1 - 12 ) . 
5 to about 20 bases or bp , about 5 to about 25 bases or bp , polynucleotide can receive a barcode by being ligated 
about 5 to about 30 bases or bp , about 5 to about 35 bases to an adaptor comprising a barcode . The ligation can involve 
or bp , about 5 to about 40 bases or bp , or about 5 to about use of one or more ligases . A barcode can be attached to a 
50 bases or bp . In some embodiments , bases in a barcode are polynucleotide by amplification with a primer comprising a 
contiguous . In some embodiments , bases in a barcode are 20 barcode . 
noncontiguous . In some embodiments , an adaptor comprises A barcode can be adjacent to a primer binding site . A 
no barcodes . barcode can be 0 or about 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 , 10 , 11 , 12 , 

A barcode can be double stranded in an adaptor . In some 13 , 14 , 15 , 16 , 17 , 18 , 19 , or 20 bases 3 ' of a primer binding 
cases , a barcode is single stranded in an adaptor . A barcode ( annealing , hybridization ) site . 
can comprise double stranded and single stranded sequence 25 Primer / Probe Binding Site 
in an adaptor . An adaptor can comprise about , more than An adaptor can comprise one or more primer , probe , or 
about , at least about , or less than about 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 , oligonucleotide hybridization sites . The one or more primer , 
9 , or different barcodes . If an adaptor comprises more than probe , or oligonucleotide hybridization sites can be about , 
one barcode , the barcodes can be separated from each other more than about , less than about , or at least about 6 , 7 , 8 , 9 , 
by about , more than about , or at least about 1 , 2 , 3 , 4 , 5 , 6 , 30 10 , 11 , 12 , 13 , 14 , 15 , 16 , 17 , 18 , 19 , 20 , 21 , 22 , 23 , 24 , 25 , 
7 , 8 , 9 , 10 , 11 , 12 , 13 , 14 , 15 , 16 , 17 , 18 , 19 , or 20 bases or 26 , 27 , 28 , 29 , 30 , 31 , 32 , 33 , 34 , 35 , 36 , 37 , 38 , 39 , 40 , 41 , 
base pairs on the adaptor . 42 , 43 , 44 , 45 , 46 , 47 , 48 , 49 , or 50 bases . A primer , probe , 

Commercially available kits comprising adaptors with or oligonucleotide hybridization site can be used to anneal 
barcodes can be used in the methods described herein . For an oligonucleotide primer to the adaptor for amplification or 
example , a kit comprising adaptors with barcodes can 35 to anneal a primer to the adaptor for a sequencing reaction . 
include the ENCORETM 384 Multiplex System ( NUGEN® ) An adaptor can comprise sequence for annealing of more 
which can comprise 384 molecularly barcoded library adap - than one oligonucleotide primer or probes , e . g . , 2 , 3 , 4 , 5 , 6 , 
tors . The ENCORETM NGS Multiplex Library Systems for 7 , 8 , 9 , 10 or more oligonucleotide primers or probes . An 
ION TORRENTTM can comprise adaptors with barcodes that adaptor can have a site for annealing a sequencing primer 
can be ligated to fragments . The ENCORETM Complete 40 and an amplification primer . A primer or probe that anneals 
RNA - Seq IL Multiplex System 1 - 8 ( NUGEN® ) and to an adaptor can be about , more than about , less than about , 
ENCORETM Complete RNA - Seq IL Multiplex System 9 - 16 or at least about 8 , 9 , 10 , 11 , 12 , 13 , 14 , 15 , 16 , 17 , 18 , 19 , 
( NUGEN® ) can provide barcoded adaptors for multiplex 20 , 21 , 22 , 23 , 24 , 25 , 26 , 27 , 28 , 29 , or 30 bases in length . 
sequencing . The ENCORETM Complete RNA - Seq DR Mul Restriction Enzyme Site 
tiplex system 1 - 8 ( NUGEN? ) and ENCORETM Complete 45 An adaptor can comprise one or more restriction enzyme 
RNA - Seq DR Multiplex system 9 - 16 ( NUGEN® ) can pro - binding sites and or cleavage sites . A restriction enzyme that 
vide a dedicated read ( DR ) barcode design . Examples of kits can bind or cleave an adaptor can be , e . g . , Aatll , Acc651 , 
with adaptors with barcodes from LIFE TECHNOLO - Acci , Acil , Acll , Acul , Afel , AflII , AfIIII , Agel , Ahdl , Alel , 
GIESTM include 5500 SOLIDTM Fragment Library Barcode Alul , Alwi , AlwNI , Apal , ApaLI , ApeKI , Apol , Asci , Asel , 
Adaptors 1 - 16 , 5500 SOLIDTM Fragment Library Barcode 50 AsiSI , Aval , Avall , AvrII , BaeGI , Bael , BamHI , Banl , BanII , 
Adaptors 1 - 96 , 5500 SOLIDTM Fragment Library Barcode Bbsl , BbvCI , Bbvl , Bccl , BceAI , Bcgl , BciVI , Bcll , Bfal , 
Adaptors 17 - 32 , 5500 SOLIDTM Fragment Library Barcode BfuAI , BfuCI , Bgli , BglII , Blpl , BmgBI , Bmri , Bmti , Bpmi , 
Adaptors 33 - 48 , 5500 SOLIDTM Fragment Library Barcode Bpu10I , BpuEI , BsaAI , BsaBI , BsaHI , Bsal , BsaJI , BsaWI , 
Adaptors 49 - 64 , 5500 SOLIDTM Fragment Library Barcode BsaXI , BseRI , BseYI , Bsgl , BsiEI , BsiHKAI , BsiWI , Bsll , 
Adaptors 65 - 80 , 5500 SOLIDTM Fragment Library Barcode 55 BsmAI , BsmBI , BsmFI , Bsml , BsoBI , Bsp12861 , BspCNI , 
Adaptors 81 - 96 , 5500 SOLIDTM Fragment Library Core Kit , BspDI , BspEI , BspHI , BspMI , BspQI , BsrBI , BsrDI , BsrFI , 
5500 SOLIDTM Fragment Library Standard Adaptors , BsrGI , Bsrl , Bss HII , BssKI , BssSI , BstAPI , BstBI , BstEII , 
LIBRARY BUILDERTM Fragment Core Kit for 5500 BstNI , BstUI , BstXI , BstYI , BstZ171 , Bsu361 , BtgI , BtgZI , 
Genetic Analysis Systems , SOLIDTM Fragment Library BtsCI , Btsi , Cac81 , Clal , CspCI , CVIAII , CviKi - 1 , CviQI , 
Barcoding Kit 1 - 96 , SOLIDTM Fragment Library Barcoding 60 Ddel , Dpnl , Dpnll , Dral , DralII , Drdi , Eael , Eagl , Earl , 
Kit Module 17 - 32 , SOLIDTM Fragment Library Barcoding Ecil , Eco53kl , EcoNI , Eco01091 , EcoP151 , EcoRI , EcoRV , 
Kit Module 33 - 48 , SOLIDTM Fragment Library Barcoding Fati , Faul , Fnu4HI , Foki , Fsel , Fspi , Haell , HaeIII , Hgal , 
Kit Module 49 - 64 , SOLIDTM Fragment Library Barcoding Hhal , Hincll , HindIII , Hinfl , HinP11 , Hpal , Hpall , Hphl , 
Kit Module 65 - 80 , SOLIDTM Fragment Library Barcoding Hpy1661 , Hpy1881 , Hpy188 III , Hpy991 , HpyAV , 
Kit Module 81 - 96 , SOLIDTM RNA Barcoding Kit , Module 65 HpYCH4III , HpyCH41V , HpyCH4V , Kasi , Kpni , Mbol , 
1 - 16 , SOLIDTM RNA Barcoding Kit , Module 1 - 48 , Mboll , Mfel , Mlul , Mlyl , MmeU , Mnll , Mscl , Msel , Msll , 
SOLIDTM RNA Barcoding Kit , Module 1 - 96 , SOLIDTM MspAli , Mspl , Mwol , Nael , Narl , Nb . BbvCI , Nb . Bsml , 
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Nb . BsrDI , Nb . Btsi , Ncil , Ncol , Ndel , NgoMIV , Nhel , can be limited by the physical tethering of the hybrid to 
NlaIII , NIaIV , NmeAIII , Notl , Nrul , Nsil , Nspl , Nt . Alwi , DNA by the DNA binding domain . The DNA binding 
Nt . BbvCI , Nt . BsmAI , Nt . BspQI , Nt . BstNBI , Nt . CviPII , domain can be from a eukaryotic or prokaryotic transcrip 
Paci , PaeR71 , Pcil , PfFI , PAMI , Phol , Plel , Pmel , Pmll , tion factor . The DNA binding domain can recognize about , 
PpUMI , PshAI , Psil , PspGI , PspOMI , PspXI , Pst , Pvul , 5 or at least about 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 , 10 , 11 , 12 , 13 , 14 , 15 , 
Pvull , Rsal , RsrII , Sacl , SacII , Sall , SapI , Sau3AI , Sau96I , 16 , 17 , 18 , 19 , 20 , 21 , 22 , 23 , 24 , or 25 bases or base pairs 
Sbfi , Scal , ScrFi , SexAI , SfaNI , SfcI , Sfil , Sfol , SgrAl , of continuous nucleic acid sequence . The DNA binding 
Smal , SmII , SnaBI , Spel , Sphl , Sspl , Stul , StyD41 , Styl , domain can recognize about 9 to about 18 bases or base pairs 
Swal , T , Taq . alpha . I , Tfil , Tlil , Tsel , Tsp451 , Tsp5091 , of sequence . The DNA binding domain can be , e . g . , a zinc 
TspMI , TsPRI , Tth111 , Xbal , Xcmi , Xhol , Xmal , Xmnl , or 10 finger DNA binding domain . The DNA binding domain can 
Zral . be from a naturally occurring protein . The DNA binding 

An adaptor can comprise a Type IIS restriction enzyme domain can engineered to specifically bind any desired 
binding site . A Type IIS restriction enzyme can cleave DNA nucleotide sequence . The hybrid can be a zinc finger nucle 
at a defined distance from a non - palindromic asymmetric ase ( e . g . , zinc finger nuclease ) . The hybrid protein can 
recognition site . Examples of Type IIS restriction enzymes 15 function as a multimer ( e . g . , dimer , trimer , tetramer , pen 
include Aarl , Acc361 , AccBSI , Acil , AclWI , Acul , Alol , tamer , hexamer , etc . ) . 
Alw261 , Alwi , AsuHPI , Bael , Bbsl , BbvCI , Bbvl , Bccl , Modifications 
BceAI , Bcgl , BciVI , Bfil , BfUAI , Bful , BmgBI , Bmrl , Bpil , An adaptor can comprise one or more end modifications . 
Bpml , Bpu101 , Bpu101 , BpuAI , BpuEI , Bsal , BsaMI , An adaptor can comprise one 5 ' phosphate . An adaptor can 
BsaXI , Bsell , Bse3DI , BseGI , BseMI , BseMII , BseNI , 20 comprise two 5 ' phosphates . An adaptor can comprise one 3 ' 
BseRI , BseXI , BseYI , Bsgl , BsmAI , BsmBI , BsmFI , Bsml , hydroxyl . An adaptor can comprise two 3 ' hydroxyls . An 
Bso311 , BspCNI , BspMI , BspQI , Bsp TNI , BsrBI , BsrDI , adaptor can lack a 3 ' hydroxyl . 
Bsrl , BsrSI , BssSI , Bst2BI , Bst61 , BstF51 , BstMAI , BstV11 , An adaptor can comprise one or more 3 ' end modifica 
BstV21 , BtgZI , Btr1 , BtsCI , Btsi , CspCI , Eam11041 , Earl , tions . The 3 ' end modification can be , e . g . , 3 ' - amino , 3 ' - black 
Ecil , Eco311 , Eco571 , Eco57MI , Esp31 , Faul , Faul , Foki , 25 hole quencher ( e . g . , BHQ - O , BHQ - 1 , BHQ - 2 ) , 3 - biotin , 
Gsul , Hgal , Hin41 , Hphl , HpyAV , Ksp6321 , Lwel , Mbil , 3 ' - chloesterol , 3 ' - dabcyl CPG , 3 ' dabsyl CPG , 3 - dye ( e . g . , 
Mboll , Mlyl , Mmel , Mnli , Mva12691 , NmeAIII , Pct ) , Plel , fluorescein - CGP , Tamra - CPG , Rox - CPG , Cal Fluor 560 
Ppil , Ppsi , Psrl , Sapl , Schl , SfaNI , Smul , TspDTI , TspGWI , CPG , Quasar 570 ( Cy3 substitute ) - CGP , Quasar 670 ( Cy5 
or Taq II . A restriction enzyme can bind recognition substitute ) - CPG , Quasar 705 ( Cy5 . 5 substitute ) - CPG , Pulsar 
sequence within an adaptor and cleave sequence outside the 30 650 - CPG , Epoch Richmond Red - CPG , Epoch Yakima Yel 
adaptor ( e . g . , in a polynucleotide ) . low - CPG , Acridine - CPG , 3 ' - inverted linkage ( with 5 ' - OH 

The restriction enzyme can be a methylation sensitive attached to support and 3 ' - OH available for chain extension ) , 
restriction enzyme . The methylation sensitive restriction 3 ' - phosphate . An adaptor can comprise any fluorescent dye 
enzyme can specifically cleave methylated DNA . The meth described herein . 
ylation sensitive restriction enzyme can specifically cleave 35 An adaptor can comprise one or more 5 ' end modifica 
unmethylated DNA . A methylation sensitive enzyme can tions . The 5 ' end modification can be , e . g . , a 5 ' - amino group , 
include , e . g . , Dpnl , Acc651 , Kpnl , Apal , Bsp1201 , Bsp1431 , 5 ' - biotin , 5 - digoxigenin ( DIG ) , 5 ' phosphate group , or 
Mbol , Bspol , Nhel , Cfr91 , Smal , Csp6l , Rsal , Ec113611 , 5 ' - thiol . An adaptor can comprise a 5 ' aldehyde , 5 ' alkaline 
Saci , EcoRII , Mval , Hpall , MSPJI , LpnPI , FsnEI , DpnII , phosphatase , 5 ' amine , 5 ' horse radish peroxidase ( HRP ) , 5 ' 
McrBc , or Mspl . 40 fluorescein , 5 ' HEX , 5 ' ROX , 5 ' TET , or 5 ' TAMRA . The 5 ' 

An adaptor can comprise one or more recognition sites for modification can be a molecular probe dye , e . g . , Alexa Fluor 
one or more nicking endonucleases , Type I endonucleases , 488 , Alexa Fluoro 532 , Alexa Fluor 546 , Alexa Fluor 555 , 
or Type III endonucleases . A nicking endonuclease can Alexa Fluor 594 , Alexa Fluor 647 , Alexa Fluor 660 , Alexa 
hydrolyze only one strand of a duplex to produce DNA Fluor 750 , BODIPY® FL , BODIPY® 530 / 550 , BODIPY® 
molecules that are “ nicked ” rather than cleaved . The nicking 45 493 / 503 , BODIPY® 558 / 569 , BODIPY 564 / 570 , 
can result in a 3 - hydroxyl and a 5 ' - phosphate . Examples of BODIPY® 576 / 589 , BODIPY® 581 / 591 , BODIPY® FL - X , 
nicking enzymes include Nt . CviPII , Nb . Bsmi , Nb . BbvCI , BODIPY® TR - X , BODIPY® TMR , BODIPY® ROG , 
Nb . BsrDI , Nb . Btsi , Nt . BsmAI , Nt . BspQI , Nt . Alwi , Nt . B - BODIPY® ROG - X , BODIPY® 630 / 650 , BODIPY® 650 / 
bvCI , or Nt . BstNBI . A Type I endonuclease can cleave at a 665 , CASCADE BLUETM Dye , MARINA BLUETM , 
site that differs and is at a random distance away from the 50 OREGON GREEN® 514 , OREGON GREEN® 488 , 
recognition site . A Type III endonuclease can recognize two OREGON GREEN® 488 - X , PACIFIC BLUETM Dye , RHO 
separate non - palindromic sequences that are inversely ori DAMINE GREENTM Dye , RHODOL GREENTM Dye , 
ented . Examples of Type III restriction enzymes include RHODAMINE GREENTM - X , RHODAMINE REDTM - X , 
EcoP15 and EcoP1 . TEXAS RED® , or TEXAS REDTM - X . 
One or more restriction enzymes used in the methods , 55 A modification can be attached to a nucleic acid strand 

compositions and / or kits described herein can be a compo - through a linker , e . g . , C1 , C2 , C3 , C4 , C5 , C6 , C7 , C8 , C9 , 
nent of a hybrid or chimeric protein . For example , a domain C10 , C11 , C12 , C13 , C14 , C15 , C16 , C17 , C18 , C19 , or 
of a restriction enzyme comprising an enzymatic activity C20 . A linker can be , e . g . , PC ( photo cleavable ) spacer , 
( e . g . , endonuclease activity ) can be fused to another protein , hexanediol , spacer 9 ( a triethylene glycol spacer ) , spacer 18 
e . g . , a DNA binding protein . The DNA binding protein can 60 ( an 18 - atom hexa - ethyleneglycol spacer ) , 1 ' , 2 ' dideoxyri 
target the hybrid to a specific sequence on a DNA . The bose ( dspacer ) , or I - linker ( from Exiqon ) . 
nucleic acid cleavage activity of the domain with enzymatic An adaptor can comprise one or more methyl groups . 
activity can be sequence specific or sequence non - specific . An adaptor can be synthesized with canonical nucleotides 
For example , the non - specific cleavage domain from the ( dATP , DCTP , dGTP , and dTTP ) . An adaptor can be made 
Type IIs restriction endonuclease Foki can be used as the 65 one or more noncanonical nucleotides . The noncanonical 
enzymatic ( cleavage ) domain of the hybrid nuclease . The nucleotide can be dUTP . An adaptor can comprise deoxyu 
sequence the domain with the enzymatic activity can cleave racil or deoxyinosine . 
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An adaptor can comprise one or more RNA - like nucleo - Reducing sample complexity by partitioning can also 
sides , e . g . , ANA ( arabino ) , LNA ( locked ) , 2 - 0 methyl RNA , improve the dynamic range of detection , since higher 
FANA ( 2 ' - fluoroarabino ) , or 2 - fluoro RNA . An adaptor can abundance molecules can be separated from low - abundance 
comprise a DNA - like nucleoside , e . g . , B - D - DNA , B - L molecules in different compartments , thereby allowing 
DNA , or a - D - DNA . An adaptor can comprise one or more 5 lower - abundance molecules greater proportional access to 
5 - 3 phosphorothioate linkages or inverted linkages ( 58 - 5 ' or reaction reagents , which in turn can enhance the detection of 
3 ' - 3 ' ) . An adaptor can comprise A - phosphorothioate , lower - abundance molecules . C - phosphorothioate , G - phosphorothioate , or T - phosphoro Droplets can be generated having an average diameter of 
thioate . about , more than about , less than about , or at least about Modified bases in an adaptor can include , e . g . , LNA 10 0 . 001 , 0 . 01 , 0 . 05 , 0 . 1 , 1 , 5 , 10 , 20 , 30 , 40 , 50 , 60 , 70 , 80 , ( locked nucleic acid ) , 2 - aminopurine , trimer - 20 , fluoro 100 , 120 , 130 , 140 , 150 , 160 , 180 , 200 , 300 , 400 , or 500 bases , 2 , 6 - diaminopurine ( 2 - amino - dA ) , 5 - bromo dU , 
deoxyuridine , inverted dT , dideoxy C , 5 - methyldC , deoxyl microns . The average diameter of the droplets can be about 

0 . 001 microns to about 0 . 01 microns , about 0 . 001 microns nosine , 5 - nitroindole , ribo A , ribo C , ribo G , ribo U , or - + 2 
0 - methyl RNA bases . An adaptor can have any type of 15 to pe of 15 to about 0 . 005 microns , about 0 . 001 microns to about 0 . 1 
nucleic acid modification described herein . microns , about 0 . 001 microns to about 1 micron , about 

In some embodiments , an adaptor is chemically synthe - 0 . 001 microns to about 10 microns , about 0 . 001 microns to 
sized . In some embodiments , an adaptor is not chemically about 100 microns , about 0 . 001 microns to about 500 
synthesized . microns , about 0 . 01 microns to about 0 . 1 microns , about 

The modifications described herein can be found on 20 0 . 01 microns to about 1 micron , about 0 . 01 microns to about 
sample polynucleotides . 10 microns , about 0 . 01 microns to about 100 microns , about 

Partitions 0 . 01 microns to about 500 microns , about 0 . 1 microns to 
A partition can be formed by any mode of separating that about 1 micron , about 0 . 1 microns to about 10 microns , 

can be used for digital PCR . A partition can be a microfluidic about 0 . 1 microns to about 100 microns , about 0 . 1 microns 
channel , a well on a nano - or microfluidic device or on a 25 to about 500 microns , about 1 micron to about 10 microns , 
microtiter plate , or a reaction chamber in a microfluidic about 1 micron to about 100 microns , 1 micron to about 500 
device . A partition can be an area on an array surface . A microns , about 10 microns to about 100 microns , about 10 
partition can be an aqueous phase of an emulsion ( e . g . , a microns to about 500 microns , or about 100 microns to about 
droplet ) . Methods of generating droplets are described 500 microns . 
herein . 30 Droplet volume can be about , more than about , less than 

Droplet Generation about , or at least about 0 . 001 nL , 0 . 01 nL , 0 . 1 nL , 1 nL ( 100 
The present disclosure includes compositions , methods , um ) , 10 nL , or 100 nL . Droplets can be generated using , 

and kits for manipulation of genetic material in droplets , e . g . , RAINSTORMTM ( RAINDANCETM ) , microfluidics 
e . g . , using droplet digital PCR . The droplets described from ADVACED LIQUID LOGIC , or ddPCRTM ( BIO 
herein can include emulsion compositions ( or mixtures of 35 RAD ) . 
two or more immiscible fluids ) described in U . S . Pat . No . Microfluidic methods of producing emulsion droplets 
7 , 622 , 280 , and droplets generated by devices described in using microchannel cross - flow focusing or physical agita 
International Application Publication No . WO / 2010 / tion can produce either monodisperse or polydisperse emul 
036352 , first inventor : Colston , each of which is hereby sions . The droplets can be monodisperse droplets . The 
incorporated by reference in its entirety . The term emulsion , 40 droplets can be generated such that the size of said droplets 
as used herein , can refer to a mixture of immiscible liquids does not vary by more than plus or minus 5 % of the average 
( such as oil and water ) . Oil - phase and / or water - in - oil emul - size of said droplets . The droplets can be generated such that 
sions can allow for the compartmentalization of reaction the size of said droplets does not vary by more than plus or 
mixtures within aqueous droplets . In some embodiments , minus 2 % of the average size of said droplets . A droplet 
the emulsions can comprise aqueous droplets within a 45 generator can generate a population of droplets from a single 
continuous oil phase . In other embodiments , the emulsions sample , wherein none of the droplets can vary in size by 
provided herein are oil - in - water emulsions , wherein the more than plus or minus 0 . 1 % , 0 . 5 % , 1 % , 1 . 5 % , 2 % , 2 . 5 % , 
droplets are oil droplets within a continuous aqueous phase . 3 % , 3 . 5 % , 4 % , 4 . 5 % , 5 % , 5 . 5 % , 6 % , 6 . 5 % , 7 % , 7 . 5 % , 8 % , 
The droplets provided herein can be used to prevent mixing 8 . 5 % , 9 % , 9 . 5 % , or 10 % of the average size of the total 
between compartments , and each compartment can protect 50 population of droplets . 
its contents from evaporation and coalescing with the con Both the flow rate in a droplet generator and the length of 
tents of other compartments . One or mote enzymatic reac nucleic acids in a sample can have an impact on droplet 
tions can occur in a droplet . generation . One way to decrease extension is to decrease 

