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Plaintiff ChromaCode, Inc. (“ChromaCode”) hereby seeks a declaratory judgment of
non-infringement of United States Patent Nos. 9,222,128 and 9,921,154 as follows:
NATURE OF THE ACTION

1. This is an action for a declaratory judgment of non-infringement arising under the
patent laws of the United States, Title 35 of the United States Code. ChromaCode requests this
relief because Defendant Bio-Rad Laboratories, Inc. (“Bio-Rad”) claims that ChromaCode’s
“HDPCR Assays” infringe U.S. Patent Nos. 9,222,128 (the “’128 Patent”) and 9,921,154 (the
“’154 Patent”) (collectively, the “Challenged Patents”). Bio-Rad’s affirmative allegations of
infringement of the Challenged Patents have created an immediate, real, and justiciable
controversy between ChromaCode and Bio-Rad.

2. Neither ChromaCode nor its products practice the Challenged Patents.
ChromaCode has not induced or contributed to any third-party product or technology that
practices the Challenged Patents.

3. Nevertheless, on September 6, 2023, Bio-Rad sent ChromaCode a letter accusing
ChromaCode of infringing the Challenged Patents and attaching exemplary infringement claim
charts. As a result of Bio-Rad’s letter and the impact of those claims on ChromaCode’s
business, there is an immediate, real, and justiciable controversy.

PARTIES

4. ChromaCode is a Delaware corporation with its headquarters in Carlsbad,
California. ChromaCode is a molecular diagnostics company with a bioinformatics focus.

5. Bio-Rad is a Delaware corporation with its headquarters in Hercules, California,

which is within Contra Costa County.

JURISDICTIONAL STATEMENT

6. This action arises under the Declaratory Judgment Act, 28 U.S.C. § 2201, and
under the patent laws of the United States, 35 U.S.C. §§ 1-390.
7. This Court has subject matter jurisdiction over this action under 28 U.S.C.

§§ 1331, 1338(a), and 2201(a). As detailed below, Bio-Rad’s infringement allegations give rise
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to an immediate, real, and justiciable controversy between ChromaCode and Bio-Rad as to
whether ChromaCode is infringing or has infringed any claims of the Challenged Patents.

8. This Court has personal jurisdiction over Bio-Rad. Bio-Rad’s headquarters are in
California and its contacts with the state are so continuous and systematic as to render it
essentially at home in California.

0. Venue is appropriate under 28 U.S.C. § 1400(b) because the Defendant Bio-Rad
resides in the Northern District of California.

INTRADISTRICT ASSIGNMENT

10. For purposes of intradistrict assignment under Civil Local Rules 3-2(c) and 3-
5(b), this Intellectual Property Action will be assigned on a district-wide basis.

BACKGROUND

11. On December 29, 2015,the USPTO issued the *128 Patent, entitled “Multiplexed
digital assays with combinatorial use of signals” to Serge Saxonov, Simant Dube, Benjamin J.
Hindson, and Adam M. McCoy. The face of the *128 Patent lists Bio-Rad as the assignee. A
true and correct copy of the 128 Patent is attached hereto as Exhibit A.

12. On March 20, 2018,the USPTO issued the *154 Patent, entitled “Multiplexed
digital assays” to Yann Jouvenot, Serge Saxonov, Simant Dube, and John Frederick Regan. The
face of the *154 Patent lists Bio-Rad as the assignee. A true and correct copy of the *154 Patent
is attached hereto as Exhibit B.

13. On September 6, 2023, Bio-Rad sent ChromaCode a letter accusing ChromaCode
of infringing the Challenged Patents (the “Infringement Letter”). A true and correct copy of the
Infringement Letter is attached hereto as Exhibit C.

14. The Infringement Letter, signed by Bio-Rad’s Vice President and Assistant
General Counsel, is titled “Notice of Potential Patent Infringement by ChromaCode’s HDPCR
Assays” and states the following:

Specifically, based on the public information currently available to and reviewed by
Bio-Rad, ChromaCode’s activities—including the making, using, offering to sell,
and selling of ChromaCode’s HDPCR Assays—appear to infringe the following
patents.
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U.S. Patent No. 9,222,128 “MULTIPLEXED DIGITAL ASSAYS WITH
(’128 Patent) COMBINATORIAL USE OF SIGNALS”
U.S. Patent No. 9,921,154 “MULTIPLEXED DIGITAL ASSAYS”

(’154 Patent)

15. The Infringement Letter also included detailed “exemplary infringement claim
charts” purporting to demonstrate how ChromaCode’s HDPCR Assays allegedly infringe claim 1
of the 128 Patent and claim 1 of the *154 Patent. See Exhibit C, App’x 1 & 2.

16. The Infringement Letter further stated that Bio-Rad is open to “licensing
discussions” regarding the Challenged Patents.

17. Neither ChromaCode, nor any of its products, directly or indirectly infringe either
of the Challenged Patents.

18. Neither ChromaCode, nor any of its products, perform each element of any claim
of the Challenged Patents, nor does ChromaCode instruct third parties to perform each element
of any claim of the Challenged Patents.

19. For example, ChromaCode’s products do not “calculat[e] an average level of each
target in the partitions based on the R signals, wherein the level calculated accounts for a
coincidence of all possible combinations of the more than R targets in the same individual
partitions,” as required by claim 1 of the 128 Patent.

20. Similarly, ChromaCode’s products do not “determine[e] a respective level of each
of the R targets from the data,” as required by claim 1 of the 154 Patent. Nor do ChromaCode’s
products require “a partition count for a partition population positive for two of the R targets,” as

required by the same claim.

21. These are non-exhaustive examples of why ChromaCode does not infringe the
Challenged Patents.
22. As a result of the Infringement Letter, ChromaCode is under reasonable

apprehension that Bio-Rad will pursue claims that ChromaCode infringes the Challenged
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Patents. Bio-Rad’s patent infringement threats act as a sword of Damocles over ChromaCode’s
business opportunities.

23. As a small private biotech company, ChromaCode relies on investments from
venture partners and collaborations with larger corporations. As Bio-Rad well knows, when a
behemoth like Bio-Rad sends a letter threatening patent infringement, that makes it more
difficult for a company like ChromaCode to attract such investment or collaboration. Without
ever having to sue, Bio-Rad’s threats of patent infringement are designed, and are likely, to scare
off potential investors, collaborators, and acquirors. In the past six years, Bio-Rad has instituted
10 patent infringement actions against competitors all over the country.! Any potential investor,
collaborator, or acquiror will know that Bio-Rad’s Infringement Letter raises a serious threat of
future litigation, especially if said potential investor, collaborator, or acquiror chooses to help
make ChromaCode a significant competitive threat to Bio-Rad’s multi-billion-dollar bottom line.
Although the threatened litigation is meritless, its mere threat is enough to reduce ChromaCode’s
attractiveness to these potential third parties. This cloud of potential future litigation on
ChromaCode’s freedom to operate poses a significant threat to ChromaCode. Accordingly, this

action is necessary to resolve this immediate, real and justiciable controversy.

FIRST CAUSE OF ACTION

NON-INFRINGEMENT OF U.S. PATENT NO. 9,222,128

24. ChromaCode repeats and realleges each and every allegation set forth in the

above paragraphs and incorporates them by reference herein.

! See Bio-Rad Labs., Inc. v. GigaGen, Inc., 3:22-cv-07205-AMO (N.D. Cal. Nov. 16, 2022);
Bio-Rad Labs., Inc. v. 10X Genomics, Inc., No. 3:20-cv-03207-VC (N.D. Cal. May 11, 2020);
Bio-Rad Labs., Inc. v. Dropworks, Inc., No. 1:20-cv-00506-RGA (D. Del. Apr. 14, 2020); Bio-
Rad Labs., Inc. v. 10X Genomics, Inc., No. 1:19-cv-12533-WGY (D. Mass. Dec. 18, 2019); Bio-
Rad Labs., Inc. v. 10X Genomics, Inc., No. 1:19-cv-01699-RGA (D. Del. Sept. 11, 2019); Bio-
Rad Labs., Inc. v. Stilla Techs., Inc., No. 1:19-cv-11587-WGY (D. Mass. Jul. 22, 2019); Bio-Rad
Labs., Inc. v. 10X Genomics, Inc., No. 1:18-cv-01679-RGA (D. Del. Oct. 25, 2018); Institut
Pasteur v. Abbott Labs., No. 1:17-cv-07104 (N.D. Ill. Oct. 2, 2017); Bio-Rad Labs., Inc. v. 10X
Genomics, Inc., No. 3:17-cv-04339-VC (N.D. Cal. Jul. 31, 2017); Bio-Rad Labs., Inc. v. Thermo
Fisher Sci. Inc., 1:17-cv-00469-RGA (D. Del. Apr. 25, 2017).

COMPLAINT FOR DECLARATORY JUDGMENT 5
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25. In view of the facts as alleged above, there is an actual, substantial, immediate,
and justiciable controversy between ChromaCode and Bio-Rad regarding whether ChromaCode
infringes any claim of the *128 Patent.

26. According to the face of the 128 Patent, Bio-Rad is the assignee of the 128
Patent. On information and belief, Bio-Rad owns all rights, title, and interest in and under the
’128 Patent.

27. Bio-Rad has alleged and continues to allege that products made, used, or sold by
ChromaCode, or ChromaCode products that utilize certain methods of use, are covered by the
claims of the *128 Patent, and that ChromaCode is infringing the *128 Patent. Bio-Rad may
bring suit on this matter at any time. In the meantime, ChromaCode is harmed by these false
allegations.

28. ChromaCode does not infringe, induce infringement, or contribute to the
infringement of any claim of the 128 Patent, either literally or under the doctrine of equivalents.
ChromaCode has not made, used, sold, offered for sale, or imported any products that infringe,
directly or indirectly, any claim of the 128 Patent.

29. Therefore, a substantial controversy exists between ChromaCode and Bio-Rad,
parties having adverse legal interests, of sufficient immediacy and reality to warrant the issuance
of a declaratory judgment that ChromaCode has not infringed and does not infringe any claim of
the *128 Patent.

30. A substantial, immediate, real, and justiciable controversy exists between
ChromaCode and Bio-Rad as to whether ChromaCode’s products infringe the *128 Patent.
ChromaCode accordingly requests a judicial determination of its rights, duties, and obligations
regarding the *128 Patent.

31. ChromaCode seeks a judgment declaring that ChromaCode does not directly or

indirectly infringe any claim of the *128 Patent.
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SECOND CAUSE OF ACTION

NON-INFRINGEMENT OF U.S. PATENT NO. 9.921.154

32. ChromaCode repeats and realleges each and every allegation set forth in the
above paragraphs and incorporates them by reference herein.

33. In view of the facts as alleged above, there is an actual, substantial, immediate,
and justiciable controversy between ChromaCode and Bio-Rad regarding whether ChromaCode
infringes any claim of the *154 Patent.

34, According to the face of the 154 Patent, Bio-Rad is the assignee of the *154
Patent. On information and belief, Bio-Rad owns all rights, title, and interest in and under the
’154 Patent.

35. Bio-Rad has alleged and continues to allege that products made, used, or sold by
ChromaCode, or ChromaCode products that utilize certain methods of use, are covered by the
claims of the *154 Patent, and that ChromaCode is infringing the *154 Patent. Bio-Rad may
bring suit on this matter at any time. In the meantime, ChromaCode is harmed by these false
allegations.

36. ChromaCode does not infringe, induce infringement, or contribute to the
infringement of any claim of the ’154 Patent, either literally or under the doctrine of equivalents.
ChromaCode has not made, used, sold, offered for sale, or imported any products that infringe,
directly or indirectly, any claim of the 154 Patent.

37. Therefore, a substantial controversy exists between ChromaCode and Bio-Rad,
parties having adverse legal interests, of sufficient immediacy and reality to warrant the issuance
of a declaratory judgment that ChromaCode has not infringed and does not infringe any claim of
the *154 Patent.

38. An actual and justiciable controversy exists between ChromaCode and Bio-Rad as
to whether ChromaCode’s products infringe the *154 Patent. ChromaCode accordingly requests

a judicial determination of its rights, duties, and obligations regarding the ’154 Patent.
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39. ChromaCode seeks a judgment declaring that ChromaCode does not directly or
indirectly infringe any claim of the ’154 Patent.

PRAYER FOR RELIEF

ChromaCode respectfully requests the following relief:

a. That the Court enter a judgment declaring that ChromaCode has not
infringed and does not infringe any claim of the Challenged Patents;

b. That the Court enter a judgment in favor of ChromaCode and against Bio-
Rad on ChromaCode’s claims;

c. A judgment declaring that Bio-Rad, and each of its officers, employees,
agents, alter egos, attorneys, and any persons in active concert or participation with them, be
restrained and enjoined from further prosecuting or instituting any action against ChromaCode
claiming that the Challenged Patents are infringed, or from representing that any of
ChromaCode’s products, directly or indirectly, infringe the Challenged Patents;

d. Finding that this is an exceptional case under 35 U.S.C. § 285;

e. Awarding ChromaCode its costs and attorneys’ fees in connection with
this action; and

f. Granting ChromaCode such further and additional relief as the Court
deems just and proper.

JURY DEMAND

ChromaCode hereby demands a jury trial on all issues and claims so triable.

Dated: September 20, 2023

WILSON SONSINI GOODRICH & ROSATI, PC

Is/ Amy H. Candido
AMY H. CANDIDO

Attorneys for Plaintiff ChromaCode, Inc.
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MULTIPLEXED DIGITAL ASSAYS WITH
COMBINATORIAL USE OF SIGNALS

CROSS-REFERENCE TO PRIORITY
APPLICATION

This application is based upon and claims the benefit under
35U.S.C. §119(e) of U.S. Provisional Patent Application Ser.
No. 61/454,373, filed Mar. 18, 2011, which is incorporated

herein by reference in its entirety for all purposes.
CROSS-REFERENCES

This application incorporates by reference in their entire-
ties for all purposes the following materials: U.S. Pat. No.
7,041,481, issued May 9, 2006; U.S. Patent Application Pub-
lication No. 2010/0173394 Al, published Jul. 8, 2010; PCT
Patent Application Publication No. WO 2011/120006 Al,
published Sep. 29, 2011; PCT Patent Application Publication
No. WO 2011/120024 A1, published Sep. 29, 2011; U.S.
patent application Ser. No. 13/287,120, filed Nov., 1, 2011;
U.S. Provisional Patent Application Ser. No. 61/507,082,
filed Jul. 12, 2011; U.S. Provisional Patent Application Ser.
No. 61/510,013, filed Jul. 20, 2011; and Joseph R. Lakowicz,
PRrINCIPLES OF FLUORESCENCE SPECTROSCOPY 27 Ed. 1999).