The mixtures or emulsions described herein can be stable flow rate ; however , this can have the undesirable side effect 
or unstable . The emulsions can be relatively stable and have 55 of lower throughput and also increased droplet size . Long 
minimal coalescence . Coalescence can occur when small nucleic acids can disrupt droplet formation in extreme cases , 
droplets combine to form progressively larger droplets . Less resulting in a steady flow rather than discrete droplets . 
than about 0 . 00001 % , 0 . 00005 % , 0 . 00010 % , 0 . 00050 % , Reducing nucleic acid size in a sample can improve droplet 
0 . 001 % , 0 . 005 % , 0 . 01 % , 0 . 05 % , 0 . 1 % , 0 . 5 % , 1 % , 2 % . formation when nucleic acid loads are high . Samples with 
2 . 5 % , 3 % , 3 . 5 % , 4 % , 4 . 5 % , 5 % , 6 % , 7 % , 8 % , 9 % , or 10 % 60 high nucleic acid loads ( e . g . , high DNA loads , high RNA 
of droplets generated from a droplet generator can coalesce loads , etc . ) can be used . Reducing the length of nucleic acids 
with other droplets . The emulsions can also have limited in a sample ( e . g . , by digestion , sonication , heat treatment , or 
flocculation , a process by which the dispersed phase comes shearing ) can improve droplet formation . 
out of suspension in flakes . Higher mechanical stability can be useful for microfluidic 

Splitting a sample into small reaction volumes as 65 manipulations and higher - shear fluidic processing ( e . g . , in 
described herein can enable the use of reduced amounts of microfluidic capillaries or through 90 degree turns , such as 
reagents , thereby lowering the material cost of the analysis . valves , in a fluidic path ) . Pre - and post - thermally treated 
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droplets or capsules can be mechanically stable to standard sion , can comprise both magnesium chloride and magne 
pipette manipulations and centrifugation . sium sulfate . A wide range of common , commercial PCR 

A droplet can be formed by flowing an oil phase through buffers from varied vendors can be substituted for the 
an aqueous sample . A partition , e . g . , an aqueous phase of an buffered solution . 
emulsion , can comprise a buffered solution and reagents for 5 A non - ionic Ethylene Oxide / Propylene Oxide block copo 
performing an amplification reaction , e . g . , a PCR reaction , lymer can be added to a partition , e . g . , an aqueous phase of 
including nucleotides , primers , probe ( s ) for fluorescent an emulsion , in a concentration of about , more than about , 
detection , template nucleic acids , DNA polymerase enzyme , less than about , or at least about 0 . 1 % , 0 . 2 % , 0 . 3 % , 0 . 4 % , 
and / or reverse transcriptase enzyme . 0 . 5 % , 0 . 6 % , 0 . 7 % , 0 . 8 % , 0 . 9 % , or 1 . 0 % . A partition , or 

A partition , e . g . , an aqueous phase of an emulsion , can 10 aqueous phase , can comprise a biosurfactant . Common 
comprise a buffered solution and reagents for performing an biosurfactants include non - ionic surfactants such as Pluronic 
enzymatic reaction ( e . g . , a PCR ) without solid - state beads , F - 68 , Tetronics , Zonyl FSN . Pluronic F - 68 can be present at 
such as magnetic - beads . The buffered solution can comprise a concentration of about 0 . 5 % w / v . 
about , more than about , at least about , or less than about 1 , Additives 
5 , 10 , 15 , 20 , 30 , 50 , 100 , or 200 mM Tris . A partition , e . g . , 15 A partition , e . g . , an aqueous phase of an emulsion , can 
an aqueous phase of an emulsion , can comprise one or more comprise one or more additives including , but not limited to , 
buffers including , e . g . , TAPS , bicine , Tris , Tricine , TAPSO , non - specific background / blocking nucleic acids ( e . g . , 
HEPES , TES , MOPS , PIPES , cacodylate , SSC , ADA , salmon sperm DNA ) , biopreservatives ( e . g . , sodium azide ) , 
ACES , cholamine chloride , acetamidoglycine , glycinamide , PCR enhancers ( e . g . , betaine ( N , N , N - trimethylglycine ; [ car 
maleate , phosphate , CABS , piperidine , glycine , citrate , gly - 20 boxymethyl ] trimethylammonium ) , trehalose , etc . ) , and / or 
cylglycine , malate , formate , succinate , acetate , propionate , inhibitors ( e . g . , RNAse inhibitors ) . A GC - rich additive com 
pyridine , piperazine , histidine , bis - tris , ethanolamine , car - prising , e . g . , betaine and DMSO , can be added to samples 
bonate , MOPSO , imidazole , BIS - TRIS propane , BES , assayed in the methods provided herein . 
MOBS , triethanolamine ( TEA ) , HEPPSO , POPSO , hydra The one or more additives can include a non - specific 
zine , Trizma ( tris ) , EPPS , HEPPS , bicine , HEPBS , AMPSO , 25 blocking agent such as BSA or gelatin from bovine skin . The 
taurine ( AES ) , borate , CHES , 2 - amino - 2 - methyl - 1 - propanol gelatin or BSA can be present in a concentration range of 
( AMP ) , ammonium hydroxide , methylamine , or MES . The approximately 0 . 1 to about 0 . 9 % w / v . Other blocking agents 
pH of the partition , e . g . , an aqueous phase of an emulsion , can include betalactoglobulin , casein , dry milk , or other 
can be about 2 , 2 . 5 , 3 , 3 . 5 , 4 , 4 . 5 , 5 , 5 . 5 , 6 , 6 . 5 , 6 . 6 , 6 . 7 , 6 . 8 , common blocking agents . In some cases , the concentration 
6 . 9 , 7 , 7 . 1 , 7 . 2 , 7 . 3 , 7 . 4 , 7 . 5 , 7 . 5 , 7 . 6 , 7 . 7 , 7 . 8 , 7 . 9 , 8 , 8 . 1 , 8 . 2 , 30 of BSA and gelatin are about 0 . 1 % w / v . 
8 . 3 , 8 . 4 , 8 . 5 , 8 . 6 , 8 . 7 , 8 . 8 , 8 . 9 , 9 , 9 . 5 , 10 , 10 . 5 , 11 , 11 . 5 , 12 , The one or more additives can include 2 - pyrrolidone , 
or 12 . 5 . The pH of the partition , e . g . , an aqueous phase of an acetamide , N - methylpyrolidone ( NMP ) , B - hydroxyethyl 
emulsion , can be about 5 to about 9 , about 5 to about 8 , pyrrolidone ( HEP ) , propionamide , NN - dimethylacetamide 
about 5 to about 7 , about 6 . 5 to about 8 , about 6 . 5 to about ( DMA ) , N - methylformamide ( MMP ) , NN - dimethylforma 
7 . 5 , about 6 to about 7 , about 6 to about 9 , or about 6 to about 35 mide ( DMF ) , formamide , N - methylacetamide ( MMA ) , 

polyethylene glycol , tetramethylammonium chloride 
A partition , e . g . , an aqueous phase of an emulsion , can ( TMAC ) , 7 - deaza - 2 ' - deoxyguanosine , T4 gene 32 protein , 

comprise a salt , e . g . , potassium acetate , potassium chloride , glycerol , or nonionic detergent ( Triton X - 100 , Tween 20 , 
magnesium acetate , magnesium chloride , sodium acetate , or Nonidet P - 40 ( NP - 40 ) , Tween 40 , SDS ( e . g . , about 0 . 1 % 
sodium chloride . The concentration of potassium chloride 40 SDS ) ) , salmon sperm DNA , sodium azide , formamide , 
can be about , more than about , at least about , or less than dithiothreitol ( DTT ) , betamercaptoethanol ( BME ) , 2 - mer 
about 10 , 20 , 30 , 40 , 50 , 60 , 80 , 100 , 200 mM . The buffered captoethylamine - HCl , tris ( 2 - carboxythyl ) phosphine 
solution can comprise about 15 mM Tris and about 50 mM ( TCEP ) , cysteine - HCl , or a plant polysaccharide . The one or 
KC1 . more additives can be ethanol , ethylene glycol , dimethylac 

A partition , e . g . , an aqueous phase of an emulsion , can 45 etamide , dimethylformamide , or suphalane . 
comprise nucleotides . The nucleotides can comprise deoxy - Primers 
ribonucleotide triphosphate molecules , including dATP , A partition , e . g . , an aqueous phase of an emulsion , can 
dCTP , dGTP , DTTP , in concentrations of about , more than comprise oligonucleotide primers . The oligonucleotide 
about , less than about , or at least about 50 , 100 , 200 , 300 , primers can be used for amplification . Primers for amplifi 
400 , 500 , 600 , or 700 uM each . DUTP can be added within 50 cation within a partition , e . g . , an aqueous phase of an 
a partition , e . g . , an aqueous phase of an emulsion , to a emulsion , can have a concentration of about , more than 
concentration of about , less than about , more than about , or about , less than about , or at least about 0 . 1 , 0 . 2 , 0 . 3 , 0 . 4 , 0 . 5 , 
at least about 50 , 100 , 200 , 300 , 400 , 500 , 600 , 700 , 800 , 0 . 6 , 0 . 7 , 0 . 8 , 0 . 9 , or 1 . 0 uM . The concentration of each 
900 , or 1000 uM . The ratio of dUTP to dTTP in a partition , primer can be about 0 . 5 UM . Primers can be designed 
e . g . , an aqueous phase of an emulsion , can be about 1 : 1000 , 55 according to known parameters for avoiding secondary 
1 : 500 , 1 : 250 , 1 : 100 , 1 : 75 , 1 : 50 , 1 : 40 , 1 : 30 , 1 : 20 , 1 : 10 , 1 : 5 , structures and self - hybridization . Different primer pairs can 
1 : 4 , 1 : 3 , 1 : 2 , or 1 : 1 . anneal and melt at about the same temperatures , for 

A partition , e . g . , an aqueous phase of an emulsion , can example , within about 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 or 10° C . of 
comprise one or more divalent cations . The one or more another primer pair . In some cases , greater than about 1 , 2 , 
divalent cations can be , e . g . , Mg2 + , Mn2 + , Cu2 + , Co2 + , or 60 3 , 4 , 5 , 6 , 7 , 8 , 9 , 10 , 15 , 20 , 25 , 30 , 35 , 40 , 45 , 50 , 100 , 200 , 
Zn2 + Magnesium chloride ( MgCl2 ) can be added to a 500 , 1000 , 5000 , 10 , 000 or more primers are initially used . 
partition , e . g . , an aqueous phase of an emulsion , at a Such primers may be able to hybridize to the genetic targets 
concentration of about , more than about , at least about , or described herein . About 2 to about 10 , 000 , about 2 to about 
less than about 1 . 0 , 2 . 0 , 3 . 0 , 4 . 0 , or 5 . 0 mM . The concen 5 , 000 , about 2 to about 2 , 500 , about 2 to about 1 , 000 , about 
tration of MgCl , can be about 3 . 2 mM . Magnesium sulfate 65 2 to about 500 , about 2 to about 100 , about 2 to about 50 , 
can be substituted for magnesium chloride , at similar con about 2 to about 20 , about 2 to about 10 , or about 2 to about 
centrations . A partition , e . g . , an aqueous phase of an emul - 6 primers can be used . 
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Primers can be prepared by a variety of methods including Probes 

but not limited to cloning of appropriate sequences and A partition , e . g . , an aqueous phase of an emulsion , can 
direct chemical synthesis using methods well known in the comprise one or more probes for fluorescent detection . The 
art ( Narang et al . , Methods Enzymol . 68 : 90 ( 1979 ) ; Brown concentration of each of the one or more probes can be 
et al . , Methods Enzymol . 68 : 109 ( 1979 ) ) . Primers can also be 5 about , more than about , at least about , or less than about 0 . 1 , 
obtained from commercial sources such as Integrated DNA 0 . 2 , 0 . 3 , 0 . 4 , or 0 . 5 UM . The concentration of the one or more 
Technologies , Operon Technologies , Amersham Pharmacia probes for fluorescent detection can be about 0 . 25 UM . 
Biotech , Sigma , or Life Technologies . The primers can have Amenable ranges for target nucleic acid concentrations in 

PCR can be between about 1 pg and about 500 ng . A probe an identical melting temperature . The melting temperature 
10 can be about , more than about , less than about , or at least of a primer can be about 30 , 31 , 32 , 33 , 34 , 35 , 36 , 37 , 38 , about , 5 , 6 , 7 , 8 , 9 , 10 , 11 , 12 , 13 , 14 , 15 , 16 , 17 , 18 , 19 , 20 , 39 , 40 , 41 , 42 , 43 , 44 , 45 , 46 , 47 , 48 , 49 , 50 , 51 , 52 , 53 , 54 , 21 , 22 , 23 , 24 , 25 , 26 , 27 , 28 , 29 , 30 , 31 , 32 , 33 , 34 , 35 , 36 , 55 , 56 , 57 , 58 , 59 , 60 , 61 , 62 , 63 , 64 , 65 , 66 , 67 , 68 , 69 , 70 , 37 , 38 , 39 , or 40 bases long . A probe can be about 8 to about 71 , 72 , 73 , 74 , 75 , 76 , 77 , 78 , 79 , 81 , 82 , 83 , 84 , or 85° C . 40 , about 10 to about 40 , about 10 to about 35 , about 10 to The melting temperature of a primer can be about 30 to 15 about 30 , about 10 to about 25 , about 10 to about 20 , about about 85° C . , about 30 to about 80° C . , about 30 to about 750 15 to about 40 , about 15 to about 35 , about 15 to about 30 , C . , about 30 to about 70° C . , about 30 to about 65° C . , about about 15 to about 25 , about 15 to about 20 , about 18 to about 

30 to about 60° C . , about 30 to about 55° C . , about 30 to 40 , about 18 to about 35 , about 18 to about 30 , about 18 to 
about 50° C . , about 40 to about 85° C . , about 40 to about 80° about 25 , or about 18 to 22 bases . A label ( fluorophore , dye ) 
C . , about 40 to about 75º C . , about 40 to about 70° C . , about 20 used on a probe ( e . g . , a Taqman probe ) can be , e . g . , 
40 to about 65° C . , about 40 to about 60° C . , about 40 to 6 - carboxyfluorescein ( FAM ) , tetrachlorofluorescin ( TET ) , 
about 55° C . , about 40 to about 50° C . , about 50 to about 850 4 , 7 , 2 ' - trichloro - 7 ' - phenyl - 6 - carboxyfluorescein ( VIC ) , 
C . , about 50 to about 80° C . , about 50 to about 75° C . , about HEX , Cy3 , Cy 3 . 5 , Cy 5 , Cy 5 . 5 , Cy 7 , tetramethylrhod 
50 to about 70° C . , about 50 to about 65° C . , about 50 to amine , ROX , and JOE , Alexa Fluor dye , e . g . , Alexa Fluor 
about 60° C . , about 50 to about 55° C . , about 52 to about 60° 25 350 , 405 , 430 , 488 , 532 , 546 , 555 , 568 , 594 , 633 , 647 , 660 , 
C . , about 52 to about 58° C . , about 52 to about 56° C . , or680 , 700 , and 750 ; Cascade Blue , Marina Blue , Oregon 
about 52 to about 54° C . Green 500 , Oregon Green 514 , Oregon Green 488 , Oregon 

The lengths of the primers can be extended or shortened Green 488 - X , Pacific Blue , Rhodamine Green , Rhodol 
at the 5 ' end or the 3 ' end to produce primers with desired Green , Rhodamine Green - X , Rhodamine Red - X , and Texas 
melting temperatures . One of the primers of a primer pair 30 Red - X . The label can be at the 5 ' end of a probe , 3 ' end of 
can be longer than the other primer . The 3 ' annealing lengths the probe , at both the 5 ' and 3 ' end of a probe , or internal to 
of the primers , within a primer pair , can differ . Also , the the probe . A unique label can be used to detect each different 
annealing position of each primer pair can be designed such locus in an experiment . A probe , e . g . , a Taqman probe , can 
that the sequence and length of the primer pairs yield the comprise a quencher , e . g . , a 3 ' quencher . The 3 ' quencher can 
desired melting temperature . An equation for determining 35 be , e . g . , TAMARA , DABCYL , BHQ - 1 , BHQ - 2 , or BHQ - 3 . 
the melting temperature of primers smaller than 25 base In some cases , a quencher used in the methods provided 
pairs is the Wallace Rule ( Td = 2 ( A + T ) + 4 ( G + C ) ) . Computer herein is a black hole quencher ( BHQ ) . In some cases , the 
programs can also be used to design primers , including but quencher is a minor groove binder ( MGB ) . In some cases , 
not limited to Array Designer Software ( Arrayit Inc . ) , Oli - the quencher is a fluorescent quencher . In other cases , the 
gonucleotide Probe Sequence Design Software for Genetic 40 quencher is a non - fluorescent quencher ( NFQ ) . 
Analysis ( Olympus Optical Co . ) , NetPrimer , and DNAsis Polymerases 
from Hitachi Software Engineering . The TM ( melting or A partition , e . g . , an aqueous phase of an emulsion , can 
annealing temperature ) of each primer can be calculated comprise a polymerase . The polymerase can be a DNA 
using software programs such as Net Primer ( free web based polymerase . The DNA polymerase can be , e . g . , T4 DNA 
program at http : / / www . premierbiosoft . com / netprimer / in - 45 polymerase , DEEP VENTTM DNA polymerase , LON 
dex . html ) . The annealing temperature of the primers can be GAMP® Tag , PHUSION® High Fidelity DNA polymerase , 
recalculated and increased after any cycle of amplification , LONGAMP® Hot Start Taq , Crimson LONGAMP® Taq , 
including but not limited to about cycle 1 , 2 , 3 , 4 , 5 , about Taq DNA polymerase , Crimson Taq DNA polymerase , 
cycle 6 to about cycle 10 , about cycle 10 to about cycle 15 , ONETAQ® DNA polymerase , QUICK - LOAD DNA poly 
about cycle 15 to about cycle 20 , about cycle 20 to about 50 merase , VENTR® DNA polymerase , Hemo KLENTAQ® , 
cycle 25 , about cycle 25 to about cycle 30 , about cycle 30 Bsu DNA polymerase , DNA polymerase I , DNA Polymerase 
to about cycle 35 , or about cycle 35 to about cycle 40 . After I , Large ( Klenow ) , Klenow Fragment , Phi29 DNA poly 
the initial cycles of amplification , the 5 ' half of the primers merase , Pfu DNA polymerase , Pfx DNA polymerase , Tth 
can be incorporated into the products from each loci of DNA polymerase , Vent DNA polymerase , bacteriophase 29 , 
interest ; thus the TM can be recalculated based on both the 55 REDTAQTM , or T7 DNA polymerase . The DNA polymerase 
sequences of the 5 ' half and the 3 ' half of each primer . can comprise 3 ' to 5 ' exonuclease activity . The DNA poly 

The annealing temperature of the primers can be recal - merase can comprise 5 ' to 3 ' exonuclease activity . The DNA 
culated and increased after any cycle of amplification , polymerase can comprise both 3 ' to 5 ' exonuclease activity 
including but not limited to about cycle 1 , 2 , 3 , 4 , 5 , about and 5 ' to 3 ' exonuclease activity . The DNA polymerase can 
cycle 6 to about cycle 10 , about cycle 10 to about cycle 15 , 60 comprise neither 3 to 5 ' exonuclease activity nor 5 ' to 3 ' 
about cycle 15 to about cycle 20 , about cycle 20 to about exonuclease activity . The DNA polymerase can comprise 
cycle 25 , about cycle 25 to about cycle 30 , about cycle 30 strand displacement activity . In some cases , the DNA poly 
to about 35 , or about cycle 35 to about cycle 40 . After the merase does not comprise strand displacement activity . The 
initial cycles of amplification , the 5 ' half of the primers can error rate of the DNA polymerase can be less than 1x10 
be incorporated into the products from each loci of interest , 65 bases . 
thus the TM can be recalculated based on both the sequences A partition , e . g . , an aqueous phase of an emulsion , can 
of the 5 ' half and the 3 ' half of each primer . comprise a reverse transcriptase . The reverse transcriptase 
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can be AMV reverse transcriptase or M - MuLV reverse embodiment comprising storage of capsules at less than 
transcriptase . The RNA polymerase can comprise 5 ' to 3 ' about 25 degrees Celsius . In some embodiments , these 
exonuclease activity . The reverse transcriptase can comprise capsules are useful in biomedical applications , such as 
both 3 ' to 5 ' exonuclease activity and 5 ' to 3 ' exonuclease stable , digitized encapsulation of macromolecules , particu 
activity . The reverse transcriptase can comprise neither 3 to 5 larly aqueous biological fluids containing a mix of nucleic 
5 ' exonuclease activity nor 5 ' to 3 ' exonuclease activity . The acids or protein , or both together ; drug and vaccine delivery ; 
reverse transcriptase can comprise strand displacement biomolecular libraries ; clinical imaging applications , and 
activity . In some embodiments , the reverse transcriptase others . 
does not comprise strand displacement activity . The microcapsules can contain one or more nucleic acid 

A partition , e . g . , an aqueous phase of an emulsion , can 10 probes ( e . g . , molecular inversion probe , ligation probe , etc . ) 
comprise an RNA polymerase . The RNA polymerase can be , and can resist coalescence , particularly at high temperatures . 
e . g . , phi6 RNA polymerase , SP6 RNA polymerase , or T7 Accordingly , PCR amplification reactions can occur at a 
RNA polymerase . very high density ( e . g . , number of reactions per unit vol 

In some embodiments , a partition , e . g . , an aqueous phase ume ) . In some embodiments , greater than 100 , 000 , 500 , 000 , 
of an emulsion , comprises Poly ( U ) polymerase or Poly ( A ) 15 1 , 000 , 000 , 1 , 500 , 000 , 2 , 000 , 000 , 2 , 500 , 000 , 5 , 000 , 000 , or 
polymerase . 10 , 000 , 000 separate reactions can occur per ml . In some 

Oil Phase embodiments , the reactions occur in a single well , e . g . , a 
The oil phase can comprise a fluorinated base oil which well of a microtiter plate , without inter - mixing between 

can be additionally stabilized by combination with a fluo - reaction volumes . The microcapsules can also contain other 
rinated surfactant such as a perfluorinated polyether . The 20 components necessary to enable an enzymatic reaction ( e . g . , 
base oil can be one or more of HFE 7500 , FC - 40 , FC - 43 , a PCR reaction ) to occur , e . g . , nucleotides , primers , probes , 
FC - 70 , or another common fluorinated oil . The anionic dNTPs , DNA or RNA polymerases , reverse transcriptases , 
surfactant can be Ammonium Krytox ( Krytox - AM ) , the restriction enzymes , etc . These capsules exhibit resistance to 
ammonium salt of Krytox FSH , or morpholino derivative of coalescence and flocculation across a wide range of thermal 
Krytox - FSH . Krytox - AS can be present at a concentration of 25 and mechanical processing . 
about , more than about , less than about , or at least about The compositions described herein can include composi 
0 . 1 % , 0 . 2 % , 0 . 3 % , 0 . 4 % , 0 . 5 % , 0 . 6 % , 0 . 7 % , 0 . 8 % , 0 . 9 % , tions comprising mixtures of two or more immiscible fluids 
1 . 0 % , 2 . 0 % , 3 . 0 % , or 4 . 0 % w / w . The concentration of such as oil and water that contain a type of nucleic acid 
Krytox - AS can be about 1 . 8 % . The concentration of Krytox - probe ( e . g . , TaqMan probe , molecular inversion probe , liga 
AS can be about 1 . 62 % . Morpholino derivative of Krytox - 30 tion probe , etc . ) . In some cases , the composition comprises 
FSH can be present at a concentration of about , more than a restriction enzyme described herein , e . g . , a droplet com 
about , less than about , or at least about 0 . 1 % , 0 . 2 % , 0 . 3 % , prising a restriction enzyme ( e . g . , methylation - sensitive 
0 . 4 % , 0 . 5 % , 0 . 6 % , 0 . 7 % , 0 . 8 % , 0 . 9 % , 1 . 0 % , 2 . 0 % , 3 . 0 % , or enzyme ) . In other embodiments , the compositions described 
4 . 0 % w / w . The concentration of morpholino derivative of herein comprise microcapsules that contain a type of nucleic 
Krytox - FSH can be about 1 . 8 % . In some embodiments , the 35 acid ( e . g . , TaqMan probe , molecular inversion probe , liga 
concentration of morpholino derivative of Krytox - FSH is tion probe , etc . ) . Such microcapsules can resist coalescence , 
about 1 . 62 % . particularly at high temperatures , and therefore enable 

The oil phase can comprise an additive for tuning the oil amplification reactions to occur at a very high density ( e . g . , 
properties , such as vapor pressure or viscosity or surface number of reactions per unit volume ) . 
tension . Nonlimiting examples include perfluoro - octanol 40 Fragmentation 
and 1H , 1H , 2H , 2H - Perfluorodecanol . In some embodi Library preparation within partitions ( e . g . , droplets ) can 
ments , 1H , 1H , 2H , 2H - Perfluorodecanol is added to a con - entail fragmentation of polynucleotides in a sample and 
centration of about 0 . 05 % , 0 . 06 % , 0 . 07 % , 0 . 08 % , 0 . 09 % , ligation of adaptors . Generally , the fragmentation occurs 
1 . 00 % , 1 . 25 % , 1 . 50 % , 1 . 75 % , 2 . 00 % , 2 . 25 % , 2 . 50 % , within a partition ( e . g . , droplet ) ; but , in some applications , 
2 . 75 % , or 3 . 00 % w / w . In some embodiments , 1H , 1H , 2H , 45 the fragmentation may occur prior to the partitioning . Frag 
2H - Perfluorodecanol is added to a concentration of 0 . 18 % mentation can be accomplished enzymatically , e . g . , using an 
w / w . endonuclease . The endonuclease can be , e . g . , Aatli , Acc651 , 

Microcapsules Acci , Acil , Acll , Acul , Afel , AflII , AfIII , Agel , Ahdi , AleI , 
In some embodiments , the emulsion is formulated to Alul , Alwi , AlwNI , Apal , ApaLI , ApeKI , Apol , Asci , Asel , 

produce highly monodisperse droplets having a liquid - like 50 AsiSI , Aval , Avall , AvrUU , BaeGI , Bael , BamHI , Banl , 
interfacial film that can be converted by heating into micro - Banll , Bbsl , BbvCI , Bbvl , Bed , BceAI , Bcgl , BciVI , Bcll , 
capsules having a solid - like interfacial film ; such microcap - Bfal , BfUAI , BfUCI , Bgli , BglII , Blpi , BmgBI , Bmrl , Bmti , 
sules can behave as bioreactors able to retain their contents BpmI , Bpu10I , BpuEI , BsaAI , BsaBI , BsaHI , Bsal , BsaJI , 
through a reaction process such as PCR amplification . The BsaWI , BsaXI , BseRI , BseYI , Bsgl , BsiEI , BsiHKAI , 
conversion to microcapsule form can occur upon heating . 55 BsiWI , Bsll , BsmAI , BsmBI , BsmFI , Bsml , BsoBI , 
For example , such conversion can occur at a temperature of Bsp12861 , BspCNI , BspDI , BspEI , BspHI , BspMI , BspQI , 
greater than about , more than about , or at least about 50 , 60 , BsrBI , BsrDI , BsrFI , BsrGI , Bsrl , BssHII , BssKI , BssSI , 
70 , 80 , 90 , or 95 degrees Celsius . In some embodiments this BstAPI , BstBI , BstEII , BstNI , BstUI , BstXI , BstYI , BstZ171 , 
heating occurs using a thermocycler . During the heating Bsu361 , Btgl , BtgZI , BtsCI , Btsi , Cac81 , Clal , CspCI , Cvi 
process , a fluid or mineral oil overlay can be used to prevent 60 AII , CviKi - 1 , CviQI , Ddel , Dpnl , Dpnll , Dral , DraIII , Drdi , 
evaporation . Excess continuous phase oil may or may not be Eael , Eagl , Earl , Ecil , Eco53ki , EcoNU , Eco01091 , 
removed prior to heating . The biocompatible capsules can be EcoP151 , EcoRI , EcoRV , Fati , Faul , Fnu4HI , Foki , Fsel , 
resistant to coalescence and / or flocculation across a wide Fspl , Haell , HaeIII , Hgal , Hhal , HincII , Hinc III , Hinfl , 
range of thermal and mechanical processing . HinP11 , Hpal , Hpall , Hphl , Hpy1661 , Hpy1881 , Hpy188III , 

Following conversion , the capsules can be stored at about , 65 Hpy991 , Hpy AV , HpyCH4III , HpYCH4IV , HpyCH4V , Kasi , 
more than about , less than about , or at least about 3 , 4 , 5 , 6 , Kpni , Mbol , Mboll , Mfel , Mlul , Mlyl , Mmel , Mnll , Msci , 
7 , 8 , 9 , 10 , 15 , 20 , 25 , 30 , 35 , or 40 degrees Celsius , with one Msel , MsII , MspAli , Mspl , Mwol , Nael , NatI , Nb . BbvCI , 
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Nb . Bsml , Nb . BsrDI , Nb . Btsi , Ncil , Ncol , Ndel , NgoMIV , can occur at about 4° C . to about 16° C . , about 16° C . to 
Nhel , NlalII , NlaIV , NmeAIII , Notl , Nrul , Nsil , Nspi , about 25° C . , about 25° C . to about 30° C . , about 25° C . to 
Nt . Aiwl , Nt . BbvCI , Nt . BsmAI , Nt . BspQI , Nt . BstNBI , about 37° C . , about 37° C . to about 45° C . , about 37° C . to 
Nt . CviPII , Paci , PaeR71 , Pcil , PfIFI , PAMI , Phol , Plel , about 50° C . , or about 50° C . to about 65° C . 
Pmel , PmlI , PpuMI , PshAI , Psil , PspGI , PspOMI , PspXI , 5 The ligation reaction can occur for a time period of about , 
Pstl , Pvul , Pvull , Rsal , Rsril , Sacl , SacII , Sall , Sapi , more than about , less than about , or at least about 5 min , 15 
Sau3AI , Sau961 , Sbfi , Scal , ScrFI , SexAI , SfaNI , Sfci , Sfci , min , 30 min , 45 min , or 60 min . The ligation reaction can 
Sfol , SgrAI , Smal , Smll , SnaBI , Spel , Sphl , Sspl , Stul , occur for a time period of about , more than about , less than 
StyD41 , StyO , Swal , T , Taqal , Tfil , Tlil , Tsel , Tsp451 , about , or at least about 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 , 10 , 11 , 12 , 13 , 
Tsp5091 , TspMI , TspRI , Tth1111 , Xbal , Xcml , Xhol , Xmal , 10 14 , 15 , 16 , 17 , 18 , 19 , 20 , 21 , 22 , 23 , 24 , 25 , 26 , 27 , 28 , 29 , 
Xmnl , or Zral 30 , 31 , 32 , 33 , 34 , 35 , 36 , 37 , 38 , 39 , 40 , 41 , 42 , 43 , 44 , 45 , 

In some embodiments , the fragmentation is mechanical 46 , 47 , or 48 hr . The ligation reaction can last for about 5 min 
fragmentation . In some embodiments , shear forces created to about 15 min , about 5 min to about 30 min , about 5 min 
during lysis or extraction can mechanically fragment poly - to about 45 min , about 5 min to about 60 min , about 30 min 
nucleotides . Fragmentation can be accomplished by , e . g , 15 to about 60 min , about 30 min to about 90 min , about 30 min 
sonication , heat treatment , or shearing . In some embodi - to about 120 min , about 1 hr to about 2 hr , about 1 hr to about 
ments , mechanical fragmentation is by nebulization . 6 hr , about 1 hr to about 12 hr , about 12 hr to about 24 hr , 

In some embodiments , the endonuclease is a methylation or about 12 hr to about 48 hr . 
sensitive restriction enzyme . In some embodiments , the A transposon - based approach such as that provided by 
methylation sensitive restriction enzyme specifically cleaves 20 NEXTERATM can be used in which DNA is fragmented and 
methylated polynucleotides . In some embodiments , the an adaptor can be ligated in a single step reaction ( see e . g . , 
methylation sensitive restriction enzyme specifically cleaves http : / / www . epibio . com / newsletter / 16 - 3 _ 4 - 6 . pdf ) . A 
unmethylated polynucleotides . A methylation sensitive TRANSPOSOMETM complex can comprise free transposon 
enzyme can include , e . g . , Dpnl , Acc651 , Kpnl , Apal , ends and a transposase . A TRANSPOSOMETM complex can 
Bsp1201 , Bsp1431 , Mbol , BspOI , Nhel , Cfr91 , Smal , Csp6l , 25 be incubated with target double strand DNA , and the target 
Rsal , Ec113611 , Saci , EcoRII , Mval , Hpall , MSpJI , LpnPI , can be fragmented . The transferred strand of a transposon 
FsnEI , Dpnll , MerBc , or Mspl . end oligonucleotide can be covalently attached to the 5 ' end 

In some embodiments , fragmentation of a polynucleotide of a target fragment . Transposon integration and strand 
is accomplished by introducing one or more noncanonical transfer can occur via a staggered , dsDNA break within a 
nucleotides ( e . g . , DUTP ) into a polynucleotide , generating 30 target polynucleotide . The resulting fragments can have 
one or more abasic sites by cleaving the base of the single - stranded gaps . The concentration of TRANSPO 
non - canonical nucleotide ( e . g . , using , e . g . , Uracil N - Glyco - SOMETM complexes can be varied to control the size 
sylase ( UNG ) or Uracil DNA glycosylase ( UDG ) ) , and distribution of the fragmented and tagged DNA library . The 
fragmenting the polynucleotide at the one or more abasic transposon ends can comprise barcodes . Adaptor ligation 
sites . The fragmenting can be by an enzymatic agent or a 35 can be followed with PCR amplification of ligated products 
chemical agent . The chemical agent can be , e . g . , a to increase their concentrations . 
polyamine , e . g . , N , N - dimethylethylenediamine ( DMED ) . The NEXTERATM technology can be used to generate 
The enzymatic agent can be , e . g . , apurinic / apyrimidinic d i - tagged libraries . The libraries can be optionally barcoded . 
endonuclease ( APE 1 ) . In some embodiments , fragmenta - The libraries can be compatible , e . g . , with Roche / 454 or 
tion can be accomplished as described in U . S . Patent Appli - 40 ILLUMINA® / SOLEXA? sequencing platforms . To gener 
cation Publication Nos . 20110033854 or 20100022403 . ate platform - specific libraries , free transposon ends or 

Ligation appended transposon ends can be used . Platform specific 
Fragmentation can be followed by a step of ligating tags , and optional barcoding , can be introduced by , e . g . , 

adaptors to polynucleotides . In some embodiments , a liga - PCR . Amplification can occur by , e . g . , emulsion PCR 
tion step does not following a fragmentation step . A parti - 45 ( emPCR ) or bridge PCR ( PCR ) . 
tion , e . g . , an aqueous phase of an emulsion , can comprise a In some embodiments , the methods of ligating adaptors to 
ligase . The ligase can be , e . g . , T4 DNA ligase , E . coli DNA polynucleotides are those described in U . S . Pat . No . 5 , 789 , 
ligase , Taq DNA ligase , 9° NTM DNA ligase , T4 RNA ligase 206 or Arneson et al . ( 2008 ) Whole - Genome Amplification 
1 ( SSRNA ligase ) , T4 RNA ligase 2 ( dsRNA ligase ) , or T4 by Adaptor - Ligation PCR of Randomly Sheared Genomic 
RNA Ligase 2 , truncated ( NEB ) . 50 DNA ( PRSG ) Cold Spring Harbor Protocols . 

A partition , e . g . , an aqueous phase of an emulsion , can Sizes of fragments of polynucleotides that can be gener 
comprise reagents for a ligation reaction , e . g . , buffer , salt , ated can be about , more than about , at least about , or less 
and / or reducing agent . Ligase and other reagents can be than about 10 , 25 , 50 , 100 , 200 , 300 , 400 , 500 , 600 , 700 , 
supplied in a partition , e . g . , an aqueous phase of an emul 800 , 900 , 1000 , 2000 , 3000 , 4000 , 5000 , 6000 , 7000 , 8000 , 
sion , separate from a partition , e . g . , an aqueous phase of an 55 9000 , 10 , 000 , 20 , 000 , 30 , 000 , 40 , 000 , 50 , 000 , 60 , 000 , 
emulsion , comprising polynucleotides . A partition , e . g . , an 70 , 000 , 80 , 000 , 90 , 000 , 100 , 000 , 200 , 000 , 300 , 000 , 400 , 
aqueous phase of an emulsion , comprising ligase can be 000 , 500 , 000 , 600 , 000 , 700 , 000 , 800 , 000 , 900 , 000 , 1 , 000 , 
merged with a partition , e . g . , an aqueous phase of an 000 , 2 , 000 , 000 , 3 , 000 , 000 , 4 , 000 , 000 , 5 , 000 , 000 , 6 , 000 , 000 , 
emulsion , comprising polynucleotides . 7 , 000 , 000 , 8 , 000 , 000 , 9 , 000 , 000 , or 10 , 000 , 000 bases or 

The ligation reaction can occur at a temperature of about , 60 base pairs . In some embodiments , the size of fragmented 
more than about , less than about , or at least about 4 , 5 , 6 , 7 , polynucleotides is about 50 to about 100 , about 50 to about 
8 , 9 , 10 , 11 , 12 , 13 , 14 , 15 , 16 , 17 , 18 , 19 , 20 , 21 , 22 , 23 , 24 , 150 , about 50 to about 200 , about 100 to about 150 , about 
25 , 26 , 27 , 28 , 29 , 30 , 31 , 32 , 33 , 34 , 35 , 36 , 37 , 38 , 39 , 40 , 100 to about 200 , about 100 to about 300 , about 150 to about 
41 , 42 , 43 , 44 , 45 , 46 , 47 , 48 , 49 , 50 , 51 , 52 , 53 , 54 , 55 , 56 , 200 , about 150 to about 250 , about 200 to about 300 , about 
57 , 58 , 59 , 60 , 61 , 62 , 63 , 64 , 65 , 66 , 67 , 68 , 69 , 70 , 71 , 72 , 65 200 to about 400 , about 300 to about 400 , about 300 to about 
73 , 74 , 75 , 76 , 77 , 78 , 79 , 80 , 81 , 82 , 83 , 84 , 85 , 86 , 87 , 88 , 500 , about 400 to about 500 , about 400 to about 600 , about 
89 , 90 , 91 , 92 , 93 , 94 , 95 , 96 , 97 , 98 , or 99° C . The ligation 500 to about 600 , about 500 to about 700 , about 600 to about 

Ligation 
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700 , about 600 to about 800 , about 700 to about 800 , about can displace the newly produced DNA strand and continues 
700 to about 900 , about 800 to about 1000 , about 50 to about its strand elongation . Strand displacement can generate 
500 , about 100 to about 500 , about 100 to about 1000 , about newly synthesized single stranded DNA template to which 
50 to about 1500 , about 50 to about 2000 , about 1000 to other primers can anneal . Further primer annealing and 
about 2000 , or about 1500 to about 2000 bases or base pairs . 5 strand displacement on the newly synthesized template can 
In some embodiments , the size of fragmented polynucle - result in a hyper - branched DNA network . The sequence 
otides is about 1000 to about 5000 , about 1000 to about debranching during amplification can result in a high yield 
10 , 000 , about 10 , 000 to about 20 , 000 , about 10 , 000 to about of products . To separate the DNA branching network , one or 
50 , 000 , about 10 , 000 to about 100 , 000 , about 50 , 000 to more Si nucleases can be used to cleave the fragments at 
about 100 , 000 , about 100 , 000 to about 200 , 000 , about 10 displacement sites . The nicks on the resulting DNA frag 
100 , 000 to about 500 , 000 , about 100 , 000 to about 1 , 000 , ments can be repaired by DNA polymerase I . The generated 
000 , about 200 , 000 to about 1 , 000 , 000 , about 300 , 000 to DNA fragments can be directly used for analysis or be 
about 1 , 000 , 000 , about 400 , 000 to about 1 , 000 , 000 , about ligated to generate genomic libraries for further sequencing 
500 , 000 to about 1 , 000 , 000 , or about 750 , 000 to about analysis . MDA is described , e . g . , in U . S . Pat . No . 7 , 074 , 600 . 
1 , 000 , 000 bases or base pairs . 15 Amplification of polynucleotides can occur on a bead . In 

Amplification other embodiments , amplification does not occur on a bead . 
Polynucleotides may be amplified before they are parti - A hot start PCR can be performed wherein the reaction is 

tioned . In some embodiments , polynucleotides are amplified heated to 95° C . for two minutes prior to addition of the 
while in a partition ( e . g . , aqueous phase of an emulsion , e . g . , polymerase or the polymerase can be kept inactive until the 
droplet ) . In some embodiments , polynucleotides are ampli - 20 first heating step in cycle 1 . Hot start PCR can be used to 
fied before fragmentation in a partition . In some embodi minimize nonspecific amplification . Other strategies for and 
ments , polynucleotides are amplified after fragmentation in aspects of amplification suitable for use in the methods 
a partition . In some embodiments , polynucleotides are described herein are described in U . S . Patent Application 
amplified both before and after fragmentation in a partition . Publication No . 2010 / 0173394 A1 , published Jul . 8 , 2010 , 
In some embodiments , polynucleotides are amplified in a 25 which is incorporated herein by reference . 
partition before ligating an adaptor to a polynucleotide in a Any number of PCR cycles can be used to amplify the 
partition . In some embodiments , polynucleotides are ampli - DNA , e . g . , about , more than about , at least about , or less 
fied in a partition after ligating an adaptor to the polynucle - than about 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 , 10 , 11 , 12 , 13 , 14 , 15 , 16 , 
otide in the partition . In some embodiments , polynucleotides 17 , 18 , 19 , 20 , 21 , 22 , 23 , 24 , 25 , 26 , 27 , 28 , 29 , 30 , 31 , 32 , 
are amplified after ligating an adaptor to the polynucleotides 30 33 , 34 , 35 , 36 , 37 , 38 , 39 , 40 , 41 , 42 , 43 , 44 or 45 cycles . The 
and pooling polynucleotides from different partitions . number of amplification cycles can be about 1 to about 45 , 

In some embodiments , the amplification comprises poly - about 10 to about 45 , about 20 to about 45 , about 30 to about 
merase chain reaction ( PCR ) , digital PCR , reverse - transcrip 45 , about 35 to about 45 , about 10 to about 40 , about 10 to 
tion PCR , quantitative PCR , real - time PCR , isothermal about 30 , about 10 to about 25 , about 10 to about 20 , about 
amplification , linear amplification , or isothermal linear 35 10 to about 15 , about 20 to about 35 , about 25 to about 35 , 
amplification , quantitative fluorescent PCR ( QF - PCR ) , mul - about 30 to about 35 , or about 35 to about 40 . 
tiplex fluorescent PCR ( MF - PCR ) , single cell PCR , restric Thermocycling reactions can be performed on samples 
tion fragment length polymorphism PCR ( PCR - RFLP ) , contained in droplets . The droplets can remain intact during 
PCR - RFLP / RT - PCR - RFLP , hot start PCR , nested PCR , in thermocycling . Droplets can remain intact during thermo 
situ polony PCR , in situ rolling circle amplification ( RCA ) , 40 cycling at densities of greater than about 10 , 000 droplets ! 
bridge PCR ( DPCR ) , picotiter PCR , digital PCR , droplet mL , 100 , 000 droplets / mL , 200 , 000 droplets / mL , 300 , 000 
digital PCR , or emulsion PCR ( emPCR ) . Other suitable droplets / mL , 400 , 000 droplets / mL , 500 , 000 droplets / mL , 
amplification methods include ligase chain reaction ( LCR 600 , 000 droplets / mL , 700 , 000 droplets / mL , 800 , 000 drop 
( oligonucleotide ligase amplification ( OLA ) ) , transcription lets / mL , 900 , 000 droplets / mL or 1 , 000 , 000 droplets / mL . 
amplification , cycling probe technology ( CPT ) , molecular 45 Droplets can remain intact during thermocycling at densities 
inversion probe ( MIP ) PCR , self - sustained sequence repli - of greater than about 10 , 000 droplets / mL to about 100 , 000 
cation , selective amplification of target polynucleotide droplets / mL , 10 , 000 droplets / mL to about 1 , 000 , 000 drop 
sequences , consensus sequence primed polymerase chain lets / mL , or about 100 , 000 droplets / mL to about 1 , 000 , 000 
reaction ( CP - PCR ) , arbitrarily primed polymerase chain droplets / mL . In other cases , two or more droplets may 
reaction ( AP - PCR ) , transcription mediated amplification 50 coalesce during thermocycling . In other cases , greater than 
( TMA ) , degenerate oligonucleotide - primed PCR ( DOP - about 100 or greater than about 1 , 000 droplets may coalesce 
PCR ) , multiple - displacement amplification ( MDA ) , strand during thermocycling . 
displacement amplification ( SDA ) , and nucleic acid based Polynucleotides 
sequence amplification ( NABSA ) . Other amplification The methods described herein can be used for manipu 
methods that can be used herein include those described in 55 lating and analyzing polynucleotides . The term polynucle 
U . S . Pat . Nos . 5 , 242 , 794 ; 5 , 494 , 810 ; 4 , 988 , 617 ; and 6 , 582 , otide , or grammatical equivalents , can refer to at least two 
938 . nucleotides covalently linked together . A nucleic acid 