INTRODUCTION

Digital assays generally rely on the ability to detect the
presence or activity of individual copies of an analyte in a
sample. In an ecxemplary digital assay, a samplc is scparated
into a set of partitions, generally of equal volume, with each
containing, on average, less than about one copy of the ana-
lyte. If the copies of the analyte are distributed randomly
among the partitions, some partitions should contain no cop-
ies, others only one copy, and, if the number of partitions is
large enough, still others should contain two copies, three
copies, and even higher numbers of copies. The probability of
finding exactly 0, 1, 2, 3, or more copies in a partition, based
on a given average concentration of analyte in the partitions,
is described by a Poisson distribution. Conversely, the aver-
age concentration of analyte in the partitions may be esti-
mated from the probability of finding a given number of
copies in a partition.

Estimates of the probability of finding no copies and of
finding one or more copies may be measured in the digital
assay. Each partition can be tested to determine whether the
partition is a positive partition that contains at least one copy
of'the analyte, or is a negative partition that contains no copies
of the analyte. The probability of finding no copies in a
partition can be approximated by the fraction of partitions
tested that are negative (the “negative fraction”), and the
probability of finding at least one copy by the fraction of
partitions tested that are positive (the “positive fraction”). The
positive fraction or the negative fraction then may be utilized
in a Poisson equation to determine the concentration of the
analyte in the partitions.

Digital assays frequently rely on amplification of a nucleic
acid target in partitions to enable detection of a single copy of
an analyte. Amplification may be conducted via the poly-
merasc chain reaction (PCR), to achicve a digital PCR assay.
The target amplified may be the analyte itself or a surrogate
for the analyte generated before or after formation of the
partitions. Amplification of the target can be detected opti-
cally with a fluorescent probe included in the reaction. In
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particular, the probe can include a dye that provides a fluo-
rescence signal indicating whether or not the target has been
amplified.

A digital PCR assay can be multiplexed to permit detection
of'two or more different targets within each partition. Ampli-
fication of the targets can be distinguished by utilizing target-
specific probes labeled with different dyes, which produce
fluorescence detected in different detection channels, namely,
at different wavelengths or wavelength regions (“colors”) of
emission (and/or excitation). If a detector for a digital PCR
assay can distinguishably measure the fluorescence emitted
by R different dyes, then the assay is effectively capable of
measuring R different targets. However, instruments with
more detection channels, to detect more colors, are more
expensive than those with fewer detection channels. Also,
increasing the number of distinguishable dyes is expensive
and becomes impractical beyond a certain number. On the
other hand, many applications, especially where sample is
limited, could benefit greatly from higher degrees of multi-
plexing.

A new approach is needed to increase the multiplex levels
of digital assays.

SUMMARY

The present disclosure provides a system, including meth-
ods, apparatus, and compositions, for performing a multi-
plexed digital assay on a greater number of targets through
combinatorial use of signals.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a flowchart of an exemplary method of perform-
ing a digital assay, in accordance with aspects of the present
disclosure.

FIG. 2 is a schematic view of an exemplary system for
performing the digital assay of FIG. 1, in accordance with
aspects of the present disclosure.

FIG. 3 is a schematic view of a pair of targets and corre-
sponding probes capable of reporting the presence or absence
of target amplification via emitted light that may be detected
to create a dedicated signal for each target in a digital ampli-
fication assay, in accordance with aspects of the present dis-
closure.

FIG. 4 is apair of exemplary graphs of respective dedicated
signals that may be created by detecting light emitted from the
probes of FIG. 3 in a digital amplification assay performed in
droplets, with each signal created from light detected over the
same time interval from a fluid stream containing the drop-
lets, in accordance with aspects of the present disclosure.

FIG. 5 is a schematic representation of how copies of the
pair of targets of FIG. 3 are distributed among the droplets
from which light is detected in FIG. 4, based on the intensity
of the respective dedicated signals of FIG. 4, in accordance
with aspects of the present disclosure.

FIG. 6 is a schematic view of three targets and correspond-
ing exemplary probes capable of reporting the presence or
absence of target amplification via emitted light that may be
detected to create a pair of composite signals in a digital
amplification assay, in accordance with aspects of the present
disclosure.

FIG. 7 is a pair of exemplary graphs of a pair of composite
signals that may be created by detecting fluorescence emis-
sion from the three probes of FIG. 6 in a digital amplification
assay performed in droplets, with emitted light detected in
two different wavelength regimes over the same time interval
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from a fluid stream containing the droplets, in accordance
with aspects of the present disclosure.

FIG. 8 is a schematic representation of how copies of the
three targets of F1G. 6 are distributed among the droplets from
which light is detected in FIG. 7, based on the intensity of the
respective composite signals of FIG. 7, in accordance with
aspects of the present disclosure.

FIG.9A is a schematic view of the third target of FIG. 6 and
another exemplary probe configuration capable of reporting
the presence or absence of third target amplification via emit-
ted light, which may be used in conjunction with the first and
second target probes of FIG. 6 to create only a pair of com-
posite signals representing amplification of the three targets
in a digital amplification assay, in accordance with aspects of
the present disclosure.

FIG. 9B is a schematic view of the third target of FIG. 6 and
yet another exemplary probe configuration specific for the
third target, which may be used in conjunction with the first
and second target probes of FIG. 6 to create only a pair of
composite signals representing the three targets in a digital
amplification assay, in accordance with aspects of the present
disclosure.

FIG. 10 is a schematic view of the third target of FIG. 6 and
still another exemplary probe configuration capable of report-
ing the presence or absence of third target amplification via
emitted light, which may be used in conjunction with the first
and second target probes of FIG. 6 to create only a pair of
composite signals representing amplification of the three tar-
gets in a digital amplification assay, in accordance with
aspects of the present disclosure.

FIG. 11 is a schematic view of three targets and corre-
sponding exemplary primers that enable use of only two
probes to report amplification of the three targets in a digital
amplification assay, in accordance with aspects of the present
disclosure.

FIG. 12 is a schematic view of the third target of FIG. 6 and
another exemplary probe and primer configuration that
enables use of only two probes to report amplification of three
targets in a digital amplification assay, in accordance with
aspects of the present disclosure.

FIG. 13 is a schematic view of the three targets of FIG. 6
with yet another exemplary configuration of only two probes
that enables use of the two probes to report amplification of
three targets in a digital amplification assay, in accordance
with aspects of the present disclosure.

FIG. 14 is a schematic view of a population of fragments
containing a pair of unlinked targets, T1 and T2, in accor-
dance with aspects of the present disclosure.

FIG. 15 is a schematic view of a population of fragments
taken as in FIG. 14, but with the pair of targets always linked
to each other on the same individual fragments, in accordance
with aspects of the present disclosure.

FIG. 16 is a schematic view of a population of fragments
taken as in FIG. 14, but with the pair of targets only partially
linked to each other within the population, in accordance with
aspects of the present disclosure.

FIG. 17 is a schematic representation of a set of exemplary
multi-labeled probes for use in digital amplification assays, in
accordance with aspects of the present disclosure.

FIG. 18 is a schematic illustration of a template molecule
being copied by DNA polymerase during target amplification
in the presence of a multi-labeled probe molecule and depict-
ing probe degradation by the polymecrasc to scparatc a
quencher from fluorophores of the probe molecule, in accor-
dance with aspects of the present disclosure.

FIG. 19 is an exemplary two-dimensional histogram of
droplet intensities, showing clusters that may be obtained in a
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multiplexed digital amplification assay for three targets per-
formed with a combination of single-labeled and dual-labeled
probes each labeled with FAM, VIC, or both FAM and VIC, in
accordance with aspects of the present disclosure.

FIG. 20 is another exemplary two-dimensional histogram
of droplet intensities, showing clusters that may be obtained
in the assay of FIG. 19, with partial resolution of the cluster
for target-1+2-positive droplets from the cluster for target-3-
positive droplets, in accordance with aspects of the present
disclosure.

FIG. 21 is an exemplary two-dimensional intensity histo-
gram of droplet intensities, showing clusters that may be
obtained in a digital amplification assay performed with only
a multi-labeled FAM, VIC probe, in accordance with aspects
of'the present disclosure.

FIG. 22 is another exemplary two-dimensional intensity
histogram of droplet intensities, showing clusters that may be
obtained in a digital amplification assay performed as in FIG.
21, but with the assay supplemented with pair of single-
labeled FAM or VIC probes in addition to the multi-labeled
FAM, VIC probe, in accordance with aspects of the present
disclosure.

DETAILED DESCRIPTION

The present disclosure provides a system, including meth-
ods, apparatus, and compositions, for performing a multi-
plexed digital assay on a greater number of targets through
combinatorial use of signals. The method may be described as
a color-based approach to multiplexing.

A method of performing a multiplexed digital amplifica-
tion assay, such as a PCR assay, is provided. In the method,
more than R targets may be amplified in partitions. R signals
may be created. The signals may be representative of light
detected in R different wavelength regimes from the parti-
tions, where R=2. An average level of each target in the
partitions may be calculated based on the R signals, with the
level calculated accounting for a coincidence, if any, of dif-
ferent targets in the same individual partitions.

Another method of performing a multiplexed digital
amplification assay is provided. In the method, more than R
targets may be amplified in droplets. R signals may be cre-
ated, with the signals representative of light detected in R
different wavelength regimes from the droplets, where R=2.
An average level of each of the more than R targets may be
calculated by finding solutions to a set of simultaneous equa-
tions.

Yet another method of performing a multiplexed digital
amplification assay is provided. In the method, R targets may
be amplified in droplets. R signals may be created, where
R=2, with the signals representative of light detected in R
different wavelength regimes from the droplets. Each of the
signals may report amplification of a different combination of
at least two of the targets. An average level of each target in
the droplets may be calculated based on the R signals, without
determining which of the at least two targets for each signal
amplified in individual amplification-positive droplets for
such signal.

A composition is provided. The composition may com-
prise a droplet containing a probe. The probe may include an
oligonucleotide, a first fluorophore, a second fluorophore,
and an energy transfer moiety. The energy transfer moiety
may be a quencher and/or an energy transfer partner for one or
both of the first and second fluorophores.
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Further aspects of the present disclosure are presented in
the following sections: (I) system overview, and (II)
examples.

1. SYSTEM OVERVIEW

FIG. 1 shows a flowchart of an exemplary method 40 of
performing a digital assay. The steps presented for method 40
may be performed in any suitable order and in any suitable
combination. Furthermore, the steps may be combined with
and/or modified by any other suitable steps, aspects, and/
features of the present disclosure.

A sample may be prepared for the assay, indicated at 42.
Preparation of the sample may include any suitable manipu-
lation of the sample, such as collection, dilution, concentra-
tion, purification, lyophilization, freezing, extraction, combi-
nation with one or more assay reagents, performance of at
least one preliminary reactionto prepare the sample for one or
more reactions in the assay, or any combination thereof,
among others. Preparation of the sample may include render-
ing the sample competent for subsequent performance of one
or more reactions, such as one or more enzyme catalyzed
reactions and/or binding reactions.

In some embodiments, preparation of the sample may
include combining the sample with reagents for amplification
and for reporting whether or not amplification occurred. Such
reagents may include any combination of primers for the
targets (e.g., a forward primer and a reverse primer for each
target), reporters (e.g., probes) for detecting amplification of
the targets, dNTPs and/or NTPs, at least one enzyme (e.g., a
polymerase, aligase, a reverse transcriptase, or acombination
thereof, each of which may or may not be heat-stable), or the
like. Accordingly, preparation of the sample may render the
sample (or partitions thereof) capable of amplification of each
of'one or more targets, if present, in the sample (or a partition
thereof).

The sample may be separated into partitions, indicated at
44. Separation of the sample may involve distributing any
suitable portion or all of the sample to the partitions. Each
partition may be and/or include a fluid volume that is isolated
from the fluid volumes of other partitions. The partitions may
be isolated from one another by a carrier fluid, such as a
continuous phase of an emulsion, by a solid phase, such as at
least one wall of a container, or a combination thereof, among
others. In some embodiments, the partitions may be droplets
disposed in a continuous phase, such that the droplets and the
continuous phase collectively form an emulsion.

The partitions may be formed by any suitable procedure, in
any suitable manner, and with any suitable properties. For
example, the partitions may be formed with a fluid dispenser,
such as a pipette, with a droplet generator, by agitation of the
sample (e.g., shaking, stirring, sonication, etc.), or the like.
Accordingly, the partitions may be formed serially, in paral-
lel, or in batch. The partitions may have any suitable volume
or volumes. The partitions may be of substantially uniform
volume or may have different volumes. Exemplary partitions
having substantially the same volume are monodisperse
droplets. Exemplary volumes for the partitions include an
average volume of less than about 100, or 1 ul, less than
about 100, 10, or 1 nL,, or less than about 100, 10, or 1 pL,
among others.

The partitions, when formed, may be competent for per-
formance of onc or more reactions in the partitions. Alterna-
tively, one or more reagents may be added to the partitions
after they are formed to render them competent for reaction.
The reagents may be added by any suitable mechanism, such
as a fluid dispenser, fusion of droplets, or the like. Any of the
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reagents may be combined with the partitions (or a bulk phase
sample) in a macrofluidic or microfluidic environment.

One or more reactions may be performed in the partitions,
indicated at 46. Each reaction performed may occur selec-
tively (and/or substantially) in only a subset of the partitions,
such as less than about one-half, one-fourth, or one-tenth of
the partitions, among others. The reaction may involve a
target, which may, for example, be a template and/or a reac-
tant (e.g., a substrate), and/or a binding partner, in the reac-
tion. The reaction may occur selectively (or selectively may
not occur) in partitions containing at least one copy of the
target.

The reaction may or may not be an enzyme-catalyzed
reaction. In some examples, the reaction may be an amplifi-
cation reaction, such as a polymerase chain reaction and/or
ligase chain reaction. Accordingly, a plurality of amplifica-
tion reactions for a plurality of targets may be performed
simultaneously in the partitions.