In some embodiments , a multiple - displacement amplifi - described herein can contain phosphodiester bonds , 
cation ( MDA ) step can be performed within a partition ( e . g . , although in some cases , as outlined herein ( for example in 
droplet ) prior to fragmentation of polynucleotides and adap - 60 the construction of primers and probes such as label probes ) , 
tor ligation to amplify the amount of DNA in each droplet in nucleic acid analogs are included that can have alternate 
order to cover more of the captured polynucleotides . MDA backbones , comprising , for example , phosphoramide ( see 
can be a non - PCR based amplification technique that can e . g . , Beaucage et al . , Tetrahedron 49 ( 10 ) : 1925 ( 1993 ) and 
involve annealing multiple primers ( e . g . , hexamer primers ) references therein ; Letsinger , J . Org . Chem . 35 : 3800 ( 1970 ) ; 
to a polynucleotide template , and initiating DNA synthesis 65 Sprinzl et al . , Eur . J . Biochem . 81 : 579 ( 1977 ) ; Letsinger et 
( e . g . , using Phi 29 polymerase ) . When DNA synthesis al . , Nucl . Acids Res . 14 : 3487 ( 1986 ) ; Sawai et al , Chem . Lett . 
proceeds to the next synthesis starting site , the polymerase 805 ( 1984 ) , Letsinger et al . , J . Am . Chem . Soc . 110 : 4470 
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( 1988 ) ; and Pauwels et al . , Chemica Scripta 26 : 141 91986 ) ) , used in other applications wherein a rare population of 
phosphorothioate ( Mag et al . , Nucleic Acids Res . 19 : 1437 polynucleotides exists within a larger population of poly 
( 1991 ) ; and U . S . Pat . No . 5 , 644 , 048 ) , phosphorodithioate nucleotides . Polynucleotides can be obtained through clon 
( Briu et al . , J . Chem . Soc . 111 : 2321 ( 1989 ) , O - methyl ing , e . g . , cloning into plasmids , yeast , or bacterial artificial 
phosphoroamidate linkages ( see e . g . , Eckstein , Oligonucle - 5 chromosomes . A polynucleotide can be obtained by reverse 
otides and Analogues : A Practical Approach , Oxford Uni - transcription of isolated mRNA . 
versity Press ) , and peptide nucleic acid ( also referred to In some embodiments , genomic DNA is analyzed . In 
herein as “ PNA ” ) backbones and linkages ( see e . g . , Egholm , some embodiments , the genomic DNA is from a mammal , 
J . Am . Chem . Soc . 114 : 1895 ( 1992 ) ; Meier et al . , Chem . Int . e . g . , a human . The genomic DNA can be obtained from 
Ed . Engl . 31 : 1008 ( 1992 ) ; Nielsen , Nature , 365 : 566 ( 1993 ) ; 10 normal somatic tissue , germinal tissue , or diseased tissue 
Carlsson et al . , Nature 380 : 207 ( 1996 ) , all of which are ( e . g . , tumor tissue ) . In some embodiments , about , more than 
incorporated by reference ) . Other analog nucleic acids about , at least about , or less than about 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 
include those with bicyclic structures including locked 9 , 10 , 11 , 12 , 13 , 14 , 15 , 16 , 17 , 18 , 19 , 20 , 21 , 22 , 23 , 24 , 
nucleic acids ( LNAs are a class of nucleic acid analogues in 25 , 26 , 27 , 28 , 29 , 30 , 31 , 32 , 33 , 34 , 35 , 36 , 37 , 38 , 39 , 40 , 
which the ribose ring is “ locked ” by a methylene bridge 15 41 , 42 , 43 , 44 , 45 , 46 , 47 , 48 , 49 , 50 , 51 , 52 , 53 , 54 , 55 , 56 , 
connecting the 2 - 0 atom with the 4 ' - C atom ) , also referred 57 , 58 , 59 , 60 , 61 , 62 , 63 , 64 , 65 , 66 , 67 , 68 , 69 , 70 , 71 , 72 , 
to herein as “ LNA ” ( see e . g . , Koshkin et al . , J . Am . Chem . 73 , 74 , 75 , 76 , 77 , 78 , 79 , 80 , 81 , 82 , 83 , 84 , 85 , 86 , 87 , 88 , 
Soc . 120 . 13252 3 ( 1998 ) ) ; positive backbones ( Denpcy et 89 , 90 , 91 , 92 , 93 , 94 , 95 , 96 , 97 , 98 , 99 , or 100 genome 
al . , Proc . Natl . Acad . Sci . USA 92 : 6097 ( 1995 ) ; non - ionic equivalents are used . A genome equivalent can be the 
backbones ( see e . g . , U . S . Pat . Nos . 5 , 386 , 023 , 5 , 637 , 684 , 20 amount of DNA in a single copy of a genome ( e . g . , a single 
5 , 602 , 240 , 5 , 216 , 141 and 4 , 469 , 863 ; Kiedrowshi et al . , diploid cell has 2 genome equivalents of DNA ) . In some 
Angew . Chem . Intl . Ed . English 30 : 423 ( 1991 ) ; Letsinger et embodiments , about 1 to about 10 , about 1 to about 15 , about 
al . , J . Am . Chem . Soc . 110 : 4470 ( 1988 ) ; Letsinger et al . , 1 to about 20 , about 1 to about 25 , about 1 to about 30 , about 
Nucleoside & Nucleotide 13 : 1597 ( 1994 ) ; Chapters 2 and 3 , 1 to about 35 , about 1 to about 40 , about 1 to about 45 , about 
ASC Symposium Series 580 , “ Carbohydrate Modifications 25 1 to about 50 , about 1 to about 55 , about 1 to about 60 , about 
in Antisense Research ” , Ed . Y . S . Sanghui and P . Dan Cook ; 5 to about 10 , about 5 to about 15 , about 5 to about 20 , about 
Mesmaeker et al . , Bioorganic & Medicinal Chem . Lett . 5 to about 25 , about 5 to about 30 , about 5 to about 35 , about 
4 : 395 ( 1994 ) ; Jeffs et al . , J . Biomolecular NMR 34 : 17 5 to about 40 , about 5 to about 45 , about 5 to about 50 , about 
( 1994 ) ; Tetrahedron Lett . 37 : 743 ( 1996 ) ) , and non - ribose 5 to about 55 , about 5 to about 60 , about 10 to about 20 , 
backbones , including those described in U . S . Pat . Nos . 30 about 10 to about 30 , about 10 to about 40 , about 10 to about 
5 , 235 , 033 and 5 , 034 , 506 , and Chapters 6 and 7 , ASC 50 , or about 10 to about 50 genome equivalents are used . In 
Symposium Series 580 , “ Carbohydrate Modifications in some embodiments , about , more than about , at least about , 
Antisense Research ” , Ed . Y . S . Sanghui and P . Dan Cook . or less than about 100 , 200 , 300 , 400 , 500 , 600 , 700 , 800 , 
Nucleic acids containing one or more carbocyclic sugars are 900 , 1000 , 2000 , 3000 , 4000 , 5000 , 6000 , 7000 , 8000 , 9000 , 
also included within the definition of nucleic acids ( see e . g . , 35 10 , 000 , 20 , 000 , 30 , 000 , 40 , 000 , 50 , 000 , 60 , 000 , 70 , 000 , 
Jenkins et al . , Chem . Soc . Rev . ( 1995 ) pp 169 - 176 ) . Several 80 , 000 , 90 , 000 , 100 , 000 , 200 , 000 , 300 , 000 , 400 , 000 , 500 , 
nucleic acid analogs are described in Rawls , C & E News 000 , 600 . 000 , 700 , 000 , 800 , 000 , 900 , 000 , 1 , 000 , 000 , 2 , 000 . 
Jun . 2 , 1997 page 35 . All of these references are hereby 000 , 3 , 000 , 000 , 4 , 000 , 000 , 5 , 000 , 000 , 6 , 000 , 000 , 7 , 000 , 000 , 
expressly incorporated by reference . These modifications of 8 , 000 , 000 , 9 , 000 , 000 , or 10 , 000 , 000 genome equivalents are 
the ribose - phosphate backbone can be done to increase the 40 used . In some embodiments , about 100 to about 1000 , about 
stability and half - life of such molecules in physiological 100 to about 10 , 000 , about 100 to about 100 , 000 , about 100 
environments . For example , PNA : DNA and LNA - DNA to about 1 , 000 , 000 , about 100 to about 10 , 000 , 000 , about 
hybrids can exhibit higher stability and thus can be used in 1000 to about 10 , 000 , about 1000 to about 100 , 000 , about 
some embodiments . The target nucleic acids can be single 1000 to about 1 , 000 , 000 , about 1000 to about 10 , 000 , 000 , 
stranded or double stranded , as specified , or contain portions 45 about 10 , 000 to about 100 , 000 , about 10 , 000 to about 
of both double stranded or single stranded sequence . 1 , 000 , 000 , about 10 , 000 to about 10 , 000 , 000 , about 100 , 000 
Depending on the application , the nucleic acids can be DNA to about 1 , 000 , 000 , about 100 , 000 to about 10 , 000 , 000 , or 
( including , e . g . , genomic DNA , mitochondrial DNA , and about 1 , 000 , 000 to about 10 , 000 , 000 genome equivalents 
cDNA ) , RNA ( including , e . g . , mRNA and rRNA ) or a are used . 
hybrid , where the nucleic acid can contain any combination 50 In some embodiments , polynucleotides are protected from 
of deoxyribo - and ribo - nucleotides , and any combination of shearing . Additives that can protect polynucleotides from 
bases , including uracil , adenine , thymine , cytosine , guanine , shearing include , e . g . , spermidine , spermine , poly ( N - vi 
inosine , xathanine hypoxathanine , isocytosine , isoguanine , nylpyrrolidone ) 40 ( PVP40 ) , or CO ( NH3 ) 6C1z . In some 
etc . embodiments , wide pore pipettes are used to avoid shearing 

The methods , compositions , and kits provided herein can 55 of polynucleotides , e . g . , when polynucleotides are trans 
be used to analyze polynucleotides ( e . g . , DNA , RNA , mito ferred from one receptacle to another . Methods and compo 
chondrial DNA , genomic DNA , mRNA , siRNA , miRNA , sitions for protecting polynucleotides from shearing are 
CRNA , single - stranded DNA , double - stranded DNA , single described , e . g . , in Kovacic et al . ( 1995 ) Nucleic Acids 
stranded RNA , double - stranded RNA , TRNA , rRNA , DNA , Research 23 : 3999 - 4000 and Gurrieri S and Bustamante C . 
etc . ) . The methods , compositions and kits can be used to 60 ( 1997 ) Biochem J . 326 : 131 - 138 . 
evaluate a quantity of a first polynucleotide compared to the The length of polynucleotides , or fragments of polynucle 
quantity of a second polynucleotide . The methods can be otides , that can be partitioned ( e . g . , in droplets ) as described 
used to analyze the quantity of synthetic plasmids in a herein can be about , more than about , at least about , or less 
solution ; to detect a pathogenic organism ( e . g . , microbe , than about 100 , 200 , 300 , 400 , 500 , 600 , 700 , 800 , 900 , 
bacteria , virus , parasite , retrovirus , lentivirus , HIV - 1 , HIV - 2 , 65 1000 , 2000 , 3000 , 4000 , 5000 , 6000 , 7000 , 8000 , 9000 , 
influenza virus , etc . ) within a sample obtained from a subject 10 , 000 , 20 , 000 , 30 , 000 , 40 , 000 , 50 , 000 , 60 , 000 , 70 , 000 , 
or obtained from an environment . The methods also can be 80 , 000 , 90 , 000 , 100 , 000 , 200 , 000 , 300 , 000 , 400 , 000 , 500 , 
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000 , 600 , 000 , 700 , 000 , 800 , 000 , 900 , 000 , 1 , 000 , 000 , 2 , 000 , sheared into fragments , and adaptors can be attached to the 
000 , 3 , 000 , 000 , 4 , 000 , 000 , 5 , 000 , 000 , 6 , 000 , 000 , 7 , 000 , 000 , 5 ' and 3 ' ends of the fragments to generate a fragment library . 
8 , 000 , 000 , 9 , 000 , 000 , 10 , 000 , 000 , 20 , 000 , 000 , 30 , 000 , 000 , Alternatively , internal adaptors can be introduced by ligating 
40 , 000 , 000 , 50 , 000 , 000 , 60 , 000 , 000 , 70 , 000 , 000 , 80 , 000 , adaptors to the 5 ' and 3 ' ends of the fragments , circularizing 
000 . 90 . 000 . 000 , 100 , 000 , 000 , 110 , 000 , 000 , 120 , 000 , 000 , 5 the fragments , digesting the circularized fragment to gener 
130 , 000 , 000 , 140 , 000 , 000 , 150 , 000 , 000 , 160 , 000 , 000 , 170 , ate an internal adaptor , and attaching adaptors to the 5 ' and 
000 , 000 , 180 , 000 , 000 , 190 , 000 , 000 , 200 , 000 , 000 , 210 , 000 , 3 ' ends of the resulting fragments to generate a mate - paired 
000 , 220 , 000 , 000 , 230 , 000 , 000 , 240 , 000 , 000 , or 250 , 000 , library . Next , clonal bead populations can be prepared in 000 nucleotides or base pairs in length . microreactors containing beads , primers , template , and PCR Individual chromosomes can be separated into individual 10 components . Following PCR , the templates can be dena partitions . Human chromosomes that can be partitioned as 
described herein can include chromosomes 1 , 2 , 3 , 4 , 5 , 6 , tured and beads can be enriched to separate the beads with 
7 , 8 , 9 , 10 , 11 , 12 , 13 , 14 , 15 , 16 , 17 , 18 , 19 , 20 , 21 , 22 , X extended templates . Templates on the selected beads can be 

subjected to a 3 ' modification that permits bonding to a glass 
In some embodiments , gentle processing steps are used to 15 Si 15 slide . A sequencing primer can bind to adaptor sequence . A 

obtain large polynucleotides from a sample . The gentle set of four fluorescently labeled di - base probes can compete 
processing steps can include , e . g . , low speed centrifugation , for ligation to the sequencing primer . Specificity of the 
release of genomic DNA using proteinase K and / or RNase di - base probe can be achieved by interrogating every first 
digestion , or dialysis . In some embodiments , steps such as and second base in each ligation reaction . The sequence of 
vortexing , high speed centrifugation , or ethanol precipita - 20 a template can be determined by sequential hybridization 
tion are not performed . and ligation of partially random oligonucleotides with a 

Next Generation Sequencing determined base ( or pair of bases ) that can be identified by 
The methods , compositions , and kits described herein can a specific fluorophore . After a color is recorded , the ligated 

be used with next generation sequence platforms . For oligonucleotide can be cleaved and removed and the process 
example , adaptors with barcodes can be ligated to poly - 25 can be then repeated . Following a series of ligation cycles , 
nucleotides , different samples of polynucleotides with dif - the extension product can be removed and the template can 
ferent barcodes can be pooled , the pooled polynucleotides be reset with a primer complementary to the n - 1 position for 
can be sequenced using next generation sequencing , and a second round of ligation cycles . Five rounds of primer 
barcodes can be used to determine which sequence reads are reset can be completed for each sequence tag . Through the 
generated from polynucleotides in the same partition ( e . g . , 30 primer reset process , most of the bases can be interrogated 
droplet ) . in two independent ligation reactions by two different prim 

In some embodiments , the next generation sequencing e rs . Up to 99 . 99 % accuracy can be achieved by sequencing 
technique is 454 sequencing ( Roche ) ( see e . g . , Margulies , M with an additional primer using a multi - base encoding 
et al . ( 2005 ) Nature 437 : 376 - 380 ) . 454 sequencing can scheme . 
involve two steps . In the first step , DNA can be sheared into 35 In some embodiments , the next generation sequencing 
fragments of approximately 300 - 800 base pairs , and the technique is SOLEXA sequencing ( Illumina sequencing ) . 
fragments can be blunt ended . Oligonucleotide adaptors can SOLEXA sequencing can be based on the amplification of 
then ligated to the ends of the fragments . The adaptors can DNA on a solid surface using fold - back PCR and anchored 
serve as sites for hybridizing primers for amplification and primers . SOLEXA sequencing can involve a library prepa 
sequencing of the fragments . The fragments can be attached 40 ration step . Genomic DNA can be fragmented , and sheared 
to DNA capture beads , e . g . , streptavidin - coated beads using , ends can be repaired and adenylated . Adaptors can be added 
e . g . , Adaptor B , which can contain 5 ' - biotin tag . The frag - to the 5 ' and 3 ' ends of the fragments . The fragments can be 
ments can be attached to DNA capture beads through size selected and purified . SOLEXA sequence can comprise 
hybridization . A single fragment can be captured per bead . a cluster generation step . DNA fragments can be attached to 
The fragments attached to the beads can be PCR amplified 45 the surface of flow cell channels by hybridizing to a lawn of 
within droplets of an oil - water emulsion . The result can be oligonucleotides attached to the surface of the flow cell 
multiple copies of clonally amplified DNA fragments on channel . The fragments can be extended and clonally ampli 
each bead . The emulsion can be broken while the amplified fied through bridge amplification to generate unique clus 
fragments remain bound to their specific beads . In a second ters . The fragments become double stranded , and the double 
step , the beads can be captured in wells ( pico - liter sized ; 50 stranded molecules can be denatured . Multiple cycles of the 
Pico TiterPlate ( PTP ) device ) . The surface can be designed solid - phase amplification followed by denaturation can cre 
so that only one bead fits per well . The PTP device can be ate several million clusters of approximately 1 , 000 copies of 
loaded into an instrument for sequencing . Pyrosequencing single - stranded DNA molecules of the same template in 
can be performed on each DNA fragment in parallel . Addi each channel of the flow cell . Reverse strands can be cleaved 
tion of one or more nucleotides can generate a light signal 55 and washed away . Ends can be blocked , and primers can by 
that can be recorded by a CCD camera in a sequencing hybridized to DNA templates . SOLEXA sequencing can 
instrument . The signal strength can be proportional to the comprise a sequencing step . Hundreds of millions of clusters 
number of nucleotides incorporated . Pyrosequencing can can be sequenced simultaneously . Primers , DNA poly 
make use of pyrophosphate ( PPi ) which can be released merase and four fluorophore - labeled , reversibly terminating 
upon nucleotide addition . PPi can be converted to ATP by 60 nucleotides can be used to perform sequential sequencing . 
ATP sulfurylase in the presence of adenosine 5 ' phospho All four bases can compete with each other for the template . 
sulfate . Luciferase can use ATP to convert luciferin to After nucleotide incorporation , a laser is used to excite the 
oxyluciferin , and this reaction can generate light that is fluorophores , and an image is captured and the identity of 
detected and analyzed . the first base is recorded . The 3 ' terminators and fluoro 

In some embodiments , the next generation sequencing 65 phores from each incorporated base are removed and the 
technique is SOLID technology ( Applied Biosystems ; Life incorporation , detection and identification steps are 
Technologies ) . In SOLID sequencing , genomic DNA can be repeated . A single base can be read each cycle . 
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In some embodiments , the next generation sequencing bind to a molecule in the pore ( e . g . , cyclodextran ) . A 

technique comprises real - time ( SMRTTM ) technology by characteristic disruption in current can be used to identify 
Pacific Biosciences . In SMRT , each of four DNA bases can bases . Nanopore sequencing technology from GENIA or 
be attached to one of four different fluorescent dyes . These NABsys can be used . In GENIA ' s technology , an engi 
dyes can be phospholinked . A single DNA polymerase can 5 neered protein pore can be embedded in a lipid bilayer 
be immobilized with a single molecule of template single membrane , and " Active Control ” technology can enable 
stranded DNA at the bottom of a zero - mode waveguide efficient nanopore - membrane assembly and control of DNA 
( ZMW ) . A ZMW can be a confinement structure which movement through the channel . In some embodiments , the 
enables observation of incorporation of a single nucleotide next generation sequencing comprises ion semiconductor 
by DNA polymerase against the background of fluorescent 10 sequencing ( e . g . , using technology from Life Technologies 
nucleotides that can rapidly diffuse in an out of the ZMW ( in ( Ion Torrent ) ) . Ion semiconductor sequencing can take 
microseconds ) . It can take several milliseconds to incorpo - advantage of the fact that when a nucleotide is incorporated 
rate a nucleotide into a growing strand . During this time , the into a strand of DNA , an ion can be released . To perform ion 
fluorescent label can be excited and produce a fluorescent semiconductor sequencing , a high density array of micro 
signal , and the fluorescent tag can be cleaved off . The ZMW 15 machined wells can formed . Each well can hold a single 
can be illuminated from below . Attenuated light from an DNA template . Beneath the well can be an ion sensitive 
excitation beam can penetrate the lower 20 - 30 nm of each layer , and beneath the ion sensitive layer can be an ion 
ZMW . A microscope with a detection limit of 20 zeptoliters sensor . When a nucleotide is added to a DNA , H + is 
( 10 - 21 liters ) can be created . The tiny detection volume can released , when can be measured as a change in pH . The H + 
provide 1000 - fold improvement in the reduction of back - 20 ion can be converted to voltage and recorded by the semi 
ground noise . Detection of the corresponding fluorescence conductor sensor . An array chip can be sequentially flooded 
of the dye can indicate which base was incorporated . The with one nucleotide after another . No scanning , light , or 
process can be repeated . cameras can be required . 

In some embodiments , the next generation sequencing is In some embodiments , the next generation sequencing is 
nanopore sequencing ( See e . g . , Soni G V and Meller A . 25 DNA nanoball sequencing ( as performed , e . g . , by Complete 
( 2007 ) Clin Chem 53 : 1996 - 2001 ) . A nanopore can be a Genomics ; see e . g . , Drmanac et al . ( 2010 ) Science 327 : 
small hole , of the order of about one nanometer in diameter . 78 - 81 ) . DNA can be isolated , fragmented , and size selected . 
Immersion of a nanopore in a conducting fluid and appli - For example , DNA can be fragmented ( e . g . , by sonication ) 
cation of a potential across it can result in a slight electrical to a mean length of about 500 bp . Adaptors ( Adl ) can be 
current due to conduction of ions through the nanopore . The 30 attached to the ends of the fragments . The adaptors can be 
amount of current which flows can be sensitive to the size of used to hybridize to anchors for sequencing reactions . DNA 
the nanopore . As a DNA molecule passes through a nano - with adaptors bound to each end can be PCR amplified . The 
pore , each nucleotide on the DNA molecule can obstruct the adaptor sequences can be modified so that complementary 
nanopore to a different degree . Thus , the change in the single strand ends bind to each other forming circular DNA . 
current passing through the nanopore as the DNA molecule 35 The DNA can be methylated to protect it from cleavage by 
passes through the nanopore can represent a reading of the a Type IIS restriction enzyme used in a subsequent step . An 
DNA sequence . The nanopore sequencing technology can be adaptor ( e . g . , the right adaptor ) can have a restriction 
from Oxford Nanopore Technologies ; e . g . , a GridION sys - recognition site , and the restriction recognition site can 
tem . A single nanopore can be inserted in a polymer mem remain non - methylated . The non - methylated restriction rec 
brane across the top of a microwell . Each microwell can 40 ognition site in the adaptor can be recognized by a restriction 
have an electrode for individual sensing . The microwells can enzyme ( e . g . , Acul ) , and the DNA can be cleaved by Acul 
be fabricated into an array chip , with 100 , 000 or more 13 bp to the right of the right adaptor to form linear double 
microwells per chip . An instrument ( or node ) can be used to stranded DNA . A second round of right and left adaptors 
analyze the chip . Data can be analyzed in real - time . One or ( Ad2 ) can be ligated onto either end of the linear DNA , and 
more instruments can be operated at a time . The nanopore 45 all DNA with both adaptors bound can be PCR amplified 
can be a protein nanopore , e . g . , the protein alpha - hemolysin , ( e . g . , by PCR ) . Ad2 sequences can be modified to allow 
a heptameric protein pore . The nanopore can be a solid - state them to bind each other and form circular DNA . The DNA 
nanopore made , e . g . , a nanometer sized hole formed in a can be methylated , but a restriction enzyme recognition site 
synthetic membrane ( e . g . , SiN , , or SiO , ) . The nanopore can can remain non - methylated on the left Adl adaptor . A 
be a hybrid pore ( e . g . , an integration of a protein pore into 50 restriction enzyme ( e . g . , Acul ) can be applied , and the DNA 
a solid - state membrane . The nanopore can be a nanopore can be cleaved 13 bp to the left of the Adl to form a linear 
with an integrated sensors ( e . g . , tunneling electrode detec - DNA fragment . A third round of right and left adaptor ( Ad3 ) 
tors , capacitive detectors , or graphene based nano - gap or can be ligated to the right and left flank of the linear DNA , 
edge state detectors ( see e . g . , Garaj et al . ( 2010 ) Nature vol . and the resulting fragment can be PCR amplified . The 
67 , doi : 10 . 1038 / nature09379 ) ) . A nanopore can be function - 55 adaptors can be modified so that they can bind to each other 
alized for analyzing a specific type of molecule ( e . g . , DNA , and form circular DNA . A type III restriction enzyme ( e . g . , 
RNA , or protein ) . Nanopore sequencing can comprise EcoP15 ) can be added ; EcoP15 can cleave the DNA 26 bp 
" strand sequencing ” in which intact DNA polymers can be to the left of Ad3 and 26 bp to the right of Ad2 . This cleavage 
passed through a protein nanopore with sequencing in real can remove a large segment of DNA and linearize the DNA 
time as the DNA translocates the pore . An enzyme can 60 once again . A fourth round of right and left adaptors ( Ad4 ) 
separate strands of a double stranded DNA and feed a strand can be ligated to the DNA , the DNA can be amplified ( e . g . , 
through a nanopore . The DNA can have a hairpin at one end , by PCR ) , and modified so that they bind each other and form 
and the system can read both strands . In some embodiments , the completed circular DNA template . Rolling circle repli 
nanopore sequencing is “ exonuclease sequencing ” in which cation ( e . g . , using Phi 29 DNA polymerase ) can be used to 
individual nucleotides can be cleaved from a DNA strand by 65 amplify small fragments of DNA . The four adaptor 
a processive exonuclease , and the nucleotides can be passed sequences can contain palindromic sequences that can 
through a protein nanopore . The nucleotides can transiently hybridize and a single strand can fold onto itself to form a 
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DNA nanoball ( DNBTM ) which can be approximately 200 - 155 , 156 , 157 , 158 , 159 , 160 , 161 , 162 , 163 , 164 , 165 , 166 , 
300 nanometers in diameter on average . A DNA nanoball 167 , 168 , 169 , 170 , 171 , 172 , 173 , 174 , 175 , 176 , 177 , 178 , 
can be attached ( e . g . , by adsorption ) to a microarray ( se - 179 , 180 , 181 , 182 , 183 , 184 , 185 , 186 , 187 , 188 , 189 , 190 , 
quencing flowcell ) . The flow cell can be a silicon wafer 191 , 192 , 193 , 194 , 195 , 196 , 197 , 198 , 199 , 200 , 201 , 202 , 
coated with silicon dioxide , titanium and hexamethyldisila - 5 203 , 204 , 205 , 206 , 207 , 208 , 209 , 210 , 211 , 212 , 213 , 214 , 
zane ( HMDS ) and a photoresist material . Sequencing can be 215 , 216 , 217 , 218 , 219 , 220 , 221 , 222 , 223 , 224 , 225 , 226 . 
performed by unchained sequencing by ligating fluorescent 227 , 228 , 229 , 230 , 231 , 232 , 233 , 234 , 235 , 236 , 237 , 238 , 
probes to the DNA . The color of the fluorescence of an 239 , 240 , 241 , 242 , 243 , 244 , 245 , 246 , 247 , 248 , 249 , 250 , 
interrogated position can be visualized by a high resolution 251 , 252 , 253 , 254 , 255 , 256 , 257 , 258 , 259 , 260 , 261 , 262 , 
camera . The identity of nucleotide sequences between adap - 10 263 , 264 , 265 , 266 , 267 , 268 , 269 , 270 , 271 , 272 , 273 , 274 , 
tor sequences can be determined . 275 , 276 , 277 , 278 , 279 , 280 , 281 , 282 , 283 , 284 , 285 , 286 , 