Performing a reaction may include subjecting the parti-
tions to one or more conditions that promote occurrence of the
reaction. The conditions may include heating the partitions
and/or incubating the partitions at a temperature above room
temperature. In some examples, the conditions may include
thermally cycling the partitions to promote a polymerase
chain reaction and/or ligase chain reaction.

R signals may be created that are representative of light
detected from the partitions, indicated at 48. The R signals
may be 2, 3, 4, or more signals. In some examples, light
corresponding to each signal may be detected with a distinct
sensor, and/or light corresponding to at least two signals may
be detected at different times with the same sensor. The R
signals may correspond to light detected in respective wave-
length regimes that are different from one another. Each
wavelength regime may be characterized by a wavelength(s)
or and/or wavelength range(s) at which the partitions are
illuminated (e.g., with excitation light) and/or a
wavelength(s) or and/or wavelength range(s) at which light
from the partitions is detected (e.g., emitted light). The light
detected may be light emitted from one or more fluorophores.

Each of the R signals may be created in a distinct detection
channel. Accordingly, R signals may be created in R detection
channels.

Each signal may be a composite signal that represents two,
three, four, or more reactions/assays and thus two, three, four,
or more targets of the reactions/assays. The composite signal
may include two or more integral signal portions that each
represent a different reaction/assay and target. Analysis of
one of the composite signals by itself, without the benefit of
data from the other composite signals, may (or may not)
permit estimation of a collective concentration, but not indi-
vidual concentrations, for two or more targets represented by
the composite signal. Instead, as described further below,
analysis of the composite signals together permits calculation
of the concentration of each target. (The terms “estimation”
and “calculation” are used interchangeably.)

The R composite signals (and/or R detection channels)
may represent more than R reactions and/or targets, with the
number of reactions/assays and targets depending on con-
figuration. For example, the R signals may be or include two
composite signals (arbitrarily termed a and () collectively
representing three reactions/assays and/or three targets (arbi-
trarily termed 1, 2, and 3), with each composite signal repre-
senting a different combination of two reactions/assays/tar-
gets (e.g., targets 1 and 2 for o and targets 1 and 3 for f3).
Alternatively, the R signals may be three composite signals
(arbitrarily termed a., 8, and v) collectively representing up to
seven reactions/assays/targets (1 to 7), if each composite sig-



Case 5:23-cv-04823-EJD Document 1 Filed 09/20/23 Page 29 of 86

US 9,222,128 B2

7

nal represents a different combination of up to four reactions/
assays/targets each (e.g., targets 1, 2, 3, and 4 for a.; targets 2,
4,5, and 6 for ; and targets 3,4, 6, and 7 fory). The R signals
may be four composite signals representing up to fifteen
reactions/assays/targets, if each composite signal represents a
different combination of up to eight reactions/assays/targets
each.

More generally, 2%~1 targets can be assayed with R com-
posite signals (or wavelength regimes). To assay 2%-1 targets
in R wavelength regimes, each target may be represented by
a different wavelength regime or combination of wavelength
regimes than every other target. A set of 2%-1 targets can be
represented and assayed when all of the wavelength regimes
have been utilized individually and in all possible combina-
tions.

Each composite signal may be created based on detected
light emitted from one or more probes in the partitions. The
one or more probes may report whether at least one of two or
more particular reactions represented by the signal has
occurred in a partition and thus whether at least one copy of at
least one of two or more particular targets corresponding to
the two or more particular reactions is present in the partition.
The intensity of a composite signal corresponding to the
probes may be analyzed to determine whether or not at least
one of the particular reactions has occurred and at least one
copy of one of the particular targets is present. The intensity
may vary among the partitions according to whether at least
one of the particular reactions occurred or did not occur (e.g.,
above a threshold extent) and at least one of the particular
targets is present in or absent from each individual partition.

The probes represented by a composite signal may include
different fluorophores. In other words, light emitted from
different fluorophores may be detected to create at two dif-
ferent integral portions of the composite signal for a particular
wavelength regime. Alternatively, or in addition, the same
fluorophore may be included in one probe or two or more
probes for at least two targets represented by the composite
signal. In some cases, the same fluorophore may be included
in a probe for each target represented by the composite signal.

Each probe may include a nucleic acid (e.g., an oligonucle-
otide) and at least one fluorophore. Different probes with
different oligonucleotide sequences and/or different fluoro-
phores (or fluorophore combinations) may be used to create at
least two different integral portions of the signal. Alterna-
tively, or in addition, the same probe may be used as a reporter
for at least two different targets represented by the composite
signal (e.g., see Examples 3-5). In some cases, the same probe
may be used as a reporter for each target represented by the
composite signal.

The composite signal detected from each partition, and the
partition itself, may be classified as being positive or negative
for the reactions/assays/targets represented by the signal or
corresponding wavelength regime. Classification may be
based on the strength of the signal. If the signal/partition is
classified as positive, at least one of the reactions/assays
represented by the signal is deemed to have occurred and at
least one copy of at least one of the targets represented by the
signal is deemed to be present in the partition. In contrast, if
the signal/partition is classified as negative, none of the reac-
tions/assays represented by the signal is deemed to have
occurred and no copy of any of the targets represented by the
signal is deemed to be present in the partition.

The composite signals collectively permit estimation of
target concentrations by representation of a different combi-
nation of targets in each detection channel. Accordingly, each
target, when present without any of the other targets in a
partition, may produce a unique target signature among the
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wavelength regimes. For example, some of the targets, if
present alone in a partition, may selectively change the signal
strength for only one wavelength regime. Others of the tar-
gets, if present alone in a partition, may selectively change the
signal strength for a unique combination of two of the wave-
length regimes, still other targets may selectively change the
signal strength for a unique combination of three of the wave-
length regimes, and so on, optionally up to the number of
wavelength regimes/detection channels.

A fraction of the partitions may have a coincidence of
different targets, where each of these partitions contains a
copy of each of two or more targets in the same individual
partitions. Moreover, each of these partitions may contain a
copy of each of two or more distinct targets, which, for a
particular partition, collectively may produce a signature that
is the same as that of a target not present in the partition.
However, the fraction of partitions containing two or more
distinct targets may (or may not) be kept relatively low, by
working in a dilute regime, such as with less than about
one-half, one-fifth, or one-tenth, among others, of the parti-
tions containing more than one target molecule when the
partitions are formed. In any event, a suitable estimation of
concentration, as described below, may take into account the
occurrence of two or more target molecules, representing the
same target or different targets, in the same individual parti-
tions. Alternatively, if working in a sufficiently dilute regime,
the occurrence of two or more target molecules per partition
may be sufficiently rare to ignore for a desired accuracy of
concentration.

A number of partitions that are positive may be determined
for each signal, indicated at 50. For example, a number of
partitions that are positive only for each particular composite
signal or corresponding wavelength regime/detection chan-
nel may be determined individually (e.g., counted) for each
signal or channel (i.e., a number for each channel). Also, a
number of partitions that are positive only for each particular
combination (or at least one combination or each of two or
more combinations) of composite signals or corresponding
wavelength regimes may be determined individually (e.g.,
counted) for each combination of signals or channels (i.e., a
number for each combination, and particularly each combi-
nation corresponding to a particular target).

A distinct fraction of the partitions positive for each signal
alone and for each signal combination may be determined.
The fraction for each signal or signal combination may be
determined by dividing the number of partitions for the sig-
nal/combination, determined at 50, by the total number of
partitions from which signals are detected. The total number
of partitions may be counted or estimated.

A level of each target may be calculated, indicated at 52.
The level may be an average level, such as an average con-
centration of molecules of the target per partition. Generally,
if R signals are detected from the partitions in R wavelength
regimes, the average level of each of more than R targets (e.g.,
up to 281 targets) may be calculated. The level of each target
may be calculated based on the respective numbers of parti-
tions positive for each signal alone and signal combination.
The calculation may be based on copies of each target having
a Poisson distribution among the partitions. The concentra-
tions may, for example, be calculated by finding solutions to
a series of simultaneous equations (interchangeably termed a
sct of simultancous cquations), cach having the same vari-
ables. The simultaneous equations may be linear equations.
Alternatively, or in addition, each equation may contain at
least 271 variables. The solutions may be found by numeri-
cal analysis, also termed numerical approximation. Further
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aspects of calculating average target levels are described else-
where in the present disclosure, such as in Examples 6 and 7.

FIG. 2 shows an exemplary system 60 for performing the
digital assay of FIG. 1. System 60 may include a partitioning
assembly, such as a droplet generator 62 (“DG”), a thermal
incubation assembly, such as a thermocycler 64 (“TC”), a
detection assembly (a detector) 66 (“DET”), and a data pro-
cessing assembly (a processor) 68 (“PROC”), or any combi-
nation thereof, among others. The data processing assembly
may be, or may be included in, a controller that communicates
with and controls operation of any suitable combination of the
assemblies. The arrows between the assemblies indicate
optional movement or transfer, such as movement or transfer
of fluid (e.g., a continuous phase of an emulsion) and/or
partitions (e.g., droplets) or signals/data. Any suitable com-
bination of the assemblies may be operatively connected to
one another, and/or one or more of the assemblies may be
unconnected to the other assemblies, such that, for example,
material/data is transferred manually.

System 60 may operate as follows. Droplet generator 62
may form droplets disposed in a carrier fluid, such as a con-
tinuous phase. The droplets may be cycled thermally with
thermocycler 64 to promote amplification of targets in the
droplets. Composite signals may be detected from the drop-
lets with detector 66. The signals may be processed by pro-
cessor 68 (o calculate levels of the targets.

Further aspects of sample preparation, droplet generation,
assays, reagents, reactions, thermal cycling, detection, and
data processing, among others, that may be suitable for the
methods and systems disclosed herein, are described below
and in the documents listed above under Cross-References,
which arc incorporated herein by reference, particularly U.S.
Patent Application Publication No. 2010/0173394 A1, pub-
lished Jul. 8, 2010; PCT Patent Application Publication No.
WO 2011/120006 A1, published Sep. 29, 2011; PCT Patent
Application Publication No. WO 2011/120024 A1, published
Sep. 29, 2011; and U.S. patent application Ser. No. 13/287,
120, filed Nov., 1, 2011.

II. EXAMPLES

This section presents selected aspects and embodiments of
the present disclosure related to methods and compositions
for performing multiplexed digital assays. These aspects and
embodiments are included for illustration and are not
intended to limit or define the entire scope of the present
disclosure.

Example 1

Digital Amplification Assays with Dedicated Signals
and Composite Signals

This example compares and contrasts exemplary digital
amplification assays utilizing (i) a pair of dedicated signals
for two targets, see FIGS. 3-5, and (i) a pair of composite
signals for three targets, see FIGS. 6-8. The principles
explained here may be extended to R signals for 2°-1 targets.

FIG. 3 shows a pair of nucleic acid targets 80, 82 (“Target
1” and ““Target 2”") and corresponding probes 84, 86 (“Probe
1” and “Probe 2”) that may be used to create a dedicated
signal for amplification of each target in a digital amplifica-
tion assay. Each probe may include an oligonucleotide 88, 90,
a fluorophore 92, 94, and a quencher 96. The fluorophore(s)
and quencher are associated with and/or attached to the oli-
gonucleotide, such as attached covalently. The probe also or
alternatively may include a binding moiety (a minor groove
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binder) for the minor groove of a DNA duplex, which may be
conjugated to the oligonucleotide and may function to permit
a shorter oligonucleotide to be used in the probe. The probe
may be a TagMan probe, a molecular beacon probe, a scor-
pion probe, a locked nucleic acid probe, or the like.

Each oligonucleotide may provide target specificity by
hybridization predominantly or at least substantially exclu-
sively to an amplicon produced by amplification of only one
of'the two targets. Hybridization of the oligonucleotide to its
corresponding target/amplicon is illustrated schematically at
98.

Fluorophores 92, 94 may be optically distinguishable from
each other, as illustrated schematically by a distinct hatch
pattern for each fluorophore. For example, the fluorophores
may have distinct absorption spectra and/or maxima, and/or
distinct emission spectra and/or emission maxima. Proper
selection of the wavelength regime used for detection allows
the fluorophores to be distinguished. In other words, the
wavelength or wavelength band of excitation light used for
each wavelength regime and/or the wavelength or wavelength
band of emitted light received and sensed by the sensor for the
wavelength regime provides selective detection of light from
only one of the fluorophores in the detection channel. Exem-
plary fluorophores that may be suitable include FAM, VIC,
HEX, ROX, TAMRA, JOE, etc.

Quencher 96 is configured to quench the signal produced
by fluorophore 92 or 94 in a proximity-dependent fashion.
Light detected from the fluorophore may increase when the
associated oligonucleotide 88 or 90 binds to the amplified
target, to increase the separation distance between the fluo-
rophore and the quencher, or when the probe is cleaved during
target amplification, among others. In some cases, the
quencher may be replaced by, or supplemented with, a fluo-
rophore that is capable of energy transfer with fluorophore 92
or 94.

FIG. 4 shows a pair of exemplary graphs 102, 104 of data
collected in an exemplary digital amplification assay for Tar-
get 1 and Target 2 performed in droplets. Each graph plots a
dedicated signal 106 (“Signal 1) or signal 108 (“Signal 2”)
that represents light detected from respective probes 84, 86
(and/or one or more modified (e.g., cleavage) products
thereof) (see FIG. 3). Each dedicated signal is created from
light detected over the same time period from a fluid stream
containing the droplets and flowing through an examination
region of a channel. Signal 1 reports whether or not Target 1
is present in each droplet, and Signal 2 reports whether or not
Target 2 is present in each target. In particular, if the strength
of'Signal 1 (or Signal 2) increases above a threshold 110, then
Target 1 (or Target 2) is deemed to be present (and amplified)
in a corresponding droplet. In the present illustration, each
droplet, whether positive or negative for each target, produces
an increase in signal strength above the baseline signal that
forms an identifiable peak 112. Accordingly, each signal may
vary in strength with the presence or absence of a droplet and
with the presence or absence of a corresponding target.