In some embodiments , the next generation sequencing 287 , 288 , 289 , 290 , 291 , 292 , 293 , 294 , 295 , 296 , 297 , 298 , 
technique is Helicos True Single Molecule Sequencing 299 , 300 , 301 , 302 , 303 , 304 , 305 , 306 , 307 , 308 , 309 , 310 , 
( tSMS ) ( see e . g . , Harris T . D . et al . ( 2008 ) Science 320 : 106 311 , 312 , 313 , 314 , 315 , 316 , 317 , 318 , 319 , 320 , 321 , 322 . 
109 ) . In the tSMS technique , a DNA sample can be cleaved 15 323 , 324 , 325 , 326 , 327 , 328 , 329 , 330 , 331 , 332 , 333 , 334 , 
into strands of approximately 100 to 200 nucleotides , and a 335 , 336 , 337 , 338 , 339 , 340 , 341 , 342 , 343 , 344 , 345 , 346 , 
polyA sequence can be added to the 3 ' end of each DNA 347 , 348 , 349 , 350 , 351 , 352 , 353 , 354 , 355 , 356 , 357 , 358 , 
strand . Each strand can be labeled by the addition of a 359 , 360 , 361 , 362 , 363 , 364 , 365 , 366 , 367 , 368 , 369 , 370 , 
fluorescently labeled adenosine nucleotide . The DNA 371 , 372 , 373 , 374 , 375 , 376 , 377 , 378 , 379 , 380 , 381 , 382 , 
strands can then be hybridized to a flow cell , which can 20 383 , 384 , 385 , 386 , 387 , 388 , 389 , 390 , 391 , 392 , 393 , 394 , 
contain millions of oligo - T capture sites immobilized to the 395 , 396 , 397 , 398 , 399 , 400 , 401 , 402 , 403 , 404 , 405 , 406 , 
flow cell surface . The templates can be at a density of about 407 , 408 , 409 , 410 , 411 , 412 , 413 , 414 , 415 , 416 , 417 , 418 , 
100 million templates / cm² . The flow cell can then be loaded 419 , 420 , 421 , 422 , 423 , 424 , 425 , 426 , 427 , 428 , 429 , 430 , 
into an instrument , e . g . , HELISCOPETM sequencer , and a 431 , 432 , 433 , 434 , 435 , 436 , 437 , 438 , 439 , 440 , 441 , 442 , 
laser can illuminate the surface of the flow cell , revealing the 25 443 , 444 , 445 , 446 , 447 , 448 , 449 , 450 , 451 , 452 , 453 , 454 , 
position of each template . A CCD camera can map the 455 , 456 , 457 , 458 , 459 , 460 , 461 , 462 , 463 , 464 , 465 , 466 , 
position of the templates on the flow cell surface . The 467 , 468 , 469 , 470 , 471 , 472 , 473 , 474 , 475 , 476 , 477 , 478 , 
template fluorescent label can then be cleaved and washed 479 , 480 , 481 , 482 , 483 , 484 , 485 , 486 , 487 , 488 , 489 , 490 , 
away . The sequencing reaction can begin by introducing a 491 , 492 , 493 , 494 , 495 , 496 , 497 , 498 , 499 , 500 , 525 , 550 , 
DNA polymerase and a fluorescently labeled nucleotide . 30 575 , 600 , 625 , 650 , 675 , 700 , 725 , 750 , 775 , 800 , 825 , 850 , 
The oligo - T nucleic acid can serve as a primer . The DNA 875 , 900 , 925 , 950 , 975 , 1000 , 1100 , 1200 , 1300 , 1400 , 
polymerase can incorporate the labeled nucleotides to the 1500 , 1600 , 1700 , 1800 , 1900 , 2000 , 2100 , 2200 , 2300 , 
primer in a template directed manner . The DNA polymerase 2400 , 2500 , 2600 , 2700 , 2800 , 2900 , or 3000 bases . In some 
and unincorporated nucleotides can be removed . The tem - embodiments , a sequence read is about 10 to about 50 bases , 
plates that have directed incorporation of the fluorescently 35 about 10 to about 100 bases , about 10 to about 200 bases , 
labeled nucleotide can be detected by imaging the flow cell about 10 to about 300 bases , about 10 to about 400 bases , 
surface . After imaging , a cleavage step can remove the about 10 to about 500 bases , about 10 to about 600 bases , 
fluorescent label , and the process can be repeated with other about 10 to about 700 bases , about 10 to about 800 bases , 
fluorescently labeled nucleotides until a desired read length about 10 to about 900 bases , about 10 to about 1000 bases , 
is achieved . Sequence information can be collected with 40 about 10 to about 1500 bases , about 10 to about 2000 bases , 
each nucleotide addition step . The sequencing can be asyn - about 50 to about 100 bases , about 50 to about 150 bases , 
chronous . The sequencing can comprise at least 1 billion about 50 to about 200 bases , about 50 to about 500 bases , 
bases per day or per hour . about 50 to about 1000 bases , about 100 to about 200 bases , 

In some embodiments , the sequencing technique can about 100 to about 300 bases , about 100 to about 400 bases , 
comprise paired - end sequencing in which both the forward 45 about 100 to about 500 bases , about 100 to about 600 bases , 
and reverse template strand can be sequenced . In some about 100 to about 700 bases , about 100 to about 800 bases , 
embodiments , the sequencing technique can comprise mate about 100 to about 900 bases , or about 100 to about 1000 
pair library sequencing . In mate pair library sequencing , bases . 
DNA can be fragments , and 2 - 5 kb fragments can be In some embodiments , the sequencing depth is about , 
end - repaired ( e . g . , with biotin labeled dNTPs ) . The DNA 50 more than about , at least about , or less than about 1x , 2x , 3x , 
fragments can be circularized , and non - circularized DNA 4x , 5x , 6x , 7x , 8X , 9X , 10x , 11x , 12x , 13x , 14x , 15x , 16x , 
can be removed by digestion . Circular DNA can be frag - 17 , 18 , 19x , 20x , 21x , 22x , 23x , 24x , 25x , 26x , 27x , 28x , 
mented and purified ( e . g . , using the biotin labels ) . Purified 29x , 30x , 31x , 32x , 33x , 34x , 35x , 36x , 37 , 38 , 39 , 40x , 
fragments can be end - repaired and ligated to sequencing 41x , 42x , 43x , 44x , 45x , 46x , 47x , 48x , 49x , 50x , 51 , 52x , 
adaptors . 55 53x , 54x , 55x , 56x , 57 , 58 , 59x , 60x , 61x60x , 61x , 63x , 

In some embodiments , a sequence read is about , more 64x , 65x , 66x , 67x , 68 , 69 , 70x , 71x , 72x , 73x , 74x , 75x , 
than about , less than about , or at least about 10 , 11 , 12 , 13 , 76x , 77x , 78x , 79x , 80x , 81 , 82x , 83x , 84x , 85x , 86x , 87x . 
14 , 15 , 16 , 17 , 18 , 19 , 20 , 21 , 22 , 23 , 24 , 25 , 26 , 27 , 28 , 29 , 88x , 89x , 90x , 91x , 92x , 93x , 94x , 95x , 96 , 97 , 98 , 99x , 
30 , 31 , 32 , 33 , 34 , 35 , 36 , 37 , 38 , 39 , 40 , 41 , 42 , 43 , 44 , 45 , 100x , 110x , 120x , 130x , 140x , 150x , 160x , 170x , 180x , 
46 , 47 , 48 , 49 , 50 , 51 , 52 , 53 , 54 , 55 , 56 , 57 , 58 , 59 , 60 , 61 , 60 190x , 200x , 210x , 220x , 230x , 240x , 250x , 260x , 270x , 
62 , 63 , 64 , 65 , 66 , 67 , 68 , 69 , 70 , 71 , 72 , 73 , 74 , 75 , 76 , 77 , 280x , 290x , 300x , 350x , 400x , 450x , 500x , 550x , 600x , 
78 , 79 , 80 , 81 , 82 , 83 , 84 , 85 , 86 , 87 , 88 , 89 , 90 , 91 , 92 , 93 , 650x , 700x , 750x , 800x , 850x , 900x , 950x , 1000x , 2000x , 
94 , 95 , 96 , 97 , 98 , 99 , 100 , 101 , 102 , 103 , 104 , 105 , 106 , 3000x , 4000x , 5000x , 6000x , 7000x , 8000x , 9000x , 
107 , 108 , 109 , 110 , 111 , 112 , 113 , 114 , 115 , 116 , 117 , 118 , 10 , 000x . In some embodiments , the sequencing depth is 
119 , 120 , 121 , 122 , 123 , 124 , 125 , 126 , 127 , 128 , 129 , 130 , 65 about 1x to about 4x , about 1x to about 5x , about 1x to 
131 , 132 , 133 , 134 , 135 , 136 , 137 , 138 , 139 , 140 , 141 , 142 , about 8x , about 1x to about 10x , about 2x to about 4x , about 
143 , 144 , 145 , 146 , 147 , 148 , 149 , 150 , 151 , 152 , 153 , 154 , 2x to about 8x , about 2x to about 10x , about 5x to about 
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10x , about 3x to about 6x , about 10x to about 15x , about polynucleotides are separated such that it is a rare event to 
10x to about 20 % , about 15x to about 20x , about 15x to have any given region of a genome of both a maternal and 
about 25x , about 15x to about 30x , about 20x to about 30x , paternal polynucleotide in the same partition . In some 
about 25x to about 30x , about 25x to about 50x , about 25 % embodiments , less than 10 % , 9 % , 8 % , 7 % , 6 % , 5 % , 4 % , 
to about 75x , about 25x to about 100x , about 50x to about 5 3 % , 2 % , 1 % , 0 . 1 % , 0 . 01 % , or 0 . 001 % of partitions have two 
100x , about 100x to about 200x , about 100x to about 500x , fragments from the same locus but from different chromo 
about 100x to about 1000x , about 200x to about 500x , about somes . In some embodiments , a sample is partitioned such 
500x to about 750x , about 500x to about 1000x , about 750x that about , or less than about 20 % , 19 % , 18 % , 17 % , 16 % , 
to about 1000x , about 1000x to about 2000x , about 1000x 15 % , 14 % , 13 % , 12 % , 11 % , 10 % , 9 % , 8 % , 7 % , 6 % , 5 % , 
to about 5000x , about 1000x to about 10 , 000x , about 2000x 10 4 % , 3 % , 2 % , 1 % , 0 . 1 % , 0 . 01 % , or 0 . 001 % of a haploid 
to about 5000x , or about 5000x to about 10 , 000x . Depth of genome is found per partition ( e . g . , droplet ) . In some 
sequencing can be the number of times a sequence ( e . g . , a embodiments , a sample is partitioned such that about 0 . 1 % 
genome ) is sequenced . In some embodiments , the Lander / to about 1 % , about 0 . 5 % to about 1 % , about 0 . 25 % to about 
Waterman equation is used for computing coverage . The 0 . 75 % , about 1 % to about 5 % , about 1 % to about 2 % , about 
general equation can be : C = LN / G , where C = coverage ; 15 1 % to about 10 % , or about 5 % to about 10 % of a haploid 
G = haploid genome length ; L = read length ; and N = number of genome is found per partition ( e . g . , droplet ) . 
reads . Library preparation can be performed within partitions 

Applications ( e . g . , droplets ) as described herein . Sequence reads that map 
Long Reads , Phasing and De Novo Sequencing somewhat close to each other in a genome and are deter 
In some embodiments , the methods , compositions , and 20 mined to be from the same partition ( e . g . , in the same 

kits described herein can be used for haplotype phasing . In droplet ) are likely linked to each other and thus reside on the 
some embodiments , short read sequencers , such as those same chromosome . In this fashion individual , short reads 
made by Illumina and ABI , can be unable to provide phasing can be strung together into longer sequence fragments . See 
information . These sequencers can produce reads of 100 - e . g . , Example 1 . 
200 bases and as short as 30 bases . 454 sequencing ( Roche ) 25 Single Cell Analysis 
can produce sequence reads of about 400 bases . In some In some embodiments , the methods and compositions 
embodiments , 400 bases can be too short to yield sufficient described herein can be used to analyze cells , e . g . , individual 
phasing information . Sequencing using technology from cells . For example , individual cells can be separated into 
Pacific Biosciences can produce sequence reads of about unique partitions , uniquely barcoded adaptors can be added 
1000 bases . In some embodiments , 1000 bases is too short 30 to each partition , polynucleotides , or fragments of poly 
to provide phasing information . nucleotides , within each partition can be barcoded by ligat 

Short sequence reads can make it challenging to sequence ing adaptors to the polynucleotides or fragments of poly 
a large genome de - novo . Short sequence reads can make it nucleotides , barcoded polynucleotides from each partition 
difficult to determine phasing information for all but a very can be pooled , the pooled polynucleotides can be sequenced , 
small fraction of polymorphisms . The partitioning and 35 and barcodes can be used to determine if sequence reads 
barcoding schemes described herein can be used to re - were generated in the same or different partitions , and thus , 
construct longer reads using long range assembly and supply in the same or different cells . In some embodiments , the 
phasing information while making use of existing sequenc methods and compositions described herein are used for 
ing approaches . single cell transcriptome sequencing , single cell genomic 
Next generation sequencing platforms can entail a library 40 sequencing , or single cell methylome sequencing . 

preparation step . Genomic DNA can be fragmented , option . There are approximately 210 different types of cells in the 
ally sized , and ligated to nucleic acid sequence ( e . g . , an human body . The individual cells that are partitioned can be 
adaptor ) that can provide hybridization sites for a common any type of cell in the human body . A cell can be , e . g . , a 
set of primers . A common set of primers can be used for hormone secreting cell , an exocrine secretory epithelial cell , 
massive clonal amplification , e . g . , in solution or on a solid 45 a keratinizing epithelial cell , a wet stratified barrier epithelial 
support . In some embodiments , these clones can then be cell , a sensory transducer cell , an autonomic neuron cell , a 
sequenced because the presence of a massive amount of sense organ or peripheral neuron supporting cell , a central 
identical sequence in a tightly confined space can allow for nervous system neuron or glial cell , a lens cell , a metabolism 
the amplification of a fluorescent ( or other ) signal emitted by or storage cell , a kidney cell , an extracellular matrix cell , a 
the sequencing reaction . 50 contractile cell , a blood or immune system cell , a pigment 

Tag sequences can be appended to regions that serve as cell , a germ cell , a nurse cell , or an interstitial cell . The blood 
binding sites for primers so that a common barcode can be or immune system cell can be , e . g . , erythrocyte ( red blood 
ligated to every sequence from a particular sample . Libraries cell ) , megakaryocyte ( platelet precursor ) , monocyte , con 
from different samples can be mixed and sequenced in a nective tissue macrophage , epidermal Langerhans cell , 
single run . Because every read can contain a barcode , it can 55 osteoclast , dendritic cell , microglial cell , neutrophil granu 
be determined which sample produced any given sequence locyte , eosinophil granulocyte , basophil granulocyte , mast 
read . This process can be known as sample multiplexing and cell , Helper T cell , Suppressor T cell , Cytotoxic T cell , 
can allow for much more cost effective pricing per sample Natural Killer T cell , B cell , Natural killer cell , reticulocyte , 
for many sequencing applications . In some embodiments , or stem cell . 
part of every sequence read includes barcode sequence . 60 Individual cells can be from other types of samples 

In some embodiments , a high molecular weight DNA described herein . 
sample can be partitioned so that a given partition is unlikely In some embodiments , the individual cell is from an 
to contain two fragments from the same locus but different environmental sample . In some embodiments , an environ 
chromosomes . In some embodiments , high molecular mental sample is separated into a plurality of partitions . The 
weight DNA can comprise polynucleotides of greater than 65 environmental sample can be , e . g . , air , water , agricultural , or 
about 10 , 000 , 100 , 000 , 1 , 000 , 000 , 10 , 000 , 000 , 100 , 000 , 000 , soil . The environmental sample can be , e . g . , from a creek , 
or 200 , 000 , 000 bases or base pairs . In some embodiments , river , pond , lake , lagoon , run , delta , marsh , salt marsh , 
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swamp , mangrove swamp , mill pond , moat , sea , barachois , can be used to determine which sequence reads are from the 
basin , bayou , beck , boil , canal , cove , estuary , gulf , harbor , same cell . In some embodiments , genomic DNA is frag 
inlet , ocean , bay , sewage treatment facility , slough , sound , mented in a partition . In some embodiments , genomic DNA 
spring , stream , tide pool , wash , wetland , Superfund site , coal is amplified before and / or after adding adaptors with bar 
mine , farm , field , desert , glacier , mountain , or mere . In some 5 codes . In some embodiments , genomic DNA is not amplified 
embodiments , a sample is from a pool ( e . g . , swimming before or after adaptors are ligated to the genomic DNA . 
pool ) , gymnasium , school , workplace , office , lobby , eleva - In some embodiments , the sequence coverage per cell can 
tor , restroom , hospital , medical office , ventilation shaft , or be shallow ( e . g . , few reads per locus ) . In some embodi 
restaurant . In some embodiments , an environmental sample ments , single cell genomic DNA sequencing can be used to 
can be from a surface , e . g . , floor , table , skin , keyboard , 10 determine copy number variation ( CNV ) . 
computer , laptop , crime screen evidence ( e . g . , a weapon , In some embodiments , MDA is performed within a drop 
e . g . , gun or knife ) , or doorknob . In some embodiments , the let on a cell ' s genome prior to fragmentation and adaptor 
sample is from a bioterrorist attack . In some embodiments , ligation . In some embodiments , performing MDA can pro 
the sample comprises bacteria and / or viruses . In some vide more genetic material from a cell to sequence . In some 
embodiments , the sample comprises about , at least about , 15 embodiments , MDA may introduce bias . In some embodi 
more than about , or less than about 5 , 6 , 7 , 8 , 9 , 10 , 11 , 12 , ments , amplification may result in loss of some copy number 
13 , 14 , 15 , 16 , 17 , 18 , 19 , 20 , 21 , 22 , 23 , 24 , 25 , 26 , 27 , 28 , variation ( CNV ) information . In some embodiments , MDA 
29 , 30 , 31 , 32 , 33 , 34 , 35 , 36 , 37 , 38 , 39 , 40 , 41 , 42 , 43 , 44 , is not performed within a droplet on a cell ' s genome prior to 
45 , 46 , 47 , 48 , 49 , 50 , 51 , 52 , 53 , 54 , 55 , 56 , 57 , 58 , 59 , 60 , fragmentation and adaptor ligation . 
61 , 62 , 63 , 64 , 65 , 66 , 67 , 68 , 69 , 70 , 71 , 72 , 73 , 74 , 75 , 76 , 20 Single Cell Methylome Sequencing 
77 , 78 , 79 , 80 , 81 , 82 , 83 , 84 , 85 , 86 , 87 , 88 , 89 , 90 , 91 , 92 , In some embodiments , methods and compositions 
93 , 94 , 95 , 96 , 97 , 98 , 99 , 100 , 200 , 300 , 400 , 500 , 600 , 700 , described herein can be used for analyzing genomic meth 
800 , 900 , 1000 , 2000 , 3000 , 4000 , 5000 , 6000 , 7000 , 8000 , ylation . For example , methods described herein can be used 
9000 , 10 , 000 , 20 , 000 , 30 , 000 , 40 , 000 , 50 , 000 , 60 , 000 , for single cell methylome sequencing . In some embodi 
70 , 000 , 80 , 000 , 90 , 000 , or 100 , 000 different species and / or 25 ments , individual cells are partitioned , e . g . , into droplets . 
types of viruses . In some embodiments , and environmental The partitions can be comprised of methyl - sensitive 
sample comprises about 10 to about 100 , about 10 to about enzymes ( e . g . , endonucleases ) . In some embodiments , the 
1000 , about 100 to about 1000 , about 100 to about 10 , 000 , methyl - sensitive enzymes digest methylated sites . Each of 
about 1000 to 10 , 000 , about 10 , 000 to about 50 , 000 , or the partitions can comprise uniquely barcoded adaptors . For 
about 10 , 000 to about 100 , 000 different species and / or types 30 example , partitions ( e . g . , droplets ) comprising methyl - sen 
of viruses . sitive enzymes are merged with partitions comprising 

Single Cell Transcriptome Sequencing sample polynucleotides . The adaptors can be ligated to 
In one aspect , single cells can be captured within separate polynucleotides in the partition before or after digestion with 

partitions ( e . g . , droplets ) , and the single cells can be lysed . the methyl - sensitive enzyme . Barcode tagged polynucle 
Messenger RNA from the individual cells in each partition 35 otides can be pooled , and the polynucleotides can be 
( e . g . , droplet ) can be reverse transcribed with partition sequenced . Sequence reads from the same partition can be 
specific barcoded primers . In some embodiments , the appro determined . Absence of sequence reads can indicate diges 
priate reagents ( e . g . , reverse transcriptase , nucleotides ) can t ion of polynucleotides in a partition . In some embodiments , 
be sequestered in a partition ( e . g . , droplet ) that is inside a the methyl - sensitive enzymes do not digest methylated 
larger droplet . The inner droplet can be burst ( e . g . , by 40 DNA , but digest unmethylated DNA . 
heating ) when desired to allow the reverse transcriptase to Genomic Methylation 
contact the messenger RNA . A reverse transcription ( RT ) In some embodiments , methods and compositions 
reaction can be followed by library prep , which can incor - described herein can be used for genomic methylation 
porate unique barcodes . analysis . In some embodiments , polynucleotides can be 

Calculations for the number of droplets and barcodes to 45 treated with bisulfite . Bifsulfite can convert unmethylated 
be used in single cell transcriptome sequencing can be cytosines to uracil . Bisulfite does not convert methylated 
similar to those described in Example 1 for analyzing cytosines to uracil . Treated and untreated polynucleotides 
phasing . For example , for analyzing 2 , 000 cells , sufficient can be partitioned into a plurality of partitions ( e . g . , drop 
partitioning can be performed to capture each cell in a lets ) . Polynucleotides can be fragmented in the partitions . 
separate droplet . For example , the 2 , 000 cells can be parti - 50 Uniquely barcoded adaptors can be provided to each parti 
tioned among 20 , 000 partitions ( e . g . , droplets ) . Steps can be tion and ligated to bisulfite treated polynucleotides . The 
taken to ensure that each of the partitions ( e . g . , droplets ) tagged polynucleotides can be pooled and sequenced to 
with cells receives a unique barcode ( e . g . , on adaptors ) . This determine the methylation status of nucleic acids from the 
goal can be accomplished , e . g . , by using 10 , 000 different same and different partitions . 
barcodes . 55 Exosome Sequencing 

After partitioning , lysing , barcoding , and sequencing , Exosomes are generally organelles such as small extra 
sequence read data can be analyzed to determine which cellular vesicles that can contain RNA . Exosomes can 
transcripts came from the same cell . In this way , the massive contain mRNA and / or miRNA . In some embodiments , indi 
capacity of next generation sequencing can be applied to vidual exosomes are partitioned into separate partitions 
large collections of cells while preserving single cell reso - 60 ( e . g . , droplets ) . Exosomes can be partitioned such that on 
lution . average , each partition comprises less than about five , four , 

Single Cell Genomic Sequencing three , two , or 1 exosomes . Reverse transcription can be used 
In some instances , individual cells can be captured in to convert RNA in the exosome into cDNA . Uniquely 

separate partitions ( e . g . , droplets ) , and genomic DNA from barcoded adaptors can be added to polynucleotides from a 
a partition with a single cell can be uniquely barcoded ( e . g . , 65 partitioned exosome . Polynucleotides from the partitions 
using adaptors ) . Barcoded genomic DNA from different can be pooled , the pooled polynucleotides can be sequenced , 
partitions can be pooled and sequenced , and the barcodes and the barcodes can be used to determine which sequence 
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reads were derived from the same exosome . Other types of mation about their proteins . In some embodiments , some of 
organelles that can be analyzed can include mitochondria the same information can be captured via FACS . 
( e . g . , mitochondrial DNA can be analyzed ) . An antibody can include polyclonal and monoclonal 
Metagenomics Sequencing antibodies , as well as antigen binding fragments of such 
In another aspect , the methods and compositions 5 antibodies . An antibody , or antigen binding fragment of such 

described herein can be used for metagenomic analysis . an antibody , can be characterized by having specific binding 
Metagenomics can be the study of genetic material in an activity for a polypeptide or a peptide portion thereof of at 
environmental sample . In some embodiments , individual least about 1x10 - M - . Fab , F ( ab ' ) 2 , Fd , Fv , single chain Fv 
viruses and / or bacteria in a sample , e . g . , an environmental ( scFv ) fragments of an antibody and the like , which retain 
sample , can be partitioned into a plurality of partitions , 10 specific binding activity for a polypeptide , can be used . 