Each target is present here at an average level (or fre-
quency) of about 0.2 in the droplets. In other words, each
target is amplified and detected on average about once every
five droplets. Accordingly, the expected frequency of droplets
containing both targets is the product of the two droplet
frequencies, or about 0.04 (1 out of every 25 droplets). Con-
sistent with this frequency, a droplet that is positive for both
targets is present only once on the twenty droplets analyzed
here, and is indicated by a dashed box at 114 extending
around the signal peaks for the droplet in graphs 102, 104.

FIG. 5 schematically represents the distribution of Targets
1 and 2 in a set of droplets 116 corresponding to and in the
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same order as the droplet signal peaks of FIG. 4. Droplets
positive for Signal 1, such as the droplet indicated at 118, are
hatched according to fluorophore 92, and droplets positive for
Signal 2, such as the droplet indicated at 120, are hatched
according to fluorophore 94 (see FIG. 3). A double-positive
droplet 122 containing both Target 1 and Target 2 is double-
hatched and indicated by dashed box 114.

FIG. 6 shows three targets 80, 82, and 140 and correspond-
ing exemplary probes 84, 86, and 142, respectively, that may
be used to create a pair of composite signals for the three
targets in a digital amplification assay. Two of the targets and
probes, namely, targets 80 and 82 (Target 1 and Target 2) and
probes 84 and 86 (Probe 1 and Probe 2) are the same targets
and probes shown and utilized in FIGS. 3-5. Target 140 (Tar-
get 3) and its corresponding probe 142 (Probe 3) may be
introduced into the multiplexed assay of FIGS. 3-5 to increase
the level of multiplexing and the amount of target information
that can be extracted from the assay without increasing the
number of detection channels.

Amplification of Target 3 is reported by Probe 3. The probe
includes an oligonucleotide 144 that hybridizes specifically
to Target 3 (and/or an amplicon thereof), relative to Targets 1
and 2. The probe may be double-labeled with the same fluo-
rophores (92, 94) present individually in Probe 1 and Probe 2
for reporting respective Target 1 and Target 2 amplification.
The probes for the three targets may be selected to permit
detection of target amplification in only two detection chan-
nels, rather than the three detection channels that would be
necessary with the use of a dedicated detection channel for
each target. Examples 2-5 describe other exemplary probe
configurations that may be suitable to increase the level of
multiplexing.

FIG. 7 shows a pair of exemplary graphs 152, 154 of a pair
of composite signals 156, 158 that may be detected in a pair of
wavelength regimes/detection channels. The composite sig-
nals, arbitrarily designated a. and 3, are representative of light
detected from the three probes of FIG. 6 in a digital amplifi-
cation assay performed in droplets. Each composite signal is
created from light detected over the same time period from a
fluid stream containing the droplets. To simplify the presen-
tation, Target 1 and Target 2 are present at the same frequency
and in the same droplets as in FIGS. 4 and 5.

Each composite signal, a or f§ (156 or 158), represents a
pair of targets. Signal a (graph 152) has a strength for each
droplet that indicates whether the droplet is positive or nega-
tive for at least one member of a first pair of targets, namely,
Target 1 and Target 3. Signal § (graph 154) has a strength for
each droplet that indicates whether the droplet is positive or
negative for at least one member of a different second pair of
targets, namely, Target 2 and Target 3. Accordingly, each
composite signal analyzed by itself may provide no informa-
tion about how frequently a given member of the pair of
targets is present in droplets.

The composite signals analyzed in combination provide
additional information about target frequency that cannot be
deduced from the composite signals in isolation from one
another. Each target, when present without other targets in a
droplet, produces a signal signature that is distinct from the
signatures of each other target individually. The signature for
Target 1 in a droplet is indicated at 160: positive for Signal o
and negative for Signal . The signature for Target 2 in a
droplet is indicated at 162: negative for Signal o and positive
for Signal p. Furthermore, the signaturc for Target 3 in a
droplet is outlined by dashed boxes at 164: positive for both
Signal o and Signal p. Finally, the signature for none of
Targets 1, 2,and 3 in a droplet is indicated at 166: negative for
both Signal o and Signal f.
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FIG. 8 schematically represents the distribution of Targets
1,2, and 3 in a set of droplets 168 corresponding to and in the
same order as the droplet signal peaks of FIG. 7. Single-
positive droplets that are positive for Signal o only, such as
the droplet indicated at 118, are hatched according to fluoro-
phore 92, and droplets positive for Signal {3, such as the
droplet indicated at 120, are hatched according to fluorophore
94 (see FIG. 6). Each double-positive droplet 170 is double-
hatched and indicated by dashed box 164.

The single-positive signatures indicated at 160 and 162
unambiguously identify corresponding droplets 118, 120 as
containing at least one copy of Target 1 or Target 2, respec-
tively, and no copy of Target 3. Accordingly, the number of
each type of single-positive droplet may be used, in a ratio
with the total number of droplets, to calculate an average level
of'Target 1 and of Target 2. However, this estimate may not be
accurate enough if droplets contain multiple target molecules,
because the estimate ignores any droplets containing Target 1
and/or Target 2, but having the signature of Target 3. These
droplets can produce the same Target 3 signature while con-
taining Targets 142, Targets 1+3, or Targets 2+3. If the con-
centration of each target is low enough, the frequency of
droplets containing at least two different targets may be neg-
ligible and/or ignored. Here, the concentrations of Targets 1,
2, and 3 are high enough to produce, on average, only about
one droplet with both of Targets 1 and 2 per twenty droplets
(see FIGS. 4 and 5). Accordingly, one of double-positive
droplets 170 is expected to contain both of Targets 1 and 2,
and the other two double-positive droplets are expected to
contain Target 3.

It is not necessary to know the target composition of each
double-positive droplet. Instead, it is sufficient to know the
frequency of droplets with each target signature. Poisson
statistics then may be utilized to calculate the average level of
each target. Calculation may be performed, in some cases by
finding solutions to a series of simultaneous equations, such
as numerically, to obtain a best-fit, or by a closed-form
approach, among others.

Example 2

Exemplary Target-Specific Probes for Composite
Signals

This example describes additional, exemplary target-spe-
cific probes that may be utilized in any suitable multiplexed
digital assay; see FIGS. 9A, 9B, and 10. The principles
explained here may be extended to any number of signals
and/or targets.

FIGS. 9A, 9B, and 10 shows third target 140 of FIG. 6 and
other exemplary probe configurations of probes 180, 182
(Probes 3A and 3B) each specific for Target 3 (and/or an
amplicon thereof). Probes 3A and 3B may be used together, in
place of Probe 3 of FIG. 6, and in conjunction with Probe 1
and Probe 2 of FIG. 6, to create only a pair of composite
signals for Targets 1 to 3 in a digital amplification assay.

One ofthe probes (e.g., Probe 3A) may include fluorophore
92 and the other probe (e.g., Probe 3B) may include fluoro-
phore 94. Accordingly, light emitted by Probe 3A can be
detected in the same detection channel as light from Probe 1
of FIG. 6, and light emitted by Probe 3B in the same channel
as Probe 2.

FIGS. 9A and 9B show Probes 3A and 3B binding specifi-
cally to distinct sites of Target 3. The probes may bind to
non-overlapping (or only partially overlapping) sites on the
same strand of the target (FIG. 9A). Alternatively, the probes
may bind to opposite strands of Target 3 (FIG. 9B).
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FIG. 10 shows Probes 3A and 3B that are capable of bind-
ing to the same site of Target 3 (and/or an amplicon thereof).
Each of the probes may contain the same oligonucleotide 144
and thus differ only by the particular fluorophore (92 or 94)
attached to oligonucleotide 144. The probes of this example
may be blended in any suitable ratio or set of different ratios
for a multiplexed assay.

Example 3

Exemplary Tailed Primers and Shared Probes for
Composite Signals

This example describes exemplary shared probes that
enable creation of composite signals, and exemplary tailed
primers forming binding sites for the shared probes; see FIG.
11. The principles explained here may be extended to any
suitable number of composite signals and/or targets.

FIG. 11 shows three targets 80, 82, and 140 (i.e., Targets 1
to 3 of FIG. 6) and corresponding primers that enable assay of
the three targets with only two probes, namely, probe 190
(Probe A) and probe 192 (Probe B), in a digital amplification
assay. Probe A and Probe B may include respective fluoro-
phores and a quencher (e.g., see FIG. 3).

Target 1 may be amplified with a pair of forward and
reverse primers 194, 196. Forward primer 194 may be a tailed
primer with a 3' binding portion 198 that is complementary to
aregion of Target 1 and a 5' tail portion 200 that is not. The tail
portion may introduce a binding site for Probe A into the
resulting amplicon, indicated by a dashed line at 202, such
that Probe A (like Probe 1 of FIG. 6) can report amplification
of Target 1.

Target 2 may be amplified with a pair of forward and
reverse primers 204, 206. Reverse primer 206 may be struc-
tured analogously to forward primer 194 for Target 1, with a
3'binding portion complementary to a region of Target 2 and
a 5" tail portion 207 that is not. The tail portion may introduce
a binding site for Probe B into the resulting amplicon, such
that Probe B (like Probe 2 of FIG. 6) can report amplification
of Target 2.

Target 3 may be amplified with a pair of forward and
reverse primers 208, 210. Both of the primers may be struc-
tured analogously to forward primer 194, with a 3' binding
portion complementary to a region of Target 3 and a 5' tail
portion that is not. Tail portions 200, 207 of primers 208, 210
may introduce respective binding sites for Probes A and B
into the amplified product, such that a combination of both
Probe A and Probe B (like Probe 3 of FIG. 6) reports ampli-
fication of Target 3.

Example 4

Exemplary Ligation Strategy to Enable Shared
Probes

This example describes an exemplary ligation strategy to
enable the use of shared probes; see FIG. 12. The principles
explained here may be extended to any number of composite
signals and/or targets.

FIG. 12 shows Target 3 (at 140) of FIG. 6 and another
exemplary probe and primer configuration that enables assay
of Targets 1 to 3 of FIG. 6 in a digital amplification assay with
only Probes 1 and 2 (at 84 and 86) of FIG. 6. The ligation,
extension, and digestion steps presented below may be per-
formed in any suitable order and before or after a sample
providing Target 3 is separated into partitions.
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A template 220 (and/or a complementary strand and/or
amplicon thereof) may be designed to bind each of Probes 1
and 2.

Template 220 also may be designed to bind to adjacent
regions of Target 3 via opposing end regions 222, 224 of the
template. (The template may be described as a molecular
inversion “probe,” but is generally not attached to a fluoro-
phore.) The 5' and 3' termini of the template may be joinable
directly to one another by ligation when bound to Target 3 or
may form a gap 226 of one or more nucleotides between the
aligned 5' and 3' termini of the template. The gap may be
closed by extending the 3' terminus of the template, while
bound to Target 3, before ligation of the template to form a
closed loop. After ligation, and optional extension, copies of
the template that fail to ligate (and thus have not found a copy
of Target 3 for binding), may be degraded by an exonuclease.
Ligated copies of the template may be resistant to this degra-
dation, such that the number of ligated template molecules
corresponds to the number of Target 3 molecules.

Ligated template 220 (and/or a complementary strand
thereof) may provide one or more sites for binding of at least
one primer 228 (or 230). The primer may amplify the ligated
template by rolling circle amplification. Alternatively, or in
addition, a pair of primers 228, 230 (forward and reverse) may
be included to produce a cascade of amplification. In some
embodiments, ligated template 220 may be linearized by
cleavage at a predefined site 232 before amplification with
primers 228, 230. In any event, the presence of Target 3 in
partitions is reported by a combination of both Probes 1 and 2
in this embodiment.

Example 5

Exemplary Shared Probes with Multi-target
Specificity

This example describes exemplary shared probes each
capable of binding to sequence regions of two different tar-
gets; see FIG. 13. The principles explained here may be
extended to any number of composite signals and/or targets.

FIG. 13 shows targets 80, 82, 140 (i.e., Targets 1 to 3)
bound by probes with multi-target specificity. In particular, a
probe 240 (Probe 1/3) includes an oligonucleotide 242
capable of binding to a sequence region present in Target 1
and another sequence region present in Target 3. Also, another
probe 244 (Probe 2/3) includes an oligonucleotide 246
capable of binding to a sequence region present in Target 2
and another sequence region present in Target 3.

Example 6

Increasing Multiplex Levels in Digital Amplification
without Additional Detection Channels

This example describes an exemplary approach for
increasing the multiplex level of a multiplexed digital ampli-
fication assay.

A. Introduction

The ability to measure multiple targets simultaneously
(multiplexing) within every partition of a digital amplifica-
tion system is often limited by the detection approach. Com-
monly one measures fluorescence to classify partitions as
positive (if the measured fluorescence is high) or negative (if
the measured fluorescence is low). Some chemistries, such as
TagMan, allow measurements of several targets simulta-
neously by utilizing target-specific probes labeled with dif-
ferent dyes. If the detector can measure the fluorescence
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emitted by R different dyes, then the digital amplification
system is effectively capable of measuring R different targets.
Typically, instruments that are capable of detecting more
colors are more expensive than those with fewer colors.
Increasing the number of detectable dyes is expensive and is
impractical beyond a certain number. On the other hand,
many applications especially where sample is limited could
benefit greatly from higher degrees of multiplexing.

This example presents an approach that, given an instru-
ment capable of detecting multiple colors, can dramatically
increase the number of simultaneously measured targets
without requiring any changes to the detection optics of the
instrument. The standard approach of designing assays is that
a given target is assessed based on fluorescence produced
from a single probe with a single dye. Thus, if the instrument
is capable of detecting two colors, such as the light emitted
from the dyes FAM and VIC, one measures the concentration
of one target by counting the number of partitions with posi-
tive FAM signals and another target by counting the number
of partitions with positive VIC signals.

One can design assays that produce fluorescence on mul-
tiple channels simultaneously. If processed on a digital ampli-
fication platform with a large number of partitions these
assays can be multiplexed together with single channel assays
and can be measured by counting the number of partitions
with fluorescence on both channels.

B. Example with Two-color FAM-VIC Detection

Assuming we are looking at two unlinked loci (target 1 and
target 2), and given some number of FAM-only positive drop-
lets as well as some number of VIC-only positive droplets, we
can estimate how many FAM-VIC double-positive droplets
we expect. If we are operating at low concentrations this
number should be small and can be worked out in a straight-
forward fashion.

If we set up a third assay (target 3) such that it has two
additional probes—one labeled with FAM and one labeled
with VIC, we can estimate the concentration of this third
target locus by how many excess FAM-VIC double-positive
droplets we have compared to the expectation. This would
reduce the overall precision, but not much, and basically not
at all if we are operating in a dilute regime (i.e., the total
number of droplets is much larger than the number of positive
droplets). Below is an example of an algorithm that can be
used to determine the concentration of the excess FAM-VIC
double positive droplets (or other partitions).

The use of multiple probes labeled with the same dye will
increase the fluorescence of the negative droplets, which can
present a challenge in extreme cases if fluorescence of the
negative droplets starts approaching that of the positive drop-
lets. This challenge can be addressed effectively by using
sufficiently robust assays. One can also use common probes
(e.g., see Examples 3-5) and avoid the elevation of negative
fluorescence altogether. For the above example, we can con-
sider using acommon FAM probe for target 1 and target 3 and
a common VIC probe for target 2 and target 3 by utilizing
tailed primers or locked nucleic acid probes.

C. Additional Considerations

One gains an ever-larger advantage from this approach
when one uses four or more colors. There are six combina-
tions of two colors if one has four to choose from. Together
with single colors, this would give a total of ten reporters. If
we go further and use triplets of colors we would end up with
13 reporters.

The advantage of using this multi-color scheme becomes
more pronounced with higher numbers of partitions. For that
reason, this approach is of particular utility when combined
with more recent implementations of digital amplification
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such as digital PCR in droplets where thousands or millions of
partitions can be produced in an easy and cost effective man-
ner.

Several assay schemes can be employed to assess a target
with multiple colors simultaneously. One could design a
multi-labeled probe—e.g., a single probe can be labeled with
both FAM and VIC on the same molecule (e.g., see FIG. 6).
As another example, the same oligonucleotide may be labeled
separately with FAM and VIC, to produce a FAM-labeled
version and a VIC-labeled version of the same probe, and then
the two versions mixed (e.g., see FIG. 9B). In other cases,
such as for a TagMan assay, two probes can be designed to
bind to different regions of the same amplicon strand (e.g., see
FIG. 9A). Alternatively, the probes can bind to opposite
strands of the amplicon (e.g., see FIG. 10), which may posi-
tion the dyes away from the quenchers and facilitate the
fluorescence increase from the bound probes.

This approach is general and can be used with a range of
chemistries including ligation chain reaction, molecular bea-
cons, scorpion probes, molecular inversion probes, or the
like.

D. Mathematical Approach for Estimating Excess FAM-
VIC Droplets

The following is an example of an algorithm that can be
used to estimate concentrations of a joint FAM-VIC species
(e.g., target 3 of FIGS. 6-8).

1. Get 2x2 table of FAM versus VIC counts.

2. Compute concentration of distinct FAM and joint FAM-

VIC as if there are 1 species.

3. Compute concentration of distinct VIC and joint FAM-
VIC as if there are 1 species.

4. Try out different concentrations of joint FAM-VIC (from
which the concentration of distinct FAM and distinct
VIC can be found), and find the best fit of the probability
table (Table 1) with the observed counts.

TABLE 1

FAM-

1-Hv(l-¢)
-Hd-vidl-¢

FAM+

VIC+
VIC-

1 - sum of others
f(l-v)(1-¢)

E. MATLAB Implementation of the Algorithm
Below is an example of a MATLAB implementation of the

algorithm. Note that the algorithm can be expanded in a

straightforward fashion to high order multiplexes.

% Consider three types of DNA fragments: Fam-Vic together,

% Fam fragment, Vic fragment. We observe some probabili-
ties (counts in

% FAM-VIC cross plot), and the goal is to infer the concen-
trations.

% First let us do forward. Given concentrations, compute
counts. Then to do

% inverse, we simply try out different values of concentra-
tions and select

% one which gives actual counts.

N=20000;

A=10000;

B=20000;

AB=10000; % Joined together

cA=A/N;

¢B=B/N;

cAB=AB/N;

fprintf(1, ‘% £ % £ % fn’, cAB, cA, cB);

pA=1-exp(-cA);

pB=1-exp(-cB);
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pAB=1-exp(-cAB);
% A is X and B is Y in cross plot
p(2,DH)=(1-pA)*(1-pB)*(1-pAB); % Bottom left
p(2,2)=pA*(1-pB)*(1-pAB); % Bottom right
p(1,D)=(1-pA)*pB*(1-pAB); % Top Left
p(1,2)=1-p(2,1)-p(2,2)-p(1,1); % Top Right
disp(round(p*N));
% Also compute marginals directly
cAorAB=(A+AB)/N; %=c_A+c_AB;
cBorAB=(B+AB)/N; %=c_B+c_AB;
pAorAB=1-exp(-cAorAB); % Can be computed from p too
pBorAB=1-exp(-cBorAB);
% Inverse
H=p*N; % We are given some hits
% H=[08000; 20000];
% Compute prob
estN=sum(H(:));
i_p=H/estN;
i_pAorAB=i_p(1,2)+i_p(2,2);
i_pBorAB—i_p(1,1)+i_p(1,2);
i_cAorAB=-log(1-i_pAorAB);
i_cBorAB=-log(1-i_pBorAB);
maxVal=min(i_cAorAB, i_cBorAB);
delta=maxVal/1000;
errArr=| |;
gcABArr=[ |;
forgcAB=0:delta:maxVal
gcA=i_cAorAB-gcAB;
gcB=i_cBorAB-gcAB;
gpA=1-exp(-gcA);
gpB=1-exp(-gcB);
gpAB=1-exp(-gcAB);
gp(2,1)=(1-gpA)*(1-gpB)*(1-gpAB); % Bottom left
gp(2,2)=gpA*(1-gpB)*(1-gpAB); % Bottom right
gp(1.1)=(1-gpA)*gpB*(1-gpAB); % Top Left
gp(1.2)=1-gp(2,1)-gp(2,2)-gp(1,1); % Top Right
gH=gp*estN;
err=sqrt(sum((H(:)-gH(:))."2));
errArr=[errArr; err|;
gcABArr=[gcABArr; gcABJ;
end
figure, plot(gcABArr, errArr);
minidx=find(errArr==min(errArr(:)));
minidx=minidx(1);
estAB=gc ABArr(minidx);
estA=i_cAorAB-estAB;
estB=i_cBorAB-estAB;
fprintf(1, ‘% £% f % f\n’, estAB, estA, estB);
gpA=1-exp(-estA);
gpB=1-exp(-estB);
gpAB=1-exp(-estAB);
gp(2,1)=(1-gpA)*(1-gpB)*(1-gpAB); % Bottom left
gp(2,2)=gpA*(1-gpB)*(1-gpAB); % Bottom right
gp(1.1)=(1-gpA)*gpB*(1-gpAB); % Top Left
gp(1.2)=1-gp(2,1)-gp(2,2)-gp(1,1); % Top Right
gH=gp*estN;
disp(round(gH));
% Confirm the results using simulation
numMolA=round(estA*estN);
numMolB=round(estB*estN);
numMolAB=round(estAB*estN);
A=unique(randsample(estN, numMolA, 1));
B=unique(randsample(cstN, numMolB, 1));
AB=unique(randsample(estN, numMolAB, 1));
U=1:estN;
notA=setdiff(U, A);
notB=setdift(U, B);
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notAB=setdiff(U, AB);,
AorBorAB=union(A, union(B, AB));
none=setdiff(U, AorBorAB);
simcount(2,1)=length(none);
simcount(2,2)=length(intersect(A, intersect(notB, notAB)));
simcount(1,1)=length(intersect(B, intersect(notA, notAB)));
simcount(1,2)=length(AorBorAB)-simcount(2,2)-sim-

count(1,1);
disp(simcount);

Example 7

Algorithm for Computation of DNA Fragmentation
or for Digital Amplification Multiplexing

This example describes an exemplary algorithm to com-
pute a level of DNA fragmentation and/or levels of target in a
multiplexed amplification assay.

A. Introduction

1. Totally Fragmented Targets

Consider two DNA targets T1 and T2 corresponding to two
dyes FAM and VIC, respectively. Let T1 and T2 be always on
separate DNA fragments, as illustrated schematically in FIG.
14. Let the number of DNA fragments with T1 and T2 targets
be M1 and M2, respectively.

Let the counts of FAM and VIC positive partitions be N1
and N2, respectively. Note that N1 and N2 will be smaller
than M1 and M2, respectively, as there can be multiple DNA
fragments in a partition. Let the total number of partitions be
N. We will refer to digital amplification partitions simply as
partitions. In this case, we can expect to see the counts of
partitions listed in Table 2.

TABLE 2
VIC Negative VIC positive Total
FAM Positive N1 -(N-N2)N N1-N2/N N1
FAM Negative (N-N1)- (N-N2))N (N-N1)'N2/N N-NI1
Total N-N2 N2 N

If we denote the probability of seeing a partition to be FAM
positive as p1=N1/N, and of seeing a partition to be VIC
positive as p2=N2/N, then the probability table is given by
Table 3.

TABLE 3
VIC Negative VIC positive Probability
FAM Positive pl-(1-p2) pl-p2 pl
FAM Negative 1-pl)-(1-p2) (1-pl)-p2 1-pl
Probability 1-p2 p2 1

In this case, we can say that 100% fragmentation exists.
We can compute the number of T1 and T2 molecules, M1
and M2, respectively as follows, wherein (where log=log,):

M1=-Nlog(l-pl)

M2=-Nlog(1-p2)

(Given N digital partitions in which P are positive, the
number of molecules is M=-N log(1-P/N).)

2. No Fragmentation

Now consider the other extreme. Both targets T1 and T2 arc
always found together on the same DNA fragments (e.g., see
FIG. 15). They are linked, perhaps because their loci are quite
close to each other on the same part of a chromosome, and
fragmentation of the chromosome during DNA isolation did
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not separate the loci. Therefore, N1=N2. The expected counts
and probabilities are listed in Tables 4 and 5, respectively.

20
Now consider the case if there are 3 dyes. Thus, we will
have a 2x2x2 table of 8 observed counts.
There are seven different kinds of targets: T1, T2, T3, T12,

TABLE 4 T23, T13, and T123. Here, for example, T12 means a target
VIC Neaati VIC vosit Total 5 that is amplified to produce an amplicon bound by Dye 1 and
e poste o Dye 2 probes, and T123 means a target that is amplified to
FAM Positive 0 N1 N1 produce an amplicon bound by one or more probes containing
FAM Negative N - N1 0 N-NI all three dyes, and likewise for the others.
Total N-NI N N If we have 4 dyes, then we have 2*=16 counts, and we can
10 now multiplex quantitation of 2*~1=15 target genes. In gen-
eral, with R colors, we have 2% observed counts and we can
TABLE 5 have 281 targets.
: _ — — C. Solution for 2 Dyes and 3 Targets
VIC Negative  VIC positive  Probability Suppose we are given the counts listed in Table 7.
— 15
FAM Positive 0 pl pl
FAM Negative 1-pl) 0 1-pl TABLE 7
Probability 1-pl pl 1
VIC Negative VIC positive Total
In this case, we can say that 0% fragmentation exists. FAM Positive Nol N1l N1
We can compute the number of T1 and T2 molecules as 2 FAM Negative  NOO N10 N-NI
follows, where p1=N1/N: Total N-N2 N2 N
M1=-Nlog(1-p1) Consider the following three cases:
1. We turn off VIC, as if VIC cannot be seen at all.
M2=-Nlog(1-pl) 2> 2. We turn off FAM, as if FAM cannot be seen at all.
3. Partial Fragmentation 3. Welz consider both FAM and VIC as if they are only one
In the intermediate situation, where the targets are together WCO Olrl b he followine three ob .
on some fragments, but also happen to be on separate frag- ) eTWI have ftf %Ig' 0\\);]V1ng 'tll Ee 0 bslerv atlons.T 1 or T12
ments, then we have partial fragmentation (e.g., see FIG.16). 3 ’ urn;lng N di d'. e Wlll ble a .i« tﬁ see or ’
Suppose we have M3 molecules of linked T1 and T2 frag- toge} er an hm 1st11ngulsb a iﬂ” asll t lere ?{frle ngiftf;'
ments, M1 molecules of separate T1 fragments, and M2 mol- fsti' ¢ :I%é::s\;efetootr?eltlzrgete;;e clizos ccules ol 11 an ’
ecules of separate T2 fragments. . . )
We can make a table of counts of partitions (Table 6). 2. Turmng O,ff FAM: We will be able to count T2 or T12,
indistinguishably, as if there were one target. It gives the
» total number of molecules of T2 and T12, as ifthere were
TABLE 6 .
one target species.
VIC Negative VIC positive Total 3. Considering both FAM and VIC indistinguishably: We
A o o - - will be able to count T1, T2, or T12, indistinguishably. It
EAM N‘;:gg; NOO N1O NoNI 0 giV.es the total number of molegules of T1, T2, and T12,
Total N-N2 N2 N as if there were one target species.
This allows us to step 3 equations in 3 unknowns. We can
show these three cases in the form of a table.
TABLE 8
Visible Invisible Distinct Indistinct Target Positive
Dyes Dyes Dyes Dyes Detected Count Molecules
FAM  VIC — — {T1,T12} N1 ~log(1 - N1/N)
VIC  FAM — — {T2,T12} N2 ~log(1 - N2/N)
FAM, — — {FAM,  {T1,T2,T12} NO1+NI0+ -log(l - (NO1+N10+
VIC VIC} Ni1 N11)/N)

4. Problem Statement

How can we find the number of molecules M1, M2 and M3,
and thereby getting extent of fragmentation? For example if
M1=M2=M3, then we would say that there is 50% fragmen-
tation, as 50% of linked molecules got fragmented into sepa-
rate fragments and 50% remained intact.

B. Multiplexing of PCR to Many Targets Using Few Colors 60

We have an algorithm that provides a solution to the above
problem, and there is another interesting application for the
algorithm. With this algorithm and by using a FAM probe for
target T1, a VIC probe for target T2, and both FAM and VIC
probes placed close to each other for target T3, we can achieve 65
multiplexing of 3 targets by using 2 colors. Basically, we get
a third color for “free” using the algorithm.