Specific binding activity of an antibody for a polypeptide adaptors with unique barcodes can be added to each parti can be readily determined by one skilled in the art , for tion , and individual organisms or viruses can have their example , by comparing the binding activity of an antibody 
genomes and / or transcriptomes sequenced . Sequence reads to a particular polypeptide versus a control polypeptide that 
with the same barcode can be assembled to determine the 15 termine the 15 is not the particular polypeptide . Methods of preparing sequence of genomes or transcriptomes of the organisms polyclonal or monoclonal antibodies are well known to 
and / or viruses . those skilled in the art ( see , for example , Harlow and Lane , 
Microfluidics Antibodies : A Laboratory Manual , Cold Spring Harbor 
In another aspect , a microfluidics device can be devised Laboratory Press ( 1988 ) . 

that can partition a sample comprising cells so that every cell 20 An antibody can include naturally occurring antibodies as 
ends up in a unique partition ( e . g . , chamber ) with its own set well as non - naturally occurring antibodies , including , for 
of barcodes . The contents of each chamber can then be example , single chain antibodies , chimeric , bifunctional and 
processed separately to dilute and further partition ( e . g . , humanized antibodies , as well as antigen - binding fragments 
through an emulsion ) in order to enable whole genome or thereof . Such non - naturally occurring antibodies can be 
transcriptome amplification separately for each cell . Whole 25 constructed using solid phase peptide synthesis , can be 
genome amplification or other amplification schemes can produced recombinantly or can be obtained , for example , by 
benefit from partitioning because of a reduction in compe screening combinatorial libraries consisting of variable 
tition between different parts of the genome or transcrip heavy chains and variable light chains as described by Huse 
tome . et al . ( Science 246 : 1275 - 1281 ( 1989 ) ) . These and other 

Slugs 30 methods of making functional antibodies are well known to 
In another aspect , slugs can be made to capture individual those skilled in the art ( Winter and Harris , Immunol . Today 

cells and supply them with their own barcodes ( e . g . , by 14 : 243 - 246 ( 1993 ) ; Ward et al . , Nature 341 : 544 - 546 ( 1989 ) ; 
ligating adaptors with unique barcodes ) . Slugs can be serial Harlow and Lane , supra , 1988 ) ; Hilyard et al . , Protein 
slugs of reagent that completely fill the diameter of a flow Engineering : A practical approach ( IRL Press 1992 ) ; Bor 
tube . Those slugs can be broken into many ( e . g . , thousands 35 rabeck , Antibody Engineering , 2d ed . ( Oxford University 
or more ) smaller droplets in order to perform unbiased Press 1995 ) ) . 
whole genome / transcriptome amplification in droplets . In Samples 
some embodiments , a slug can be broken down into about Samples to be analyzed using the methods , compositions , 
at least about , more than about , or less than about 100 , 200 , and kits provided herein can be derived from a non - cellular 
300 , 400 , 500 , 600 , 700 , 800 , 900 , 1000 , 2000 , 3000 , 4000 , 40 entity comprising nucleic acid ( e . g . , a virus ) or from a 
5000 , 6000 , 7000 , 8000 , 9000 , or 10 , 000 droplets . In some cell - based organism ( e . g . , member of archaea , bacteria , or 
embodiments , a slug can be broken down into about 100 to eukarya domains ) . A sample can be obtained in some cases 
about 500 , about 100 to about 1000 , about 500 to about from a hospital , laboratory , clinical or medical laboratory . 
1000 , about 1000 to about 1500 , about 1000 to about 2000 , The sample can comprise nucleic acid , e . g . , RNA or DNA . 
about 1000 to about 5000 , about 1000 to about 10 , 000 , or 45 The sample can comprise cell - free nucleic acid . In some 
about 5 , 000 to about 10 , 000 droplets . In some embodiments , cases , the sample is obtained from a swab of a surface , such 
whole genome amplification can work better in droplets than as a door or bench top . 
in bulk . The droplets from all the slugs can be mixed The sample can from a subject , e . g . , a plant , fungi , 
together because they are already furnished with adaptors eubacteria , archaeabacteria , protest , or animal . The subject 
with unique barcodes . Sequencing information can be used 50 may be an organism , either a single - celled or multi - cellular 
to determine which reads came from which slug . organism . The subject may be cultured cells , which may be 

Protein Expression and Nucleic Acid Information primary cells or cells from an established cell line , among 
In another embodiment , methods described herein can be others . The sample may be isolated initially from a multi 

used to capture cells with specific cell surface markers and cellular organism in any suitable form . The animal can be a 
analyze polynucleotides ( e . g . , DNA or RNA ) from the cells . 55 fish , e . g . , a zebrafish . The animal can be a bird , e . g . , a 
In some embodiments , antibodies can be linked to beads chicken . The animal can be a mammal . The mammal can be , 
coated with short DNA fragments with a unique barcode . e . g . , a dog , cat , horse , cow , mouse , rat , or pig . The mammal 
Each antibody can be associated with its own unique can be a primate , e . g . , a human , chimpanzee , orangutan , or 
sequence . The antibodies could also be linked to droplets gorilla . The human can be a male or female . The sample can 
containing DNA fragments — which can be burst as appro - 60 be from a human embryo or human fetus . In some embodi 
priate . Cells can be pre - coated with these antibodies , then ments , the human can be an infant , child , teenager , adult , or 
captured in larger droplets along with droplet / cell - specific elderly person . The female can be pregnant , can be sus 
barcode adaptors . Library prep can ensue as described pected of being pregnant , or planning to become pregnant . 
herein , contents of the droplets can be sequenced , and it can In some embodiments , the sample is from a plant . In some 
be inferred which reads came from which cell by the 65 embodiments , the samples comprises one or more viruses . 
barcodes . Thus , this technique allows one to , in addition to The sample can be from a subject ( e . g . , human subject ) 
sequencing a cell ' s genome or transcriptome , obtain infor - who is healthy . In some embodiments , the sample is taken 
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from a subject ( e . g . , an expectant mother ) at at least 4 , 5 , 6 , female patient is known to be affected by , or is a carrier of , 
7 , 8 , 9 , 10 , 11 , 12 , 13 , 14 , 15 , 16 , 17 , 18 , 19 , 20 , 21 , 22 , 23 , a genetic disease or genetic variation , or is at risk of , 
24 , 25 , or 26 weeks of gestation . In some embodiments , the diagnosed with , or has a specific genetic abnormality . In 
subject is affected by a genetic disease , a carrier for a genetic some cases , the status of the female patient with respect to 
disease or at risk for developing or passing down a genetic 5 a genetic disease or genetic variation may not be known . In 
disease , where a genetic disease is any disease that can be further embodiments , the sample is taken from any child or 
linked to a genetic variation such as mutations , insertions , adult patient of known or unknown status with respect to 
additions , deletions , translocation , point mutation , trinucle copy number variation of a genetic sequence . In some cases , 
otide repeat disorders and / or single nucleotide polymor - the child or adult patient is known to be affected by , or is a 
phisms ( SNPs ) . 10 carrier of , a genetic disease or genetic variation . 

The sample can be from a subject who has a specific The sample can be aqueous humour , vitreous humour , 
disease , disorder , or condition , or is suspected of having ( or bile , whole blood , blood serum , blood plasma , breast milk , 
at risk of having ) a specific disease , disorder or condition . cerebrospinal fluid , cerumen , enolymph , perilymph , gastric 
For example , the sample can be from a cancer patient , a juice , mucus , peritoneal fluid , saliva , sebum , semen , sweat , 
patient suspected of having cancer , or a patient at risk of 15 perspiration , tears , vaginal secretion , vomit , feces , or urine . 
having cancer . The cancer can be , e . g . , acute lymphoblastic The sample can be obtained from a hospital , laboratory , 
leukemia ( ALL ) , acute myeloid leukemia ( AML ) , adreno - clinical or medical laboratory . The sample can taken from a 
cortical carcinoma , Kaposi Sarcoma , anal cancer , basal cell subject . The sample can comprise nucleic acid . The nucleic 
carcinoma , bile duct cancer , bladder cancer , bone cancer , acid can be , e . g . , mitochondrial DNA , genomic DNA , 
osteosarcoma , malignant fibrous histiocytoma , brain stem 20 mRNA , siRNA , miRNA , CRNA , single - stranded DNA , 
glioma , brain cancer , craniopharyngioma , ependymoblas double - stranded DNA , single - stranded RNA , double 
toma , ependymoma , medulloblastoma , medulloepithelioma , stranded RNA , tRNA , rRNA , or cDNA . The sample can 
pineal parenchymal tumor , breast cancer , bronchial tumor , comprise cell - free nucleic acid . The sample can be a cell 
Burkitt lymphoma , Non - Hodgkin lymphoma , carcinoid line , genomic DNA , cell - free plasma , formalin fixed paraffin 
tumor , cervical cancer , chordoma , chronic lymphocytic leu - 25 embedded ( FFPE ) sample , or flash frozen sample . A forma 
kemia ( CLL ) , chromic myelogenous leukemia ( CML ) , lin fixed paraffin embedded sample can be deparaffinized 
colon cancer , colorectal cancer , cutaneous T - cell lymphoma , before nucleic acid is extracted . The sample can be from an 
ductal carcinoma in situ , endometrial cancer , esophageal organ , e . g . , heart , skin , liver , lung , breast , stomach , pancreas , 
cancer , Ewing Sarcoma , eye cancer , intraocular melanoma , bladder , colon , gall bladder , brain , etc . 
retinoblastoma , fibrous histiocytoma , gallbladder cancer , 30 In some embodiments , the sample is an environmental 
gastric cancer , glioma , hairy cell leukemia , head and neck sample , e . g . , air , water , agricultural , or soil . 
cancer , heart cancer , hepatocellular ( liver ) cancer , Hodgkin When the nucleic acid is RNA , the source of the RNA can 
lymphoma , hypopharyngeal cancer , kidney cancer , laryn - be any source described herein . For example , the RNA can 
geal cancer , lip cancer , oral cavity cancer , lung cancer , a cell - free mRNA , can be from a tissue biopsy , core biopsy , 
non - small cell carcinoma , small cell carcinoma , melanoma , 35 fine needle aspirate , flash frozen , or formalin - fixed paraffin 
mouth cancer , myelodysplastic syndromes , multiple embedded ( FFPE ) sample . The FFPE sample can be depar 
myeloma , medulloblastoma , nasal cavity cancer , paranasal affinized before the RNA is extracted . The extracted RNA 
sinus cancer , neuroblastoma , nasopharyngeal cancer , oral can be heated to about , more than about , less than about , or 
cancer , oropharyngeal cancer , osteosarcoma , ovarian cancer , at least about 30 , 31 , 32 , 33 , 34 , 35 , 36 , 37 38 , 39 , 40 , 41 , 
pancreatic cancer , papillomatosis , paraganglioma , parathy - 40 42 , 43 , 44 , 45 , 46 , 47 , 48 , 49 , 50 , 51 , 52 , 53 , 54 , 55 , 56 , 57 , 
roid cancer , penile cancer , pharyngeal cancer , pituitary 58 , 59 , 60 , 61 , 62 , 63 , 64 , 65 , 66 , 67 , 68 , 69 , 70 , 71 , 72 , 73 , 
tumor , plasma cell neoplasm , prostate cancer , rectal cancer , 74 , 75 , 76 , 77 , 78 , 79 , 80 , 81 , 82 , 83 , 84 , 85 , 86 , 87 , 88 , 89 , 
renal cell cancer , rhabdomyosarcoma , salivary gland cancer , 90 , 91 , 92 , 93 , 94 , 95 , 96 , 97 , 98 , or 99° C . before analysis . 
Sezary syndrome , skin cancer , nonmelanoma , small intes - The extracted RNA can be heated to any of these tempera 
tine cancer , soft tissue sarcoma , squamous cell carcinoma , 45 tures for about , or at least about , 15 min , 30 min , 45 min , 60 
testicular cancer , throat cancer , thymoma , thyroid cancer , min , 1 . 5 hr , 2 hr , 2 . 5 hr , 3 hr , 3 . 5 hr , 4 hr , 4 . 5 hr , 5 hr , 5 . 5 
urethral cancer , uterine cancer , uterine sarcoma , vaginal hr , 6 hr , 6 . 5 hr , 7 hr , 7 . 5 hr , 8 hr , 8 . 5 hr , 9 hr , 9 . 5 hr , or 10 
cancer , vulvar cancer , Waldenstrom Macroglobulinemia , or hr . 
Wilms Tumor . The sample can be from the cancer and / or RNA can be used for a variety of downstream applica 
normal tissue from the cancer patient . 50 tions . For example , the RNA can be converted to cDNA with 

The sample can be from a subject who is known to have a reverse transcriptase and the cDNA can optionally be 
a genetic disease , disorder or condition . In some cases , the subject to PCR , e . g . , real - time PCR . The RNA or cDNA can 
subject is known to be wild - type or mutant for a gene , or be used in an isothermal amplification reaction , e . g . , an 
portion of a gene , e . g . , CFTR , Factor VIII ( F8 gene ) , beta isothermal linear amplification reaction . The RNA , resulting 
globin , hemachromatosis , G6PD , neurofibromatosis , 55 cDNA , or molecules amplified therefrom can be used in a 
GAPDH , beta amyloid , or pyruvate kinase gene . In some microarray experiment , gene expression experiment , North 
cases , the status of the subject is either known or not known , ern analysis , Southern analysis , sequencing reaction , next 
and the subject is tested for the presence of a mutation or generation sequencing reaction , etc . Specific RNA 
genetic variation of a gene , e . g . , CFTR , Factor VIII ( F8 sequences can be analyzed , or RNA sequences can be 
gene ) , beta globin , hemachromatosis , G6PD , neurofibroma - 60 globally analyzed . 
tosis , GAPDH , beta amyloid , or pyruvate kinase gene . Nucleic acids can be extracted from a sample by means 

In other embodiments , the sample is taken from a female available to one of ordinary skill in the art . 
patient of child - bearing age and , in some cases , the female The sample may be processed to render it competent for 
patient is not pregnant or of unknown pregnancy status . In amplification . Exemplary sample processing can include 
still other cases , the subject is a male patient , a male 65 lysing cells of the sample to release nucleic acid , purifying 
expectant father , or a male patient at risk of , diagnosed with , the sample ( e . g . , to isolate nucleic acid from other sample 
or having a specific genetic abnormality . In some cases , the components , which may inhibit amplification ) , diluting / 
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concentrating the sample , and / or combining the sample with For example , methods can be used for physically separating 
reagents for amplification , such as a DNA / RNA polymerase target nucleic acids sequences . Often , the methods can avoid 
( e . g . , a heat - stable DNA polymerase for PCR amplification ) , underestimating copy numbers of a target sequence due to 
dNTPs ( e . g . , dATP , dCTP , dGTP , and dTTP ( and / or dUTP ) ) , the presence of multiple copies of the target sequence on a 
a primer set for each allele sequence or polymorphic locus 5 single polynucleotide . In some embodiments , a first sample 
to be amplified , probes ( e . g . , fluorescent probes , such as of polynucleotides is obtained ; the first sample can be , e . g . , 
TAQMAN probes or molecular beacon probes , among oth - a genomic DNA sample . The target nucleic acid sequences 
ers ) capable of hybridizing specifically to each allele in the first sample can be physically separated ( e . g . , by 
sequence to be amplified , Mg2 + , DMSO , BSA , a buffer , or contacting the first sample with one or more restriction 
any combination thereof , among others . In some examples , 10 enzymes ) . The first sample can be separated into a plurality 
the sample may be combined with a restriction enzyme , of partitions . The number of partitions with the target 
uracil - DNA glycosylase ( UNG ) , reverse transcriptase , or sequence can be enumerated . The copy number of the target 
any other enzyme of nucleic acid processing . can then be estimated . 

Computers The target nucleic acids can be identical ; or , in other 
A computer can be used to store and process the data . A 15 cases , the target nucleic acids can be different . In some 

computer - executable logic can be employed to perform such cases , the target nucleic acids are located within the same 
functions grouping sequence reads by barcode sequence . A gene . In some cases , the target nucleic acids are each located 
computer can be useful for displaying , storing , retrieving , or in a different copy ( identical or near identical copy ) of a 
calculating diagnostic results from the molecular profiling ; gene . In still other cases , the target sequences are located 
displaying , storing , retrieving , or calculating raw data from 20 within introns , or in a region between genes . Sometimes , one 
genomic or nucleic acid expression analysis ; or displaying , target sequence is located in a gene ; and the second target 
storing , retrieving , or calculating any sample or patient sequence is located outside of the gene . In some cases , a 
information useful in the methods described herein . Pro target sequence is located within an exon . 
vided herein are systems comprising computer readable Different targets within a sample may often be present at 
instructions for performing methods described herein . Pro - 25 different copy numbers . In such cases , the target that is 
vided herein are computer readable medium comprising present at a lower copy number level , may be probed with 
instructions which , when executed by a computer , cause the multiple probes , each recognizing a different locus or region 
computer to perform methods described herein . with the target sequence . For example , target A may be 

Kits present at copy number 3 , while target B is present at copy 
Provided herein are kits for performing methods 30 number 1 . In such cases , target B may be probed with 3 

described herein . The kits can comprise one or more restric - primer / probe pairs to increase the number of B - positive 
tion enzymes , endonucleases , exonucleases , ligases , poly - droplets , or to increase the signal from droplets that com 
merases , RNA polymerases , DNA polymerases , reverse prise target B . The probes may be directed to different 
transcriptases , topoisomerases , kinases , phosphatases , buf regions within target B . Often , the probes that target target 
fers , salts , metal ions , reducing agents , BSA , spermine , 35 B are labeled with the same label ; but , in some cases , 
spermidine , glycerol , oligonucleotides , primers , probes , or different labels may be used . Thus , such methods enable 
labels ( e . g . , fluorescent labels ) . The kits can comprises one alignment of the dynamic range of targets with different 
or more sets of instructions . copy numbers . Target B can be a different target or may be 

Multiplexing to Align the Dynamic Range of Targets a reference sample , as described further herein . Therefore , 
Whose Concentrations are Different and to Smooth Out 40 such methods can also enable alignment of the dynamic 
Biological Variation of Reference Genes range of targets with reference samples . 

Also provided herein are methods for estimating copy In some cases , a genome comprises one target sequence . 
number variation ( CNV ) . Copy number variation of one or In some cases , a genome comprises two or more target 
more target sequences can play a role in a number of sequences . When a genome comprises two or more target 
diseases and disorders . One method to analyze copy number 45 sequences , the target sequences can be about , or more than 
variation of a target sequence is through a digital analysis , about 50 % , 55 % , 60 % , 65 % , 70 % , 75 % , 80 % , 85 % , 90 % , 
such as digital PCR , or droplet digital PCR . However , digital 95 % , or 100 % identical . 
analysis of copy number of a target sequence can underes - Separating two target sequences can comprise separating 
timate the number of copies of a target nucleic acid sequence the target sequences by cleaving a specific site on the nucleic 
in a sample if multiple copies of the target nucleic acid 50 acid sequence . In some cases , the separating target nucleic 
sequence are on the same polynucleotide in a sample . For acid sequences can comprise contacting the first sample with 
example , in a digital PCR assay that has multiple compart - one or more restriction enzymes . Separating the target 
ments ( e . g . , partitions , spatially isolated regions ) , nucleic nucleic acid sequences can comprise digesting a polynucle 
acids in a sample can be partitioned such that each com otide at a site located between the target nucleic acid 
partment receives on average about 0 , 1 , 2 , or several target 55 sequences . In some cases , the target nucleic acid sequences 
polynucleotides . Each partition can have , on average , less are each located within a gene . In some cases , the site that 
than 5 , 4 , 3 , 2 , or 1 copies of a target nucleic acid per is targeted for digestion is located between the two genes . In 
partition ( e . g . , droplet ) . In some cases , at least 0 , 1 , 2 , 3 , 4 , some cases , the site selected for digestion is located in a 
5 , 6 , 7 , 8 , 9 , 10 , 20 , 30 , 40 , 50 , 60 , 70 , 80 , 90 , 100 , 125 , 150 , gene ; and , in some cases , the gene is the same gene as the 
175 , or 200 partitions ( e . g . , droplets ) have zero copies of a 60 gene which contains the target sequences . In other cases , the 
target nucleic acid . The number of compartments that con - site selected for digestion is located in a different gene from 
tain a polynucleotide can be enumerated . However , if two that of the target sequence . In some cases , a target sequence 
copies of a target nucleic acid sequence are on a single and the site targeted for digestion are located in the same 
polynucleotide , a compartment containing that polynucle - gene ; and the target sequence is located upstream of the site 
otide can be counted as having only one target sequence . 65 targeted for digestion . In other cases , a target sequence and 
Methods of analyzing CNVs are disclosed , e . g . , in U . S . the site targeted for digestion are located in the same gene ; 

patent application Ser . No . 13 / 385 , 277 , filed Feb . 9 , 2012 . but the target sequence is located downstream of the site 
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targeted for digestion . In some cases , target nucleic acids can Copy number variations described herein can involve the 
be separated by treatment of a nucleic acid sample with one loss or gain of nucleic acid sequence . Copy number varia 
or more restriction enzymes . In some cases , target nucleic tions can be inherited or can be caused by a de novo 
acids can be separated by shearing . In some cases , target mutation . A CNV can be in one or more different classes . 
nucleic acids can be separated by sonication . 5 See , e . g . Redon et al . ( 2006 ) Global variation in copy 