The three linear equations in three unknowns M1, M2 and
M12 are:

N1
—Nlog(l - —)
N

1017 M1 Mo )

N
ot || M2 |=| My |= —Nlog(l—ﬁ)
111 ][ M12 Mior20r12

NOL+N10+N11
‘Nk’g(l‘#)

We solve the above equations to get values of M1, M2, and
Mi2.
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We can then compute the extent of fragmentation in % as
follows:

M=(M1+M2)/2

F=M/(M+M12)*100

D. Algorithm Steps
Now we write down the steps of the algorithm clearly using
the input of Table 9.

TABLE 9
VIC Negative VIC positive Total
FAM Positive N11 N12 N1
FAM Negative N21 N22 N-N1
Total N-N2 N2 N
Algorithm:

Step 1. Compute the three entities:
M, or15=-N-log(1-NI/N)

Mjor12=-N-log(1-N2/N)

M, p00r12=-N-1og(1-(NO1+N10+N11)/N)

Step 2. Solve the following linear equations:

Nlog| 1 M
-3

1017 M1 Mot )

N
ot || M2 =] Mapp |= —Nlog(l—W]
11 jlmM12 Mior2or12

NOL+N10+N11
—Nlog(l—#)

Step 3. Compute extent of fragmentation.
M=(M1+M2)/2

F=M/(M+M12)*100.

Step 4. Compute confidence intervals based on the concen-
tration and expected number of positive counts. To compute
confidence interval of F, we note that it is ratio of two random
variables. Then we apply techniques to estimate confidence
interval of ratio of two random variables for F.

The output is M1, M2, and F and their confidence intervals.

E. Outline of an Alternative Solution

Now we present an alternative solution to the problem of
partial fragmentation phrased in terms of optimization of an
objective criterion. First let us make the following table.
Depending upon what type of molecules we have in a parti-
tion we will have corresponding FAM and VIC colors of the
partition.

Table 10 maps molecules into partition colors.

TABLE 10

Presence of Molecules in a Partition Partition Color

T1 T2 T12 FAM (T1) VIC (T2)
0 0 0 Neg Neg
0 1 0 Neg Pos
1 0 0 Pos Neg
0 0 1 Pos Pos
0 1 1
1 0 1
1 1 0
1 1 1
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Suppose we make a “guess” of M1, M2, and M12. We can
compute the probabilities of a partition having a copy of the
T1, T2, or T12 target using inverse equations:

pl2=1-exp(-M12/N)
pl=l-exp(-M1/N)

p2=1-exp(-M2/N).

From these probabilities we can compute the predicted
counts as shown in Table 11.

TABLE 11
VIC Negative VIC positive
FAM Positive pl(1-p2)(1-pl2)N (1 - (sum of other 3
cells in this table))N
FAM 1-pl(A-p2)(1-pI2)N (1 -pl)p2(1 -pl2)N
Negative

The probabilities above can be filled using Table 10, which
maps presence of molecules into partition colors.

If our “guess” is really correct, then the predicted counts
will “match” closely with our expected counts. Thus an opti-
mization algorithm under the above objective criterion that
needs to be minimized could also be used to solve the prob-
lem.

M1, M2, M12=best guess=least deviation of predicted

counts and actual counts

We can then compute the extent of fragmentation in % as
follows:

M=(M1+M2)/2

F=M/(M+M12)*100.

F. Solution for 3 Dyes and 7 Targets

To solve the problem for greater number of dyes, we need
more equations as there are more unknowns. For 3 dyes and 7
targets, we need 7 equations to find the concentration of these
7 targets.

We have Table 12 with 23=8 rows of counts of partitions
depending upon which dyes are positive.

Denote the three dyes by D1, D2 and D3.

TABLE 12

Presence of color in a partition

D1 D2 D3 Count of Partitions

Neg Neg Neg NO0O

Neg Pos Neg NO10

Pos Neg Neg N100

Neg Neg Pos NO001

Neg Pos Pos NoO11

Pos Neg Pos N101

Pos Pos Neg NI110

Pos Pos Pos N111

Total N
Consider Table 13.
TABLE 13
Visible Invisible Distinct Indistinct Target
Dyes Dyes Dyes Dyes Detected Positive Count
D1,D2, — — {D1,D2, {T1,T2, Cl=
D3 D3} T3, T12, N - N000
T13,T23,

T123}
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TABLE 13-continued

Visible
Dyes

Invisible
Dyes

Indistinct
Dyes

Distinct
Dyes

Target

Detected Positive Count

D1 D2, D3 C2=

N100 +

N101 +
N110 + N111
C3=

NO10 +

NO11 +
N110+ N111
C4 =

No01 +

NO11 +

NI101 + NI111
Compute
concentration
M3 by
solving 2 dye
problem*
Compute
concentration
M,12 by
solving 2 dye
problem*
Compute
concentration
My,12 by
solving 2 dye
problem*

{T1, T12,
T13,T123}

D2 D1, D3 {T2, T12,

T23,T123}

D3 D1,D2 {T3, T13,

T23,T123}

D1,D2 D3 D1,D2 {T1,T13}

D1,D3 D2 D1,D3 {T1,T12}

D2,D3 DI D2,D3 {T2, T12}

*Note that for row 5, we could have also detected {T2, T23} or {T12, T123}, and forrow 6,
{T3, T23}, and for row 7, {T3, T13} and {123, T123}. This choice does not matter and all
lead to the same results.

We make 3 recursive calls, in rows 5, 6 and 7.

For example, in row 5, we are really solving 2 dyes, D1 and
D2, casc with 3 targets: {T1, T13} as onc target, {T2,T23} as
second target, and {T12, T123} as third linked target.

Similarly, in rows 6 and 7, we make recursive calls to solve
the simpler problem of 2 dyes and 3 targets.

The system of equation looks like as follows:

Cl
—Nlog(l - —)

N

1111111 M1 My c2
1001101 || M2 My or 12 0r 13 0r 123 —Nlog(l—w)
0101011 || M3 M or12 023 or 123 c3
—Nlog(l - —)

0010111 || M12 |=| M3 or13 or230r123 | = N
1000100 || M13 My or 13 _Nlog(l _ ﬁ‘]

1001000 || M23 My o 12 . N
0101000 || 7123 My i Recursive call
Recursive call

Recursive call

The above system of linear equations can be solved to find
concentrations of 7 targets.

G. R Dyes and 2%-1 Targets

Now we give the steps to generalize the algorithm to an
arbitrary number of dyes.

This is a recursive algorithm. Since we have a solution for
the case when R=2, we can solve for any number of R through
recursion.

Input:

For R dyes, we are given a table of counts of partitions
which has 2% rows, for all possible combinations of presence
or absence of colors in a partition.

Algorithm:

Step 1. Set up a system of 2%-1 linear equations. To obtain
these equations consider different ways of making some col-
ors invisible. Also consider the case when all colors are indis-
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tinguishable, which gives the first row. It can be shown that we
can obtain 2%-1 equations in 2%~1 target concentrations (un-
knowns). When we make certain colors invisible, then we
reduce the problem to a case with fewer colors, which can be
solved recursively, all the way down to case when there are 2
dyes and 3 targets.

Step 2. Solve the equations.

Step 3. Compute confidence intervals based on the concen-
tration and expected number of positive counts.
Output:

Concentrations of 2%-1 targets along with confidence
intervals.

Example 8

Multi-Labeled Probes

This example describes exemplary multi-labeled probes
and methods of using the probes in a multiplexed digital
amplification assay; see FIGS. 17-22. The multi-labeled
probes may be utilized for the color-based multiplexed assays
described in Section I and in Examples 6 and 7. Alternatively,
or in addition, the multi-labeled probes may be utilized for
intensity-based multiplexing, as described in U.S. Provi-
sional Patent Application Ser. No. 61/507,082, filed Jul. 12,
2011; and U.S. Provisional Patent Application Ser. No.
61/510,013, filed Jul. 20, 2011, which are incorporated herein
by reference.

Typical 5' nuclease assay (TagMan) probes have a single
fluorophore and a quencher, or two fluors where the second
fluor acts to quench the first fluorophore through FRET (e.g.,
a TAMRA “quencher”). The fluorophore and quencher are
typically attached to the 5'- and 3'-most bases/nucleotides of
the oligonucleotide probe.

Oligonucleotide synthesis chemistry allows fluorophores
to be added to internal nucleotides/bases of'a probe. Attaching
multiple fluorophores to one oligonucleotide probe allows
creation of a wider range of probes, which can be used to
enhance multiplexing capabilities. The ability to put multiple
fluors on one probe allows the resulting emission fluores-
cence to be “tuned” to achieve more fluorescence signatures
than are possible through single fluorophores. Probe spectra
will generally be a composite result of the multiple fluoro-
phores included. For fluorophores that can resonate or other-
wise interact, the proximity of the fluorophores and location
(internal or end label) will allow additional tuning possibili-
ties. It is not necessary that the multiple fluorophores (or
quenchers) be different. Addition of multiple molecules of the
same fluor also may allow different fluorescence output on a
per-probe basis. For some applications, it may be beneficial to
put the quencher on the 5'-end of the oligonucleotide so that
probe degradation removes the quencher, but leaves the other
fluorophores attached on the remaining portion of the oligo-
nucleotide. That way, when the quencher is cleaved off, the
same signal is obtained from the probe, but each probe could
have a different signature (e.g., probe 1—FAM; probe
2—FAM+Cy3; probe 3—FAM+HEX; probe 4—FAM+
FAM; etc.).

The approach is also applicable to multiplexing for other
target molecules. Although detection of target nucleic acids is
clearly an area of great interest, it is also possible to apply this
concept to other types of probes (for example, antibody
probes for protein targets).

FIG. 17 show a schematic representation of an unlabeled
oligonucleotide (A) and a set of exemplary multi-labeled
probes (B-G) containing the oligonucleotide. Each solid
circle and open circle represents a quencher (also termed a
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quencher moiety) and a fluorophore, respectively, attached to
the oligonucleotide. F1 to F4 identify structurally distinct
fluorophores. The oligonucleotide may have any suitable
length, such as 5 to 500, 10 to 200, or 15 to 100 nucleotides,
among others.

The multi-labeled probes of FIG. 17 are as follows: B)
oligonucleotide with a 5' quencher and fluorophores (F1 and
F2) at respective internal and 3'-end positions; C) oligonucle-
otide with a 5' quencher moiety and fluorophores (F1 to F4) at
3'and multiple internal positions; D) oligonucleotide with a 5'
quencher moiety and fluorophores (3xF1, F2) at 3' and mul-
tiple internal positions; E) oligonucleotide with a 5' quencher
moiety and an internal quencher moiety plus fluorophores at
3" and internal positions; F) oligonucleotide with a 5'
quencher moiety and fluorophores at 3' and internal positions,
with greater separation between fluorophores; and G) oligo-
nucleotide with fluorophores at the 5'-end and an internal
position and a quencher at the 3'-end position.

FIG. 18 depicts separation of the quencher and fluoro-
phores of a probe molecule during target amplification. A
template molecule is shown being copied (complementarily)
by DNA polymerase in the presence of an exemplary multi-
labeled probe molecule (FIG. 17B). A) Polymerase is extend-
ing a nucleic acid strand upstream of a probe binding site. B)
5' nuclease activity of the polymerase removes the 5'-most
nucleotides (including the quencher in this example) from the
probe, allowing the quencher and fluorophores to be spatially
separated. C) Polymerase continues to remove 5' nucleotides
from the probe until binding of the probe becomes unstable
and the remaining probe fragment dissociates from the tem-
plate strand. Multiple fluorophores still may be connected to
each other in the probe fragment, but are separated from the
quencher.

FIG. 19 shows an exemplary two-dimensional histogram
of droplet intensities, showing droplet clusters that may be
obtained in a multiplexed digital amplification assay for three
targets performed with a combination of single-labeled and
dual-labeled probes each labeled with FAM, VIC, or both
FAM and VIC. Here, the droplet cluster produced by target-3
positives is not resolved from droplets double-positive for
both target 1 and 2.

FIG. 20 shows another exemplary two-dimensional histo-
gram of droplet intensities that may be obtained in the assay
of FIG. 19, with partial resolution of a cluster for target-1+2-
positive droplets from a cluster for target-3-positive droplets.

Detector optics, particularly excitation sources and optical
filters, may be selected to optimize the separation of clusters.
For example, two clusters might be substantially overlapping
(hard to separate) at a first wavelength condition but substan-
tially non-overlapping at a second wavelength condition.
Detectors with spectrophotometer gratings or exchangeable
filter sets could provide greater flexibility in wavelength
selection.

FIG. 21 shows an exemplary two-dimensional histogram
of droplet intensities, illustrating two clusters of data points
that may be obtained in a digital amplification assay per-
formed with only a multi-labeled probe.

FIG. 22 shows another exemplary two-dimensional histo-
gram of droplet intensities, illustrating various clusters of
data points that may be obtained in a digital amplification
assay performed as in FIG. 21, but with the assay supple-
mented with a pair of single-labeled probes (for measuring
target 1 and target 2 amplification), in addition to the multi-
labeled probe (for measuring target 3 amplification). Putting
multiple fluors on the same oligonucleotide can be more
advantageous when combined with different levels of probe
and/or with different fluors that have different spectral over-
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lap in two (or more) detection channels. The example of FIG.
22 shows the dual fluor probe having slightly higher fluores-
cence than the FAM-only and VIC-only probes, but it could
be either higher or lower (or the same). If about the same (or
not), the color-based multiplexing approach disclosed herein
may be utilized advantageously to determine average target
levels.

Several chemistries can yield the multi-labeled probes dis-
closed herein, including labeled deoxynucleotides, click
chemistry, and various other linker chemistries. The probes
could be produced through custom synthesis by an oligo-
nucleotide supplier. References describing exemplary syn-
thetic routes for internal fluorophore incorporation are listed
below and are incorporated herein by reference.
Haralambidis J., Chai M. and Tregear G. W. (1987) Prepara-

tion of base-modified nucleosides suitable for non-radio-

active label attachment and their incorporation into syn-

thetic oligodeoxyribonucleotides. Nucleic Acids Res. 15,

4857-4876.

Randolph J. B., and Waggoner A. S. (1997) Stability, speci-
ficity and fluorescence brightness of multiply-labelled
fluorescence DNA probes. Nucleic Acids Research;
25:2923-2929.