Following the separation step ( e . g . , digesting with one or number in the human genome . Nature 444 pp . 444 - 454 . A 
more restriction enzymes ) , the sample can be partitioned CNV can result from a simple de novo deletion , from a 
into multiple partitions . Each of the plurality of partitions simple de novo duplication , or from both a deletion and 
can comprise about 0 , 1 , 2 or several target polynucleotides . duplication . A CNV can result from combinations of multi 
In some cases , each partition can have , on average , less than 10 allelic variants . A CNV can be a complex CNV with de novo 

gain . A CNV can include about , or more than about 0 , 1 , 2 , 5 , 4 , 3 , 2 , or 1 copies of a target nucleic acid per partition 3 , 4 , 5 , 6 , 7 , 8 , 9 , or 10 contiguous genes . A CNV can include ( e . g . , droplet ) . In some cases , at least 0 , 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 , about 1 to about 10 , about 1 to about 5 , about 1 to about 4 , 
9 , 10 , 20 , 30 , 40 , 50 , 60 , 70 , 80 , 90 , 100 , 125 , 150 , 175 , or about 1 to about 3 , about 1 to about 2 , about 0 to about 10 , 200 droplets have zero copies of a target nucleic acid . 15 about 0 to about 5 , or about 0 to about 2 contiguous genes . Often , target nucleic acid is amplified in the partitions . In A copy number variation can involve a gain or a loss of 
some cases , the amplification comprises use of one or more about , or more than about , 100 , 500 , 1000 , 2000 , 3000 , TaqMan probes . 4000 , 5000 , 6000 , 7000 , 8000 , 9000 , 10 , 000 , 20 , 000 , 

In another embodiment , the method further comprises the 30 , 000 , 40 , 000 , 50 , 000 , 60 , 000 , 70 , 000 , 80 , 000 , 90 , 000 , 
step of enumerating the number of partitions comprising a 20 100 , 000 , 200 , 000 , 500 , 000 , 750 , 000 , 1 million , 5 million , or 
reference nucleic acid sequence . A reference nucleic acid 10 million base pairs . In some cases , a copy number varia 
sequence can be known to be present in a certain number of tion can involve the gain or loss of about 1 , 000 to about 
copies per genome and can be used to estimate the number 10 , 000 , 000 , about 10 , 000 to about 10 , 000 , 000 , about 100 , 
of genome copies of a target nucleic acid sequence in a 000 to about 10 , 000 , 000 , about 1 , 000 to about 100 , 000 , or 
sample . Estimating the copy number can comprise compar - 25 about 1 , 000 to about 10 , 000 base - pairs of nucleic acid 
ing the number of partitions comprising the target sequence sequence . A copy number variation can be a deletion , 
to the number of partitions comprising the reference nucleic i nsertion , or duplication of a nucleic acid sequence . In some 
acid sequence . In another instance , a CNV estimate is cases , a copy number variation can be a tandem duplication . 
determined by a ratio of the concentration of target nucleic In another embodiment , CNV haplotypes can be esti 
acid sequence to a reference sequence . 30 mated from fluorescent signals generated by real - time PCR 

In another embodiment , the method further comprises the or ddPCR of partitioned samples . Before the late stages of 
step of analyzing a second sample , wherein the second a real - time PCR or ddPCR experiment , when reagents can 
sample and the first sample are derived from the same become limiting , a partition with a higher copy number of a 
sample ( e . g . , a nucleic acid sample is split to the first sample target sequence can have a higher signal than a partition with 
and the second sample ) . The method can further comprise 35 a lower copy number of the target sequence . In one embodi 
not contacting the second sample with one or more restric - ment , a sample ( e . g . , a subsample of a sample used in a 
tion enzymes . In some cases , the method further comprises linkage experiment ) can be partitioned , and PCR can be 
separating the second sample into a plurality of partitions . performed on the partitions ( e . g . , droplets ) . The mean fluo 
The method can further comprise enumerating the number rescence intensity of partitions can be determined as they 
of partitions of the second sample that comprise the target 40 undergo exponential amplification for a target and / or refer 
sequence . In another embodiment , the method further com - ence nucleic acid sequence . The mean intensity can corre 
prises enumerating the number of partitions of the second spond to the number of starting copies of the target . If 
sample that comprise a reference sequence . In another multiple targets are linked along a single polynucleotide 
embodiment , the method comprises estimating the copy strand , the intensity in the partition ( e . g . , droplet ) that 
number of the target sequence in the second sample . In 45 captures this strand may be higher than that of a partition 
another embodiment , estimating the copy number of the ( e . g . , droplet ) that captures a strand with only a single copy 
target sequence in the second sample comprises comparing of the target . Excess presence of positive droplets with 
the number of partitions from the second sample with the higher mean amplitudes can suggest the presence of a 
target sequence and the number of partitions from the second haplotype with multiple CNV copies . Conversely , presence 
sample with the reference sequence . 50 of positive droplets with only low mean amplitudes can 

The copy number of the target sequence from the first suggest that only haplotypes with single CNV copies are 
sample and the copy number of the target sequence in the present in the sample . In another embodiment , the number of 
second sample can be compared to determine whether the cycles used to estimate CNV can be optimized based on the 
copy number of the target sequence in the second sample size of the partitions and the amount of reagent in the 
was underestimated . The degree to which the copy number 55 partitions . For example , smaller partitions with lower 
was underestimated may be indicative of whether interro - amounts of reagent may require fewer amplification cycles 
gated copies were all on one chromosome or if at least one than larger partitions that would be expected to have higher 
copy was on one homologous chromosome and at least one amounts of reagent . 
copy was on the other homologous chromosome . Values The method can be useful because it can be used to 
closer to one per diploid genome may indicate the first case , 60 analyze even target copies that are near each other on the 
while values closer to two may indicate the second case . polynucleotide , e . g . , less than about 10 , 9 , 8 , 7 , 6 , 5 , 4 , 5 , 2 , 

Additional methods of determining copy number differ - 1 , 0 . 7 0 . 5 , 0 . 3 , 0 . 2 , 0 . 1 , 0 . 05 , or 0 . 01 megabases apart ; or that 
ences by amplification are described , e . g . , in U . S . Patent are very near each other on the polynucleotide , e . g . , less than 
Application Publication No . 20100203538 . Methods for about 10 , 9 , 8 , 7 , 6 , 5 , 4 , 3 , 2 , or 1 kilobase apart . In some 
determining copy number variation are described in U . S . 65 cases , the method is useful for analyzing target copies that 
Pat . No . 6 , 180 , 349 and Taylor et al . ( 2008 ) PLoS One 3 ( 9 ) : are very close to each other on the polynucleotide , e . g . , 
e3179 . within about 1 , 10 , 20 , 30 , 40 , 50 , 60 , 70 , 80 , 90 , 100 , 200 , 
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300 , 400 , 500 , 600 , 700 , 800 , 900 , or 950 base pairs ( bp ' s ) about 100 to about 500 , about 100 to about 1000 , about 500 
apart . In some cases , the method is useful for analyzing to about 1000 , about 1000 to about 5000 , about 1000 to 
target copies that are separated by zero ( 0 ) base pairs . In about 10 , 000 , about 10 , 000 to about 20 , 000 , about 10 , 000 to 
some cases , the method can be applied to identical , near about 50 , 000 , about 10 , 000 to about 100 , 000 , or about 
identical , and completely different targets . 5 50 , 000 to about 100 , 000 different references are used . The 

In some embodiments , the copy number of a target in a reference can be any reference sequence described herein . 
genome is about , more than about , less than about , or at least Generally , the reference may be present at a different copy 
about 1 , 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 , 10 , 11 , 12 , 13 , 14 , 15 , 16 , 17 , number than the target sequence . For example , the target 
18 , 19 , 20 , 21 , 22 , 23 , 24 , 25 , 26 , 27 , 28 , 29 , 30 , 31 , 32 , 33 , may have copy number that is about , more than about , less 
34 , 35 , 36 , 37 , 38 , 39 , 40 , 41 , 42 , 43 , 44 , 45 , 46 , 47 , 48 , 49 , 10 than about , or at least about 1 . 5 - fold , 2 - fold , 2 . 5 - fold , 3 - fold , 
50 , 51 , 52 , 53 , 54 , 55 , 56 , 57 , 58 , 59 , 60 , 61 , 62 , 63 , 64 , 65 , 3 . 5 - fold , 4 - fold , 4 . 5 fold , 5 - fold , 6 - fold , 7 - fold , 8 - fold , 
66 , 67 , 68 , 69 , 70 , 71 , 72 , 73 , 74 , 75 , 76 , 77 , 78 , 79 , 80 , 81 , 9 - fold , 10 - fold , 20 - fold , 50 - fold , 75 - fold , 100 - fold , 200 
82 , 83 , 84 , 85 , 86 , 87 , 88 , 89 , 90 , 91 , 92 , 93 , 94 , 95 , 96 , 97 , fold , 500 - fold , 700 - fold , the copy number of the reference 
98 , 99 , 100 , 500 , 1000 , 2000 , 3000 , 4000 , 5000 , 6000 , 7000 , number . In other cases the copy number of the target is equal 
8000 , 9000 , 10 , 000 , 20 , 000 , 30 , 000 , 40 , 000 , 50 , 000 , 60 , 000 , 15 to that of the reference . In still other cases , the reference has 
70 , 000 , 80 , 000 , 90 , 000 , or 100 , 000 copies per haploid or a copy number that is about , more than about , less than 
diploid genome . In some embodiments , the copy number of about , or at least about 1 . 5 - fold , 2 - fold , 2 . 5 - fold , 3 - fold , 
a target is about 2 to about 5 , about 2 to about 10 , about 2 3 . 5 - fold , 4 - fold , 4 . 5 fold , 5 - fold , 6 - fold , 7 - fold , 8 - fold , 
to about 20 , about 2 to about 30 , about 2 to about 40 , about 9 - fold , 10 - fold , 20 - fold , 50 - fold , 75 - fold , or 100 - fold the 
2 to about 50 , about 2 to about 100 , about 5 to about 10 , 20 copy number of the target sequence . 
about 5 to about 25 , about 5 to about 50 , about 5 to about In some embodiments , probes that anneal to each of the 
100 , about 10 to about 20 , about 10 to about 50 , about 10 to references can comprise the same label , e . g . , fluorescent dye . 
about 100 , about 25 to about 50 , about 25 to about 75 , about Depending on the number of targets to be multiplexed , one 
25 to about 100 , about 100 to about 200 , about 100 to about can use universal probes , LNA probes , or ligation 
500 , about 100 to about 1000 , about 500 to about 1000 , 25 approaches . Any type of probe described herein can be used 
about 1000 to about 5000 , about 1000 to about 10 , 000 , about to multiplex references . 
10 , 000 to about 20 , 000 , about 10 , 000 to about 50 , 000 , about The methods described herein can be used to measure 
10 , 000 to about 100 , 000 , or about 50 , 000 to about 100 , 000 several gene expression targets in a single reaction . Several 
per haploid or diploid genome . assays can be designed to target the lowest expressed gene 

In some embodiments , CNVs can be analyzed by mea - 30 and bring the measured counts closer to those of the higher 
suring amounts of a target and a reference in a single expressed gene ( s ) . 
reaction using probes with one fluorescence dye for the If the abundance of expression of two or more different 
target and another for the reference . In some embodiments , targets on the same gene is being investigated , e . g . , by 
e . g . , when the target copy number is high , the concentration converting mRNA to cDNA , a restriction digest on the 
( or amount ) of the target can be higher than the concentra - 35 cDNA can be performed in order to ensure that the different 
tion ( or amount ) of the reference . In that case , it can be targets on a given gene end up in different partitions ( e . g . , 
challenging to measure both the target and the reference in droplets ) . Other methods of fragmenting nucleic acids 
a single digital reaction ( e . g . , digital PCR ) , because the described herein can be used to separate the targets . 
dynamic range of digital PCR can be limited . For example , The methods described herein can also apply to measur 
a target may be present at 10 , 000 copies in a genome , but a 40 ing viral load levels in a single reaction . A viral load can be 
reference may be present at only two copies per genome measured by estimating the amount of virus in a bodily fluid . 

In some embodiments , several different targets for the In some embodiments , determination of viral load can 
reference can be multiplexed with each being detectable comprise PCR , reverse transcription PCR , or Nucleic Acid 
using probes with the same fluorescent dye . ( See e . g . , FIG . Sequence Based Amplification ( NASBA ) ( transcription 
2 ) Often , these different reference targets represent different 45 based amplification system ( TAS ) ) . For example , PCR can 
regions or loci within the same reference polynucleotide be used to quantify integrated DNA ( e . g . , integrated into a 
( e . g . , gene ) ; although , in some cases , different reference chromosome of a cell ) . Reverse transcription PCR can be 
polynucleotides ( e . g . , genes ) can be used . Use of multiple used to quantify viral RNA by converting it to cDNA . In 
references can boost the counts of the reference and bring some embodiments , NASBA is used to convert viral RNA 
them closer to the counts of the target . In some embodi - 50 into DNA , and the DNA can be transcribed into RNA . 
ments , about , more than about , at least about , or less than NASBA can involve annealing a primer to the 3 ' end of an 
about 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 , 10 , 11 , 12 , 13 , 14 , 15 , 16 , 17 , 18 , RNA template , reverse transcribing the RNA template , 
19 , 20 , 21 , 22 , 23 , 24 , 25 , 26 , 27 , 28 , 29 , 30 , 31 , 32 , 33 , 34 , degrading the RNA template with RNAse H , annealing a 
35 , 36 , 37 , 38 , 39 , 40 , 41 , 42 , 43 , 44 , 45 , 46 , 47 , 48 , 49 , 50 , primer to the 5 ' end of the DNA strand , and using T7 RNA 
51 , 52 , 53 , 54 , 55 , 56 , 57 , 58 , 59 , 60 , 61 , 62 , 63 , 64 , 65 , 66 , 55 polymerase to produce a complementary RNA strand . The 
67 , 68 , 69 , 70 , 71 , 72 , 73 , 74 , 75 , 76 , 77 , 78 , 79 , 80 , 81 , 82 , complementary RNA strand can be reused in the reaction 
83 , 84 , 85 , 86 , 87 , 88 , 89 , 90 , 91 , 92 , 93 , 94 , 95 , 96 , 97 , 98 , cycle . In some embodiments , multiple references are used to 
99 , 100 , 500 , 1000 , 2000 , 3000 , 4000 , 5000 , 6000 , 7000 , such that the amount of viral nucleic acid and reference 
8000 , 9000 , 10 , 000 , 20 , 000 , 30 , 000 , 40 , 000 , 50 , 000 , 60 , 000 , nucleic acid in a sample are within the dynamic range of the 
70 , 000 , 80 , 000 , 90 , 000 , or 100 , 000 different references are 60 method used to determine the viral load . In some embodi 
used . In some embodiments , about 2 to about 5 , about 2 to ments , probes used to detect the different references use the 
about 10 , about 2 to about 20 , about 2 to about 30 , about 2 same label . In some embodiments , probes used to detect the 
to about 40 , about 2 to about 50 , about 2 to about 100 , about references comprise different labels . 
5 to about 10 , about 5 to about 25 , about 5 to about 50 , about In some embodiments , multiplexing can also be useful for 
5 to about 100 , about 10 to about 20 , about 10 to about 50 , 65 evening out biological variation where a reference varies in 
about 10 to about 100 , about 25 to about 50 , about 25 to copy number from individual to individual . By averaging 
about 75 , about 25 to about 100 , about 100 to about 200 , across multiple targets and / or reference sequences , the 
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impact of the variation can be reduced . This method can be Steps can also be taken to ensure that most of the 2 , 000 
used , e . g . , for diagnostic tests , including those used for fragments are tagged with a unique barcode . 
measuring copy number alterations . The first goal can be accomplished by increasing the 

In some embodiments , a reference sequence that is pres - number of partitions . For example , with 100 , 000 partitions , 
ent at two copies per diploid genome can be used , e . g . , a 5 only about 0 . 5 % of fragments at a particular locus from 
housekeeping gene ( e . g . , a gene that is required for the different chromosomes are expected to end up in the same 
maintenance of basic cellular function ) . Dividing the con partition . Note that many such cases will be readily identi 
centration or amount of the target by the concentration or fied by the appearance of distinct alleles from heterozygous 

SNPs with the same barcode as well as by increased cov amount of the reference can yield an estimate of the number 10 erage of the locus by a barcode . of target copies per genome . In order to ensure that most fragments are tagged with A housekeeping gene that can be used as reference in the 
methods described herein can include a gene that encodes a distinct barcodes , a large number of different barcodes can 

be used , and an approach that distributes barcodes so that transcription factor , a transcription repressor , an RNA splic any given partition is furnished with a small number ( pref ing gene , a translation factor , tRNA synthetase , RNA bind 15 erably one ) of barcode - containing droplets can be used . The ing protein , ribosomal protein , RNA polymerase , protein distribution can be random so that some partitions receive 
processing protein , heat shock protein , histone , cell cycle zero barcodes , some one , some multiple . Thus , for 100 . 000 
regulator , apoptosis regulator , oncogene , DNA repair / repli partitions 100 , 000 barcoding droplets can be supplied . In 
cation gene , carbohydrate metabolism regulator , citric acid this case , it is anticipated that 37 % of the partitions will 
cycle regulator , lipid metabolism regulator , amino acid 20 receive no adaptors and will thus be unavailable for 
metabolism regulator , nucleotide synthesis regulator , sequencing . The number of barcoding droplets can be 
NADH dehydrogenase , cytochrome C oxidase , ATPase , increased if sample preservation is a goal . 37 % of the 
mitochondrial protein , lysosomal protein , proteosomal pro - partitions can be barcoded with a single barcode and up to 
tein , ribonuclease , oxidase / reductase , cytoskeletal protein , 25 % can be coded with potentially different barcodes . In the 
cell adhesion protein , channel or transporter , receptor , 25 case above , 740 fragments will be unavailable for sequenc 
kinase , growth factor , tissue necrosis factor , etc . Specific ing , 740 will be sequestered in with their own barcodes and 
examples of housekeeping genes that can be used in the 500 will be sequestered with multiple barcodes . Ideally all 
methods described include , e . g . , HSP90 , Beta - actin , tRNA , of the 740 * 1 + 360 * 2 + . . . = 2 , 000 barcodes in the partitions 
rRNA , ATF4 , RPP30 , and RPL3 . associated with a particular fragment would be unique . If 

A single copy reference nucleic acid ( e . g . , gene ) can be 30 there are 10 , 000 different barcode types , then more than 80 % 
used to determine copy number variation . Multi - copy ref - of the fragments would be uniquely tagged . 
erence nucleic acids ( e . g . , genes ) can be used to determine if the number of genome equivalents is lower then fewer 
copy number to expand the dynamic range . For example , the partitions and barcodes could be used . 
multi - copy reference gene can comprise about , or more than Note that perfection is not necessary for this application , 
about 2 , 3 , 4 , 5 , 6 , 7 , 8 , 9 , 10 , 11 , 12 , 13 , 14 , 15 , 16 , 17 , 18 , 35 because only a small subset of SNPs from any given 
19 , 20 , 21 , 22 , 23 , 24 , 25 , 26 , 27 , 28 , 29 , 30 , 31 , 32 , 33 , 34 , genomic location can be captured to yield phasing informa 
35 , 36 , 37 , 38 , 39 , 40 , 41 , 42 , 43 , 44 , 45 , 46 , 47 , 48 , 49 , 50 , tion . It can be acceptable if a substantial fraction of frag 
51 , 52 , 53 , 54 , 55 , 56 , 57 , 58 , 59 , 60 , 61 , 62 , 63 , 64 , 65 , 66 , ments is not informative . 
67 , 68 , 69 , 70 , 71 , 72 , 73 , 74 , 75 , 76 , 77 , 78 , 79 , 80 , 81 , 82 , One can attain greater efficiency of sample processing if 
83 , 84 , 85 , 86 , 87 , 88 , 89 , 90 , 91 , 92 , 93 , 94 , 95 , 96 , 97 , 98 , 40 each partition is supplied with a barcode in a controlled 
99 , 100 , 500 , 1000 , 2000 , 3000 , 4000 , 5000 , 6000 , 7000 , manner . For example , sample containing partitions and 
8000 , 9000 , 10 , 000 , 20 , 000 , 30 , 000 , 40 , 000 , 50 , 000 , 60 , 000 , barcode containing partitions can be merged using droplet 
70 , 000 , 80 , 000 , 90 , 000 , or 100 , 000 copies in a genome . merging technology from RAINDANCETM ( RAIN 

Ranges can be expressed herein as from “ about ” one STORMTM ) . Droplet merging can be performed using a 
particular value , and / or to " about ” another particular value . 45 microfluidic circuit similar to FLUIDIGM ' s array designs . If 
When such a range is expressed , another embodiment it can be guaranteed that a given partition receives precisely 
includes from the one particular value and / or to the other one ADF , fewer ADFs and fewer ADF types can be used . 
particular value . Similarly , when values are expressed as A microfluidic chip can be used in an analogous manner 
approximations , by use of the antecedent “ about , " it will be for partitioning . Sample partitions can be supplied with their 
understood that the particular value forms another embodi - 50 own barcodes via a two - dimensional arrangement of chan 
ment . It will be further understood that the endpoints of each nels as described above . A large number of unique barcodes 
of the ranges are significant both in relation to the other can be readily supplied by combining vertical and horizontal 
endpoint , and independently of the other endpoint . The term barcodes . 
" about ” as used herein refers to a range that is 15 % plus or While preferred embodiments of the methods , composi 
minus from a stated numerical value within the context of 55 tions , systems , and kits described herein have been shown 
the particular usage . For example , about 10 would include a and described herein , it will be obvious to those skilled in the 
range from 8 . 5 to 11 . 5 . art that such embodiments are provided by way of example 

only . Numerous variations , changes , and substitutions will 
EXAMPLES now occur to those skilled in the art without departing from 

60 the methods , compositions , systems , and kits described 
Example 1 herein . It should be understood that various alternatives to 

the embodiments of the methods , compositions , systems , 
One thousand genome equivalents ( about 6 ng of DNA ) and kits described herein may be employed in practicing the 

can be sequenced at 100x depth . From 1000 genome equiva - methods , compositions , systems , and kits . It is intended that 
lents , there can be 2 , 000 copies of every ( normal copy 65 the following claims define the scope of the methods , 
number ) target . Steps can be taken such that for every locus , compositions , systems , and kits within the scope of these 
a large majority of fragments end up in separate partitions . claims and their equivalents be covered thereby . 
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What is claimed is : 13 . The composition of claim 7 , wherein the partitions are 
1 . A composition comprising a plurality of second parti - less than 10 nL in volume . 

tions containing first partitions , wherein : 14 . A device comprising a plurality of second partitions , 
a . said first partitions are degradable upon the application wherein : 

of a stimulus to said first partitions such that contents 5 5 a . at least one second partition of the plurality of second 
partitions contains a first partition comprising an oli of a first partition is mixed with contents of a second gonucleotide barcode , and the first partition has a first partition ; and volume and the at least one second partition has a b . said first partitions are contained within the second second volume , wherein the second volume is at least partitions ; twice as large as the first volume ; and 

c . said first partitions contain an oligonucleotide barcode ; b . said first partition is degradable upon the application of 
and a stimulus to said first partition such that contents of a 

d . the first partitions have on average a first average first partition is mixed with contents of a second 
volume and the second partitions have on average a partition . 
second average volume , wherein the second average 15 . The device of claim 14 , wherein said second partition 
volume is at least twice as large as the first average 15 is a droplet . 