Brumbaugh J. A., Middendorf L. R., Grone D. L., and Ruth J.
L. Proc. Natl. Acad. Sci. USA 1988; 85:5610-5614.

Singh D., Vijayanti K., Ganesh K. N. (1990) Oligonucle-
otides, part 5+: synthesis and fluorescence studies of DNA
oligomers d(AT) 5 containing adenines covalently linked at
C-8 with dansyl fluorophore. Nucleic Acids Res.; 18:3339-
3345.

Tae Seok Seo, Zengmin Li, Hameer Ruparel, and Jingyue Ju
(2003) Click Chemistry to Construct Fluorescent Oligo-
nucleotides for DNA Sequencing. J. Org. Chem.; 68: 609-
612.

Example 9
Selected Embodiments

This example describes selected aspects and embodiments
related to digital assays with combinatorial use of signals,
presented without limitation as a series of numbered para-
graphs. Each of these paragraphs can be combined with one
or more other paragraphs, and/or with disclosure from else-
where in the present disclosure, in any suitable manner. Some
of the paragraphs below expressly refer to and further limit
other paragraphs, providing without limitation examples of
some of the suitable combinations.

Al. A method of performing a digital assay, comprising:
(a) creating R signals representative of light detected from
each ofa plurality of partitions of'a sample; and (b) estimating
a concentration of more than R different targets in the parti-
tions based on how the R signals vary relative to one another
among the partitions.

B1. A method of performing a digital assay for more than
R targets, comprising: (a) separating a sample into partitions;
(b) creating R signals representative of light detected from the
partitions; and (c) estimating a concentration of more than R
targets in the partitions based on the R signals.

B2. The method of paragraph B1, wherein at least one of
the R signals reports the presence or absence of a target in
each partition independently of every other one of the R
signals.

B3.The method of paragraph B1 or B2, wherein each of the
R signals reports the presence or absence of a different target
in each partition independently of every other one of the R
signals.
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B4. The method of any of paragraphs B1 to B3, wherein a
combination of two or more of the R signals collectively
reports the presence or absence an R+1 target in each parti-
tion.

BS. The method of any of paragraphs Bl to B4, further
comprising a step of determining a number of the partitions
that are positive for each of the R signals alone and a number
that are positive for at least one combination of two or more of
the R signals.

B6. The method of paragraph BS, wherein the step of
estimating a concentration includes a step of estimating con-
centrations of each of the more than R targets that collectively
correspond to the determined numbers of positives, if each
target has a Poisson distribution among the partitions.

B7. The method of any of paragraphs B1 to B6, wherein the
step of estimating includes a step of finding solutions to a set
of simultaneous equations, and wherein the equations each
have the same variables.

BS8. The method of paragraph B7, wherein the simulta-
neous equations are linear equations.

B9. The method of paragraph B7 or B8, wherein the solu-
tions are obtained by numerical analysis.

B10. The method of any of paragraphs B7 to B9, wherein
the step of finding solutions includes a step of finding solu-
tions to at least 2°~1 equations.

B11. The method of any of paragraphs B7 to B10, wherein
each equation is based on copies of each target having a
Poisson distribution among the partitions.

B12. The method of any of paragraphs B1 to B11, wherein
each of the R signals is a composite signal that includes two
or more integral signal portions corresponding to the pres-
ence or absence of different targets in individual partitions.

B13. The method of any of paragraphs B1 to B12, wherein
the step of separating a sample forms the partitions with an
average concentration per partition of less than about one
copy of each of the more than R targets.

B14. The method of any of paragraphs B1 to B13, wherein
the step of separating a sample forms one or more partitions
containing no copies of a target for each of the more than R
targets.

B15. The method of any of paragraphs B1 to B14, wherein
the partitions are droplets.

B16. The method of any of paragraphs B1 to B15, wherein
each of the R signals is representative of fluorescence emis-
sion that is detected.

B17. The method of any of paragraphs B1 to B16, further
comprising a step of performing an amplification reaction in
one or more of the partitions before the step of creating R
signals.

B18. The method of paragraph B17, wherein the step of
performing an amplification reaction includes a step of ther-
mally cycling partitions.

B19. The method of any of paragraphs B1 to B18, wherein
each target is a nucleic acid.

B20. The method of any of paragraphs B1 to B19, wherein
the partitions include a first probe reporting a presence or
absence of a first target molecule in individual partitions, a
second probe reporting a presence or absence of a second
target molecule in individual partitions, and at least one third
probe reporting a presence or absence of a third target mol-
ecule in individual partitions.

B21. The method of claim B20, wherein the at least one
third probe is a single third probe.

B22. The method of any of paragraphs B1 to B19, wherein
the partitions include a first probe reporting a presence or
absence of a first target molecule in individual partitions, a
second probe reporting a presence or absence of a second
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target molecule in individual partitions, and wherein the first
and second probes collectively report a presence or absence
of a third target molecule in individual partitions.

B23. The method of any of paragraphs B1 to B22, wherein
each of' the R signals is representative at least predominantly
of light detected from a different fluorophore.

B24. The method of any of paragraphs B1 to B23, wherein
the partitions all have substantially same volume.

B25. The method of any of paragraphs B1 to B24, wherein
at least one of the more than R targets is a linked version of at
least two of the other R targets.

C1. A method of performing a digital assay, comprising: (a)
separating a sample into partitions, with each partition
capable of amplifying more than R targets, if present in the
partition; (b) creating R signals representative of light
detected from the partitions, wherein, for at least one of the
more than R targets, amplification in a partition of the at least
one target selectively changes only one of the R signals, and
wherein, for at least one other of the more than R targets,
amplification in a partition of at least one other target coor-
dinately changes two or more of the signals; and (c) estimat-
ing a concentration of each of the more than R targets based
on the R signals created.

C2. The method of paragraph C1, wherein the step of
amplifying includes a step of thermally cycling the partitions
before the step of creating.

C3. The method of paragraph C1 or C2, wherein the R
signals are representative of light detected from fluid carrying
droplets through an examination region.

C4. The method of any of paragraphs C1 to C3, wherein the
step of creating includes a step of creating two or more signals
that represent different wavelengths and/or wavelength
ranges of detected light.

CS5. The method of any of paragraphs C1 to C4, wherein the
step of creating includes a step of creating two or more signals
that are representative of a same wavelength range of detected
light produced by illumination with a different wavelength or
wavelength range for each of the two or more signals.

D1. A method of performing a multiplexed digital ampli-
fication assay, the method comprising: (a) amplifying more
than R targets in partitions; (b) creating R signals represen-
tative of light detected in R different wavelength regimes
from the partitions, where R=2; and (¢) calculating an average
level of each target in the partitions based on the R signals,
wherein the level calculated accounts for a coincidence, if
any, of different targets in the same individual partitions. For
example, if T denotes the number of targets, then T>R.

D2. The method of paragraph D1, wherein amplification of
each target is reported by a different signal or combination of
the signals than any of the other targets individually.

D3. The method of paragraph D1 or D2, wherein each of
the signals reports amplification of a different combination of
at least two of the targets.

D4. The method of paragraph D3, wherein the partitions
are droplets, further comprising a step of determining a num-
ber of droplets exhibiting amplification of any of the at least
two targets for each signal, and wherein the step of calculating
is based on the number determined for each of the R signals.

D5. The method of any of paragraphs D1 to D4, wherein
the step of calculating includes a step of finding solutions to a
set of simultaneous equations.

D6. The method of paragraph D5, wherein there are T
targets, wherein the step of finding solutions includes a step of
finding solutions to T simultaneous equations, and wherein
R<T=2"-1.

D7. The method of paragraph D5 or D6, wherein the solu-
tions are obtained by numerical analysis.
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DS. The method of any of paragraphs D1 to D7, wherein
there are three targets, and wherein the signals representative
of light are detected from two fluorophores associated with
probes that bind to amplicons of respective targets during
amplification.

D9. The method of paragraph DS, wherein the two fluoro-
phores are VIC and FAM.

D10. The method of paragraph D8 or D9, wherein the
partitions contain a first probe for a first of the three targets, a
second probe for a second of the three targets, and a third
probe for a third of the three targets, and wherein the first
probe is labeled exclusively with VIC, the second probe is
labeled exclusively with FAM, and the third probe is labeled
with both VIC and FAM.

D11. The method of paragraph D10, wherein the third
probe includes a FAM-labeled probe that is not labeled with
VIC and a VIC-labeled probe that is not labeled with FAM.

D12. The method of any of paragraphs D1 to D11, wherein
the average level is a concentration.

D13. The method of any of paragraphs D1 to D12, wherein
the step of calculating an average level includes a step of
determining a total number of amplification-positive parti-
tions for each type of target and a step of determining a total
number of partitions.

D14. The method of any of paragraphs D1 to D13, further
comprising a step of distributing copies of the more than R
targets among the partitions such that some partitions contain
more than one copy of a given target.

D15. The method of any of paragraphs D1 to D13, wherein
there are at least four targets.

El. A method of performing a multiplexed digital ampli-
fication assay, the method comprising: (a) amplifying more
than R targets in droplets; (b) creating R signals representa-
tive of light detected in R different wavelength regimes from
the droplets, where R=2; and (c) calculating an average level
of each of the more than R targets by finding solutions to a
series of simultaneous equations. For example, if T denotes
the number of targets, then T>R.

E2. The method of paragraph E1, wherein amplification of
each target is reported by a different signal or combination of
the signals than any of the other targets individually.

E3. The method of paragraph E1 or E2, wherein each of the
signals reports amplification of a different combination of at
least two of the targets.

E4. The method of paragraph E3, further comprising a step
of determining a total number of droplets that are amplifica-
tion-positive for any of the at least two targets reported on by
each signal, and wherein the step of calculating is based on the
total number determined for each of the R signals.

E5. The method of any of paragraphs E1 to E4, wherein
there are 'l targets, wherein the step of calculating includes a
step of finding solutions to T simultaneous equations, and
wherein R<T=2%-1.

E6. The method of any of paragraphs E1 to ES, wherein the
solutions are obtained by numerical analysis.

E7. The method of any of paragraphs E1 to E6, wherein the
level accounts for any coincidence of different targets in the
same individual droplets.

F1. A method of performing a multiplexed digital amplifi-
cation assay, the method comprising: (a) amplifying more
than R targets in droplets; (b) creating R signals representa-
tive of light detected in R different wavelength regimes from
the droplets, wherein R22 and cach of the signals reports
amplification of a different combination of at least two of the
targets; and (c) calculating an average level of each target in
the droplets based on the R signals and without determining
which of the at least two targets for each signal amplified in
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individual amplification-positive droplets for such signal. For
example, if T denotes the number of targets, then T>R.

F2. The method of paragraph F1, further comprising a step
of determining a total number of droplets that are amplifica-
tion-positive for any of the at least two targets reported on by
each signal, and wherein the step of calculating is based on the
total number determined for each of the R signals.

F3. The method of paragraph F1 or F2, wherein the step of
calculating includes a step of finding solutions to a set of
simultaneous equations.

G1. A composition, comprising: a droplet containing a
probe, the probe including an oligonucleotide, a first fluoro-
phore, a second fluorophore, and an energy transfer moiety,
wherein the energy transfer moiety is a quencher and/or an
energy transfer partner for one or both of the first and second
fluorophores.

G2. The composition of paragraph G1, wherein the first
fluorophore, the second fluorophore, and the energy transfer
moiety are each covalently attached to the oligonucleotide.

G3. The composition of paragraph G1 or G2, further com-
prising a plurality of droplets containing the probe and dis-
posed in a carrier fluid.

G4. The composition of any of paragraphs G1 to G3,
wherein the droplet contains a template molecule and ampli-
fication reagents capable of amplifying at least a region of the
template molecule, and wherein the probe is capable of bind-
ing to amplicons generated by amplification of the region of
the template molecule.

G5. The composition of any of paragraphs G1 to G4,
wherein the probe is a first probe, and wherein the droplet
further comprises a second probe including the first fluoro-
phore or the second fluorophore, but not both the first fluoro-
phore and the second fluorophore.

G6. The composition of any of paragraphs G1 to G5,
wherein the energy transfer moiety is a quencher attached to
a nucleotide at the 5'-end of the oligonucleotide.

G7. The composition of any of paragraphs G1 to GO,
wherein each ofthe first fluorophore, the second fluorophore,
and the energy transfer moiety is attached to a difterent nucle-
otide of the oligonucleotide.

G8. The composition of paragraph G7, wherein a pair of
the first fluorophore, the second fluorophore, and the energy
transfer moiety are attached to the same nucleotide of the
oligonucleotide.

G9. The composition of any of paragraphs G1 to G8,
wherein at least one of the first fluorophore, the second fluo-
rophore, and the energy transfer moiety is attached to a nucle-
otide of the oligonucleotide via another of the first fluoro-
phore, the second fluorophore, and the energy transfer
moiety.

G10. The composition of any of paragraphs G1 to G9Y,
wherein a fluorophore or a quencher is attached to the 5'-end
of'the oligonucleotide, wherein a fluorophore or a quencher is
attached to the 3'-end of the oligonucleotide, and wherein a
fluorophore or a quencher is attached to a nucleotide inter-
mediate the 5'-end and the 3'-end.

G11. The composition of any of paragraphs G1 to G10,
wherein one or more of the first fluorophore, the second
fluorophore, and the energy transfer moiety are attached to
one or more internal nucleotides disposed intermediate the
5'-end and the 3'-end of the oligonucleotide.

The disclosure set forth above may encompass multiple
distinct inventions with independent utility. Although cach of
these inventions has been disclosed in its preferred form(s),
the specific embodiments thereof as disclosed and illustrated
herein are not to be considered in a limiting sense, because
numerous variations are possible. The subject matter of the
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inventions includes all novel and nonobvious combinations
and subcombinations of the various elements, features, func-
tions, and/or properties disclosed herein. The following
claims particularly point out certain combinations and sub-
combinations regarded as novel and nonobvious. Inventions
embodied in other combinations and subcombinations of fea-
tures, functions, elements, and/or properties may be claimed
in applications claiming priority from this or a related appli-
cation. Such claims, whether directed to a different invention
or to the same invention, and whether broader, narrower,
equal, or different in scope to the original claims, also are
regarded as included within the subject matter of the inven-
tions of the present disclosure. Further, ordinal indicators,
such as first, second, or third, for identified elements are used
to distinguish between the elements, and do not indicate a
particular position or order of such elements, unless other-
wise specifically stated.
We claim:
1. A method of performing a multiplexed digital amplifi-
cation assay, the method comprising:
amplifying more than R targets in partitions;
creating R signals representative of light detected in R
different wavelength regimes from the partitions, where
R=2; and

calculating an average level of each target in the partitions
based on the R signals, wherein the level calculated
accounts for a coincidence of all possible combinations
of the more than R targets in the same individual parti-
tions;

wherein the more than R targets include three targets, and

wherein the average levels of the three targets are calcu-
lated based on light detected from only two fluorophores
associated with probes that bind to amplicons of the
three targets during amplification.