16 . The device of claim 14 , wherein said stimulus is volume . 
2 . The composition of claim 1 , wherein said stimulus is selected from the group consisting of a biological , chemical , 

thermal , electrical , magnetic , or photo stimulus , and a com selected from the group consisting of a biological , chemical , 
thermal , electrical , magnetic , or photo stimulus , and com - 20 bination thereof . 
bination thereof . 201 7 . The device of claim 16 , wherein said stimulus is a 

3 . The composition of claim 1 , wherein said stimulus is a chemical stimulus . 
chemical stimulus . 18 . The device of claim 14 , wherein the first partition is 

4 . The composition of claim 1 , wherein said second a a droplet . 
partition is a droplet 19 . The device of claim 14 , wherein the first partition and 

25 the second partition are droplets . 5 . The composition of claim 1 , wherein the first partition 
is a droplet . 20 . The device of claim 19 , wherein the droplets are less 

than 10 nL in volume . 6 . The composition of claim 1 , wherein the first partition 
and the second partition are droplets . 21 . The device of claim 14 , wherein the second partition 

7 . The composition of claim 1 , wherein the second 30 comprises a sample comprising polynucleotides . 
partition comprises a sample comprising polynucleotides . 30 22 . The device of claim 21 , wherein the second partition 

8 . The composition of claim 7 , wherein the second further comprises a DNA polymerase enzyme or a reverse 
partition further comprises a DNA polymerase enzyme or a transcriptase enzyme . 
reverse transcriptase enzyme . 23 . The device of claim 21 , wherein the polynucleotides 

9 . The composition of claim 7 , wherein the polynucle - 35 comprise DNA . 
otides comprise DNA . 35 24 . The device of claim 23 , wherein the DNA is genomic 

the DNA : DNA . 10 . The composition of claim 9 , wherein the DNA is 
genomic DNA . 25 . The device of claim 21 , wherein the polynucleotides 

11 . The composition of claim 7 , wherein the polynucle comprise RNA . 
otides comprise RNA . 26 . The device of claim 21 , wherein the polynucleotides 

12 . The composition of claim 7 . wherein the polynucle - comprise cDNA . 
otides comprise cDNA . 
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US 9,919,277 
Infringement Analysis 

 
 

’277 Claim Language Infringement Support 

1. A method for conducting 
an enzymatic reaction, 
comprising the steps of: 

10X’s Next GEM platform conducts enzymatic barcoding reactions in microfluidic droplets: 
 

 
 
Ex. 2 at 2.   
 

providing a droplet generator 
to produce, under 

10X’s Next GEM platform includes a microfluidic droplet generator, which creates aqueous 
microcapsules: 
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’277 Claim Language Infringement Support 

microfluidic control, a 
plurality of aqueous 
microcapsules surrounded by 
an immiscible continuous 
phase that comprises a 
fluorinated oil that comprises 
a fluorinated polymer 
surfactant, each of the 
plurality of microcapsules 
comprising an enzyme, a 
genetic element linked 
covalently or non-covalently 
to a bead, and reagents for the 
enzymatic reaction; 

 

 
 
Ex. 6. (Video, available at: https://www.10xgenomics.com/solutions/single-cell/).   
 
As shown in 10X’s technology brochure, each of its reagent kits that utilize the Next GEM 
platform use the approach immediately above to generate aqueous microcapsules.  See Ex. 2 at 3 
(single cell partitioning for transcriptome analysis); id. at 4 (single cell partitioning for immunology 
applications); id. at 5 (single cell partition for epigenome analysis). 
 
Additionally, the 10X technology brochure shows that the aqueous microcapsules include an 
enzyme (included with the “RT Reagents in Solution”), a genetic element (the sample nucleic 
acids), and reagents for the enzymatic reaction (the “RT Reagents in Solution” and the barcodes 
included with the “Functionalized Gel Bead”): 
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Id. at 1.  As the image above shows, each aqueous microcapsule is surrounded by an immiscible 
continuous phase (the “Partitioning Oil”).  As confirmed during 10X’s November 2018 trial against 
Bio-Rad in this district, 10X’s products all utilize fluorinated chemistry, including a fluorinated oil 
carrier fluid and a fluorinated polymer surfactant in the carrier fluid.    
 
10X’s product literature for its Next GEM platform depicts a cell or other genetic material (e.g., 
cell nuclei) being linked to a Gel Bead. 
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Ex. 7 at 14. 

 
Ex. 9 at 13.  

pooling the microcapsules 
into one or more common 
compartments such that a 
portion of the plurality of 

10X’s technology brochure confirms that “[b]arcoded products are pooled for downstream 
reactions to create short-read sequencer compatible libraries.”  Ex. 2 at 2.  The brochure shows that 
for each of 10X’s Next GEM applications the droplets are pooled in a compartment (e.g., a tube), 
and the droplets contact each other but do not fuse:  
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microcapsules contact each 
other but do not fuse with 
each other due to the presence 
of the surfactant; 

 

 
 
Id. at 3 
 

 
 
Id. at 4. 
 

 
 
Id. at 5.   
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conducting the enzymatic 
reaction on the genetic 
element of at least one of the 
plurality of microcapsules 
within the one or more 
common compartments. 

In 10X’s Next GEM platform, an enzymatic reaction is conducted within the microcapsule that is 
within the compartment.  This is shown in the product brochure, which shows an enzymatic 
reaction based on the use of reverse transcriptase (“RT”) enzyme or another enzyme for “Linear 
Amplification” to yield barcoded DNA fragments: 
 

 
 
Id. at 3. 
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Id. at 4. 
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Id. at 5. 
 
The product manuals for each of 10X’s Next GEM products further depict the enzymatic reaction: 
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Ex. 7 at 15. 
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Ex. 8 at 16. 
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Ex. 9 at 13.   
 

  
2. The method of claim 1, 
wherein the genetic elements 
comprises nucleic acids. 

In 10X’s Next GEM platform the genetic elements encompass at least nucleic acids.  This is shown 
in the product brochure, which shows an enzymatic reaction based on the use of reverse 
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transcriptase (“RT”) enzyme or another enzyme for “Linear Amplification” to yield barcoded DNA 
fragments: 
 

 
 
Id. at 3. 
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Id. at 4. 
 

Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 762 of 835 PageID #: 2247



 14 
 

’277 Claim Language Infringement Support 

 
 
Id. at 5. 
 
The product manuals for each of 10X’s Next GEM products further depict the enzymatic reaction 
involving nucleic acids: 
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Ex. 7 at 15. 
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Ex. 8 at 16. 
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Ex. 9 at 13.   
 
 

  
3. The method of claim 2, 
wherein the nucleic acids 

In 10X’s Next GEM platform, primers are attached to cDNA during the GEM incubation step, 
which produces barcoded, full-length, cDNA within each droplet.  
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further comprise primers for a 
polymerase chain reaction 
(PCR). 

 

 
 
Ex. 7 at 15. 
 
In some Next GEM applications, TruSeq Read 1 primers are added to the cDNA molecules during 
incubation and are used for PCR. 
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Id.  
 
In other examples, Illumina sequencing primers are added during the GEM incubation.  
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Ex. 8 at 16 

4. The method of claim 2, 
wherein the genetic element 
comprises RNA. 

In the 10X Next GEM platform, barcoded cDNA molecules are produced from mRNA.  
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Ex. 7 at 14.  
5. The method of claim 1, 
wherein the genetic element 
is labeled. 

In 10X’s Next GEM platform the genetic elements encompass at least nucleic acids.  This is shown 
in the product brochure, which shows an enzymatic reaction based on the use of reverse 
transcriptase (“RT”) enzyme or another enzyme for “Linear Amplification” to yield barcoded DNA 
fragments: 
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Id. at 3. 
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Id. at 4. 
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Id. at 5. 
 
The product manuals for each of 10X’s Next GEM products further depict the enzymatic reaction 
involving nucleic acids: 
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Ex. 7 at 15. 
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Ex. 8 at 16. 
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Ex. 9 at 13. 

  
6. The method of claim 1, 
wherein the microcapsules are 
monodisperse with respect to 
each other. 

10X’s product literature for its Next GEM platform depicts the microcapsules as being 
monodisperse with respect to each other: 
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Ex. 2 at 3 
 

 
 
Id. at 4. 
 

 
 
Id. at 5. 
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8. The method of claim 1, 
wherein the concentration of 
the beads is adjusted such that 
a single bead appears in each 
microcapsule 

 10X’s product literature for its Next GEM platform depicts the microcapsules as containing one 
bead per GEM.  
 

 
 
Ex. 8 at 16. 
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9. The method of claim 1, 
wherein the genetic element 
is identified with a tag. 

10X’s Next GEM sequencing platform attaches barcodes to cDNA molecules so that DNA from 
each droplet may be identified and thereby associated with a single cell.  
 

 
Ex. 2 at 2.  

11. The method of claim 1, 
wherein the enzymatic 
reaction is an amplification 
reaction. 

The enzymatic reaction wherein barcodes are attached to DNA includes denaturization and 
amplification of DNA molecules. 
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Ex. 9 at 13. 

13. The method of claim 1, 
wherein the microcapsules are 
produced by infusing an 
aqueous fluid through a 
narrow constriction into a 

In the Next GEM sequencing platform, GEMs are generated by infusing an aqueous fluid 
comprising Gel Beads and cells into partitioning oil. 10X’s technology brochure depicts a 
partitioning process wherein an aqueous fluid comprising Gel Beads and sample material is flowed 
through a channel to intersect with a channel of oil in order to create GEMs. 
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counter-propagating oil 
stream. 

 
 
Ex. 2 at 6.  
 
10X’s product manuals also depict this process of creating GEMs by infusing the aqueous fluid 
comprising Gel Beads and cells into the partitiong oil stream.  
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Ex. 8 at 16 

14. The method of claim 1, 
wherein the enzymatic 

The product manuals for 10X’s Next GEM products explain that the enzymatic reaction used to 
attach barcodes to genetic material includes a reverse transcription reaction.   
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reaction is a reverse 
transcription reaction. 

 
 
Ex. 8 at 16.  
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US 10,190,115 
Infringement Analysis 

 
 

’115 Claim Language Infringement Support 

1. A composition comprising a 
plurality of second partitions 
containing first partitions, 
wherein: 

10X’s Next GEM platform includes a microfluidic droplet generator, which creates a plurality of 
aqueous microcapsules. The microcapsules are created by inserting a Gel Bead and genetic material 
(e.g. a cell, cell nucleus, DNA) into an aqueous solution, and then adding the aqueous solution 
comprising the Gel Bead and sample into an oil surfactant solution. Gel Beads are “infused with 
millions of unique oligonucleotide sequences.” Ex. 2 at 2. This process creates “Gel Beads in 
Emulsion (GEMs), which act as individual reaction vesicles.” Id.  
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Id.  
 
10X’s technology brochure depicts the creation of multiple GEMs.  
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Id. 

a. said first partitions are 
degradable upon the 
application of a stimulus to 
said first partitions such that 
contents of a first partition is 
mixed with contents of a 
second partition; and 

10X’s technology brochure explains that the Gel Beads (i.e. first partitions) are dissolved once the 
Bead and the genetic material are encapsulated in a GEM (i.e. a second partition). The Gel Beads 
are designed to dissolve “[i]mmediately following GEM generation.” Ex. 7 at 15. 
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Id. 
 
Once the Gel Bead is dissolved, the contents of the Bead (primers, barcodes, unique molecular 
identifiers, for example) are released into the GEM so that they can mix with the genetic material 
in order to attach barcodes. See Ex. 9 at 13.  
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Id.   

b. said first partitions are 
contained within the second 
partitions; 

10X’s technology brochure and product manuals for each of 10X’s Next GEM Products 
repeatedly indicate that the Gel Beads are Contained within the GEMs. In 10X’s Next GEM 
platform, the Gel Beads, along with genetic materials, are encapsulated by the GEMs.  
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Ex. 2 at 2.  
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Ex. 7 at 14.  
 

 
Ex. 2 at 3.  
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Id.  

c. said first partitions contain 
an oligonucleotide barcode; 
and 

10X’s technology brochures explain that each Gel Bead is “infused with millions of unique 
oligonucleotide sequences.” These sequences include oligonucleotide barcodes.  Ex. 2. at 2.  
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Id.  
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Ex. 9 at 13.  

d. the first partitions have on 
average a first average volume 
and the second partitions have 
on average a second average 
volume, wherein the second 
average volume is at least 
twice as large as the first 
average volume. 

The technology brochure for 10X’s Next GEM system depicts GEMs with volumes that are at 
least twice as large of the volumes of the Gel Beads.  
 

Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 795 of 835 PageID #: 2280



 12 
 

’115 Claim Language Infringement Support 

 
Ex. 2 at 2.  

  
4. The composition of claim 1, 
wherein said second partition 
is a droplet. 

10X’s technology brochure confirms that “A GEM is a ‘Gel bead in Emulsion’ droplet that 
encapsulates each micro-reaction within the Chromium System. Ex. 2 at 2.  
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Id.  
 

  
5. The composition of claim 1, 
wherein the first partition is a 
droplet. 

10X’s technology brochure indicates that barcodes are contained by a “gel bead.”  A gel bead is a 
type of droplet. 
 
 

6. The composition of claim 1, 
wherein the first partition and 

10X’s technology brochure indicates that barcodes are contained by a “gel bead.”  A gel bead is a 
type of droplet. 
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the second partition are 
droplets. 
7. The composition of claim 1, 
wherein the second partition 
comprises a sample 
comprising polynucleotides. 

The 10X technology brochure explains that the goal of the Next GEM platform is to “encapsulate 
your sample into hundreds to tens of thousands of uniquely addressable partitions in minutes.” Ex. 
2 at 2. Samples “can be high molecular weight (HMW) DNA, individual cells, cells labeled using 
Feature Barcoding technology, nuclei, nuclei treated with transposase, or Cell Beads.” Id. The end 
result of this process is to use the identifying barcodes that are attached to samples within the 
partitions (i.e. GEMs) “to map reads back to their original HMW DNA, single cell, or single 
nucleus of origin.” Id.  
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Id. 
 
Samples comprising polynucleotides are encapsulated into GEMs for barcoding, as depicted in 
10X’s technology brochure and product manuals.  
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Ex. 2 at 3.  
 

 
 
Ex. 7 at 15. 
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Ex. 8 at 16.  
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Ex. 9 at 13. 

  
8. The composition of claim 7, 
wherein the second partition 
further comprises a DNA 

The product manuals for each of 10X’s Next GEM products explain that upon GEM generation, 
the Gel Bead is dissolved releasing the reagents required to attach barcodes to genetic material. 
The barcodes are mixed with the genetic material and “a Master Mix containing reverse 
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polymerase enzyme or a 
reverse transcriptase enzyme. 

transcription (RT) reagents and poly(dT) RT primers” so that transcription can occur in order to 
attach the barcodes to the sample. Ex. 8 at 16.  
 

 
 
Id. 
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Ex. 7 at 15.  

9. The composition of claim 7, 
wherein the polynucleotides 
comprise DNA. 

The 10X technology brochure explains that the goal of the Next GEM platform is to “encapsulate 
your sample into hundreds to tens of thousands of uniquely addressable partitions in minutes.” Ex. 
2 at 2. Samples “can be high molecular weight (HMW) DNA, individual cells, cells labeled using 
Feature Barcoding technology, nuclei, nuclei treated with transposase, or Cell Beads.” Id. The end 
result of this process is to use the identifying barcodes that are attached to samples within the 
partitions (i.e. GEMs) “to map reads back to their original HMW DNA, single cell, or single 
nucleus of origin.” Id.  
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Id. 
 

10. The composition of claim 
9, wherein the DNA is 
genomic DNA. 

 The 10X Next GEM technology brochure explains that samples may be nuclei or nuclei treated 
with transposase. Ex. 2 at 2.  This results in the encapsulation of DNA from cell nuclei (i.e. 
genomic DNA) to be encapsulated in GEMs. Ex. 2 at 5.  
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Id.  
11. The composition of claim 
7, wherein the polynucleotides 
comprise RNA. 

The genetic material used in the 10X process may be derived from samples of high molecular 
weight DNA, individual cells, cells labelled using Feature Barcoding technology, nuclei, nuclei 
treated with transposase, or cell beads. Ex. 2 at 2. At least in cases where single cells are used to 
obtain the genetic sample, the cell is lysed and the cDNA from the cell is denatured to produce 
mRNA in order to attach barcodes. The 10X product manuals confirm that barcoded cDNA 
molecules are produced from mRNA.  
 

 
 
Ex. 7 at 14. 
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Ex. 8 at 16.  

12. The composition of claim 
7, wherein the polynucleotides 
comprise cDNA 

The genetic material used in the 10X process may be derived from samples of high molecular 
weight DNA, individual cells, cells labelled using Feature Barcoding technology, nuclei, nuclei 
treated with transposase, or cell beads. Ex. 2 at 2. At least in cases where single cells are used to 
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obtain the genetic sample, the cell is lysed and the cDNA from the cell is denatured to produce 
mRNA in order to attach barcodes. 10X’s product manuals for its Next GEM platform confirm 
that once the cell is encapsulated by the GEM, GEMs are incubated to produce “barcoded, full-
length cDNA.” Ex. 8 at 16.  
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Id.  
 

 
 
Ex. 7 at 15.  

13. The composition of claim 
7, wherein the partitions are 
less than 10 nL in volume 

The 10x product manuals explain that in the Next GEM sequencing platform, samples are 
“partitioned into nanoliter-scale Gel Beads-in-Emulsions (GEMs)” Ex. 9 at 13; see also Ex. 7 at 
14 (indicating that samples are barcoded “by partitioning thousands of cells into nanoliter-scale” 
GEMs). 
 

14. A device comprising a 
plurality of second partitions, 
wherein: 

10X’s Next GEM platform includes a microfluidic droplet generator, which creates a plurality of 
aqueous microcapsules. The microcapsules (“GEMs”) are created by inserting an aqueous solution 
including a Gel Bead and a sample into an oil emulsion.   

a. at least one second partition 
of the plurality of second 
partitions contains a first 

10X’s Next GEM platform includes a microfluidic droplet generator, which creates a plurality of 
aqueous microcapsules. The microcapsules are created by inserting a Gel Bead and genetic material 
(e.g. a cell, cell nucleus, DNA) into an aqueous solution, and then adding the aqueous solution 
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partition comprising an 
oligonucleotide barcode, and 
the first partition has a first 
volume and the at least one 
second partition has a second 
volume, wherein the second 
volume is at least twice as 
large as the first volume; and 

comprising the Gel Bead and sample into an oil surfactant solution. Gel Beads are “infused with 
millions of unique oligonucleotide sequences.” Ex. 2 at 2. This process creates “Gel Beads in 
Emulsion (GEMs), which act as individual reaction vesicles” to attach barcodes to genetic material. 
Id.  
 
 

 
 
Id.  
 
10X’s technology brochure depicts the creation of multiple GEMs.  
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Id. 
 
As depicted in the above image, the technology brochure for 10X’s Next GEM system depicts 
GEMs with volumes that are at least twice as large of the volumes of the Gel Beads. Id.  
 
Furthermore, GEMs need to be large enough so that individual barcoding reactions can occur in 
each GEM. This reaction includes cell lysis, dissolving the Gel Bead, and denaturing and 
transcribing DNA. The reaction that takes place inside the GEM is depicted in 10X’s product 
manuals. See e.g. Ex. 7 at 15. 
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Id.  
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Ex. 8 at 16.  

b. said first partition is 
degradable upon the 
application of a stimulus to 

10X’s technology brochure explains that the Gel Beads (i.e. first partitions) are dissolved once the 
Bead and the genetic material are encapsulated in a GEM (i.e. a second partition). The Gel Beads 
are designed to dissolve “[i]mmediately following GEM generation.” Ex. 7 at 15. 
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said first partition such that 
contents of a first partition is 
mixed with contents of a 
second partition. 

 
 

 
 

 
Id. 
 
Once the Gel Bead is dissolved, the contents of the Bead (primers, barcodes, and unique molecular 
identifiers, for example) are released into the GEM so that they can mix with the genetic material 
in order to attach barcodes. See Ex. 9 at 13.  
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Id.   

15. The device of claim 14, 
wherein said second partition 
is a droplet. 

10X’s technology brochure confirms that “A GEM is a ‘Gel bead in Emulsion’ droplet that 
encapsulates each micro-reaction within the Chromium System. Ex. 2 at 2.  
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Id.  
 

18. The device of claim 14, 
wherein the first partition is a 
droplet. 

10X’s technology brochure indicates that barcodes are contained by a “gel bead.”  A gel bead is a 
type of droplet. 
 

19. The device of claim 14, 
wherein the first partition and 
the second partition are 
droplets. 

10X’s technology brochure indicates that barcodes are contained by a “gel bead.”  A gel bead is a 
type of droplet. 
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20. The device of claim 19, 
wherein the droplets are less 
than 10 nL in volume. 

The 10x product manuals explain that in the Next GEM sequencing platform, samples are 
“partitioned into nanoliter-scale Gel Beads-in-Emulsions (GEMs)” Ex. 9 at 13; see also Ex. 7 at 
14 (indicating that samples are barcoded “by partitioning thousands of cells into nanoliter-scale” 
GEMs). 

21. The device of claim 14, 
wherein the second partition 
comprises a sample 
comprising polynucleotides. 

The 10X technology brochure explains that the goal of the Next GEM platform is to “encapsulate 
your sample into hundreds to tens of thousands of uniquely addressable partitions in minutes.” Ex. 
2 at 2. Samples “can be high molecular weight (HMW) DNA, individual cells, cells labeled using 
Feature Barcoding technology, nuclei, nuclei treated with transposase, or Cell Beads.” Id. The end 
result of this process is to use the identifying barcodes that are attached to samples within the 
partitions (i.e. GEMs) “to map reads back to their original HMW DNA, single cell, or single 
nucleus of origin.” Id.  
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Id. 
 
Samples comprising polynucleotides, including DNA and single cells, are encapsulated into 
GEMs for barcoding, as depicted in 10X’s technology brochure and product manuals.  
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Ex. 2 at 3.  
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Ex. 7 at 15. 
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Ex. 8 at 16.  
 

Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 825 of 835 PageID #: 2310



 42 
 

’115 Claim Language Infringement Support 

 
 
Ex. 9 at 13. 

22. The device of claim 21, 
wherein the second partition 
further comprises a DNA 
polymerase enzyme or a 
reverse transcriptase enzyme. 

The product manuals for each of 10X’s Next GEM products explain that upon GEM generation, 
the Gel Bead is dissolved releasing the reagents required to attach barcodes to genetic material. 
The barcodes are mixed with the genetic material and “a Master Mix containing reverse 
transcription (RT) reagents and poly(dT) RT primers” so that transcription can occur in order to 
attach the barcodes to the sample. Ex. 8 at 16.  
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Id. 
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Ex. 7 at 15.  

23. The device of claim 21, 
wherein the polynucleotides 
comprise DNA. 

The 10X technology brochure explains that the goal of the Next GEM platform is to “encapsulate 
your sample into hundreds to tens of thousands of uniquely addressable partitions in minutes.” Ex. 
2 at 2. Samples “can be high molecular weight (HMW) DNA, individual cells, cells labeled using 
Feature Barcoding technology, nuclei, nuclei treated with transposase, or Cell Beads.” Id. The end 
result of this process is to use the identifying barcodes that are attached to samples within the 
partitions (i.e. GEMs) “to map reads back to their original HMW DNA, single cell, or single 
nucleus of origin.” Id.  
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Id. 
 

24. The device of claim 23, 
wherein the DNA is genomic 
DNA. 

The 10X Next GEM technology brochure explains that samples may be nuclei, nuclei treated with 
transposase. Ex. 2 at 2.  This results in the encapsulation of DNA from cell nuclei (i.e. genomic 
DNA) to be encapsulated in GEMs. Ex. 2 at 5.  
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Case 1:19-cv-01699-RGA   Document 8   Filed 11/05/19   Page 831 of 835 PageID #: 2316



 48 
 

’115 Claim Language Infringement Support 

Id. 

25. The device of claim 21, 
wherein the polynucleotides 
comprise RNA. 

The genetic material used in the 10X process may be derived from samples of high molecular 
weight DNA, individual cells, cells labelled using Feature Barcoding technology, nuclei, nuclei 
treated with transposase, or cell beads. Ex. 2 at 2. At least in cases where single cells are used to 
obtain the genetic sample, the cell is lysed and the cDNA from the cell is denatured to produce 
mRNA in order to attach barcodes. Ex. 7 at 14. The 10X product manuals confirm that barcoded 
cDNA molecules are produced from mRNA.  
 

 
 
Ex. 7 at 14. 
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Ex. 8 at 16.  

26. The device of claim 21, 
wherein the polynucleotides 
comprise cDNA. 

The genetic material used in the 10X process may be derived from samples of high molecular 
weight DNA, individual cells, cells labelled using Feature Barcoding technology, nuclei, nuclei 
treated with transposase, or cell beads. Ex. 2 at 2. At least in cases where single cells are used to 
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obtain the genetic sample, the cell is lysed and the cDNA from the cell is denatured to produce 
mRNA in order to attach barcodes. 10X’s product manuals for its Next GEM platform confirm 
that once the cell is encapsulated by the GEM, GEMs are incubated to produce “barcoded, full-
length cDNA.” Ex. 8 at 16.  
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Id.  
 

 
 
Ex. 7 at 15.  
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