2. The method of claim 1, wherein amplification of each
target of the more than R targets is reported by a different
signal or combination of the signals than any of the other
more than R targets individually.

3. The method of claim 1, wherein each of the signals
reports amplification of a different combination of at least two
of the more than R targets.

4. The method of claim 3, wherein the partitions are drop-
lets, further comprising a step of determining a number of
droplets exhibiting amplification of any of the at least two
targets for each signal, and wherein the step of calculating is
based on the number determined for each of the R signals.

5. The method of claim 1, wherein the two fluorophores are
VIC and FAM.
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6. The method of claim 5, wherein the partitions contain a
first probe for a first of the three targets, a second probe for a
second of the three targets, and a third probe for a third of the
three targets, and wherein the first probe is labeled exclu-
sively with VIC, the second probe is labeled exclusively with
FAM, and the third probe is labeled with both VIC and FAM.

7. The method of claim 6, wherein the third probe includes
a FAM-labeled probe that is not labeled with VIC and a
VIC-labeled probe that is not labeled with FAM.

8. The method of claim 1, wherein the average level is a
concentration.

9. The method of claim 1, wherein the step of calculating an
average level includes a step of determining a total number of
amplification-positive partitions for each type of the more
than R targets and a step of determining a total number of
partitions.

10. The method of claim 1, further comprising a step of
distributing copies of the more than R targets among the
partitions such that some partitions contain more than one
copy of a given target.

11. The method of claim 1, wherein there are at least four
targets.

12. A method of performing a multiplexed digital amplifi-
cation assay, the method comprising:

amplilying largets in partitions;

detecting light from the partitions; and

calculating levels of at least three of the targets based on

light detected from only two fluorophores, wherein the
levels calculated account for a coincidence of all pos-
sible combinations of the at least three targets in the
same individual partitions.

13. The method of claim 12, wherein the partitions contain
a first probe for a first target of the at least three targets, a
second probe for a second target of the at least three targets,
and a third probe for a third target of the at least three targets,
and wherein the first probe is labeled exclusively with a first
fluorophore, the second probe is labeled exclusively with a
second fluorophore, and the third probe is labeled with the
first fluorophore and the second fluorophore.

14. The method of claim 13, wherein the third probe
includes a probe labeled with the first fluorophore and not the
second fluorophore and another probe labeled with the sec-
ond fluorophore and not the first fluorophore.

15. The method of claim 13, wherein the first fluorophore
is VIC and the second fluorophore is FAM.

#* #* #* #* #*
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MULTIPLEXED DIGITAL ASSAYS

CROSS-REFERENCES TO PRIORITY
APPLICATIONS

This application is a continuation-in-part of U.S. patent
application Ser. No. 13/424,304, filed Mar. 19, 2012, and
U.S. patent application Ser. No. 13/548,062, filed Jul. 12,
2012, and claims the benefit under 35 U.S.C. § 119(e) of
U.S. Provisional Patent Application Ser. No. 61/734,296,
filed Dec. 6, 2012.

U.S. patent application Ser. No. 13/424.304, in turn, is
based upon and claims the benefit under 35 U.S.C. § 119%(e)
of U.S. Provisional Patent Application Ser. No. 61/454,373,
filed Mar. 18, 2011.

U.S. patent application Ser. No. 13/548,062, in turn, is
based upon and claims the benefit under 35 U.S.C. § 119%(e)
of U.S. Provisional Patent Application Ser. No. 61/507,082,
filed Jul. 12, 2011; and U.S. Provisional Patent Application
Ser. No. 61/510,013, filed Jul. 20, 2011.

Each of these priority applications is incorporated herein
by reference in its entirety for all purposes.

CROSS-REFERENCES TO OTHER MATERIALS

This application incorporates by reference in their entire-
ties for all purposes the following materials: U.S. Pat. No.
7,041,481, issued May 9, 2006; U.S. Patent Application

Publication No. 2010/0173394 A1, published Jul. 8, 2010; 3

U.S. Patent Application Publication No. 2012/0194805 Al,
published Aug. 2, 2012; U.S. Patent Application Publication
No. 2013/0084572 Al, published Apr. 4, 2013; and Joseph
R. Lakowicz, PriNcPLES OF FLUORESCENCE SPECTROSCOPY (277
Ed. 1999).

INTRODUCTION

Digital assays generally rely on the ability to detect the
presence or activity of individual copies of an analyte in a
sample. In an exemplary digital assay, a sample is separated
into a set of partitions, generally of equal volume, with each
containing, on average, less than about one copy of the
analyte. I the copies of the analyte are distributed randomly
among the partitions, some partitions should contain no
copies, others only one copy, and, if the number of partitions
is large enough, still others should contain two copies, three
copies, and even higher numbers of copies. The probability
of finding exactly 0, 1, 2, 3, or more copies in a partition,
based on a given average concentration of analyte in the
partitions, is described by a Poisson distribution. Con-
versely, the concentration of analyte in the partitions (and
thus in the sample) may be estimated from the probability of
finding a given number of copies in a partition.

Estimates of the probability of finding no copies and of
finding one or more copies may be measured in the digital
assay. Each partition can be tested to determine whether the
partition is a positive partition that contains at least one copy
of the analyte, or is a negative partition that contains no
copies of the analyte. The probability of finding no copies in
a partition can be approximated by the fraction of partitions
tested that are negative (the “negative fraction™), and the
probability of finding at least one copy by the fraction of
partitions tested that are positive (the “positive fraction™).
The positive fraction or the negative fraction then may be
utilized to determine the concentration of the analyte in the
partitions by Poisson statistics.
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Digital assays frequently rely on amplification of a
nucleic acid target in partitions to enable detection of a
single copy of an analyte. Amplification may be conducted
via the polymerase chain reaction (PCR), to achieve a digital
PCR assay. The target amplified may be the analyte itself or
a surrogate for the analyte generated before or after forma-
tion of the partitions. Amplification of the target can be
detected optically from a fluorescent probe included in the
reaction. In particular, the probe can include a dye that
provides a fluorescence signal indicating whether or not the
target has been amplified.

A digital PCR assay can be multiplexed to permit detec-
tion of two or more different targets within each partition.
Amplification of the targets can be distinguished by utilizing
target-specific probes labeled with different dyes. However,
instruments with more optical channels, to detect emission
from an equivalent number of dyes, are more expensive than
those with fewer channels. On the other hand, many appli-
cations, especially where sample is limited, could benefit
greatly from higher degrees of multiplexing.

A new approach is needed to increase the multiplex levels
of digital assays.

SUMMARY

The present disclosure provides a system, including meth-
ods and apparatus, for performing a multiplexed digital
assay.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a flowchart of an exemplary method of perform-
ing a multiplexed digital assay with more targets than optical
channels for detection, in accordance with aspects of the
present disclosure.

FIG. 2 is a schematic view of an exemplary apparatus for
performing the multiplexed digital assay of FIG. 1, in
accordance with aspects of the present disclosure.

FIG. 3 is a schematic view of a pair of targets and
corresponding probes capable of reporting the presence or
absence of the targets via emitted light that may be detected
together in the same channel for one or both targets in a
multiplexed digital PCR assay, in accordance with aspects of
the present disclosure.

FIG. 4 is an exemplary graph showing a signal that may
be created by detecting light emitted from the probes of FIG.
3 in a digital PCR assay performed in droplets, with the
signal created by detecting light from each target together in
the same optical channel from a fluid stream containing the
droplets, in accordance with aspects of the present disclo-
sure.

FIG. 5 is an exemplary scatter plot showing droplet (or
peak) intensities in arbitrary units (“arb.”) for a C61/RPP30
assay, where droplet data from reporters for C61 and RPP30
are collected together in the same optical channel and
plotted as a function of intensity in a FAM channel (vertical
axis) (configured to detect FAM-containing probes) versus
intensity in a VIC channel (horizontal axis) (configured to
detect VIC-containing probes).

FIG. 6 is a graph showing FAM intensities for the
C61/RPP30 assay of FIG. 5 for twelve different sets of assay
conditions, namely, amplification of the C61 and RPP30
targets with different annealing temperatures (given in Cel-
sius and denoted, from left to right, 55.0, 55.2, . .., 64.6, and
64.9).

FIG. 7 is an exemplary scatter plot showing droplet (or
peak) intensities for a C63/RPP30 droplet assay, where data
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from reporters for C63 and RPP30 are collected and plotted
as a function of intensity in a FAM channel (vertical axis)
versus intensity in a VIC channel (horizontal axis) for each
detected event (i.e., each droplet).

FIG. 8 shows FAM intensities (top panel; FIG. 8A) and
VIC intensities (bottom panel; FIG. 8B) for the C63/RPP30
droplet assay of FIG. 7, for twelve different sets of assay
conditions, namely, amplification of the C61 and RPP30
targets with different annealing temperatures (given in
degrees Celsius and denoted, from left to right, 55.0,
55.2....,64.6, and 64.9).

FIG. 9 is a schematic representation of an exemplary bulk
phase mixture being separated into droplets during perfor-
mance of an exemplary multiplexed digital assay for three or
more distinct targets (T1, T2, and T3) using a different
reporter for detecting amplification of each target (a T1
probe, a T2 probe, and a T3 probe) each including a different
luminophore (L1, 1.2, and L3, respectively), in accordance
with aspects of the present disclosure.

FIG. 10 is a schematic representation of an exemplary
scatter plot showing droplet (or peak) intensities for a
T1/T2/T3 droplet assay that may be performed with the
droplets of FIG. 9, where data from the T1, T2, and T3
probes are collected in a first optical channel and a second
optical channel and plotted as a function of intensity in the
first channel (vertical axis) versus intensity in the second
channel (horizontal axis), with intensities produced by
exemplary populations or clusters of negative (NEG),
T1-positive (T1+), T2-positive (T2+), and T3-positive (T3+)

droplets represented by filled ellipses, in accordance with 3

aspects of the present disclosure.

FIG. 11 is a graph of fluorescence intensity data collected
in a one-target amplification assay performed in droplets, at
the indicated assay concentration for primers and probe, to

illustrate how the assay concentration can be modified to :

increase or decrease the level of the intensity signal for each
amplification-positive  (and/or negative) droplet (or
“event”), in accordance with aspects of the present disclo-
sure.

FIG. 12 is a 2-D scatter plot of fluorescence intensity
(“FL.INT.”) data obtained from individual droplets detected
in two optical channels during performance of a triplex
amplification assay for three targets (RPP30, Chr13q3, and
Chrl0q1), with the sample (template DNA) digested before
amplification with a restriction enzyme (Alul) that does not
cut within any of the templates for the targets, and with the
target composition of each droplet population indicated (*-"
is negative and “+” is positive for each indicated target), in
accordance with aspects of the present disclosure.

FIG. 13 is another 2-D scatter plot of fluorescence inten-
sity data obtained generally as in FIG. 12 but with the
sample (template DNA) digested, before amplification, with
a restriction enzyme (Haelll) that cuts between the priming
sites of the Chr10ql template, in accordance with aspects of
the present disclosure.

FIG. 14 1s a 2-D scatter plot of fluorescence intensity data
obtained from individual droplets detected in two optical
channels during performance of a triplex amplification assay
as in FIG. 12, but with the concentrations of the Chr13q3
and Chr10ql assays adjusted to changes the endpoint fluo-
rescence level for assay of these targets, such that the
relative positions of the corresponding single-positive popu-
lations are inverted in the plot, in accordance with aspects of
the present disclosure.

FIG. 15 is another 2-D scatter plot of fluorescence inten-
sity data obtained with the assay concentrations of FI1G. 14,
but with the sample (template DNA) digested, before ampli-
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fication, with a restriction enzyme (Haelll) that cuts between
the priming sites of the Chrl0gl template, in accordance
with aspects of the present disclosure.

FIG. 16 is a 2-D scatter plot of fluorescence intensity data
obtained from individual droplets detected in two optical
channels during performance of a tetraplex amplification
assay for four targets (RPP30, MPI0K, Chrl3q3, and
Chrl0ql), with the sample (template DNA) digested before
amplification with a restriction enzyme (Alul) that does not
cut within any of the templates for the targets, and with the
resulting droplet populations separated by dashed lines and
the target composition of each droplet population indicated
(“- is negative and *+” is positive for each indicated
target), in accordance with aspects of the present disclosure.

FIG. 17 is the 2-D scatter plot of FI1G. 16, with the dashed
lines removed and each droplet population circled using a
line weight that indicates the number of different targets for
which each population is amplification positive, in accor-
dance with aspects of the present disclosure.

FIG. 18 is a 2-D scatter plot of fluorescence intensity data
obtained with the tetraplex assay of FIG. 16, but with the
sample (template DNA) diluted by a factor of four relative
to FIG. 16, in accordance with aspects of the present
disclosure.

FIG. 19 is a 2-D scatter plot of fluorescence intensity data
obtained from individual droplets detected in two optical
channels during performance of a tetraplex amplification
assay for four targets (Chrl0ql, Chrl3q3, Chrl6 pl, and
ChrXq3) using four corresponding probes each containing a
different fluorophore (Alexa Fluor® 488 dye, Atto® 488
dye, VIC dye, and TET dye, respectively), with each single-
positive population of droplets labeled, in accordance with
aspects of the present disclosure.

FIGS. 20-23 each reproduce the scatter plot of FIG. 19
and respectively show single-, double-, triple-, and qua-
druple-positive droplet populations as circled, with arrows
indicating the distinct target composition of each population,
in accordance with aspects of the present disclosure.

FIG. 24 is a composite of FIGS. 20-23 that marks all of
the target-positive droplet populations in the same plot, in
accordance with aspects of the present disclosure.

FIG. 25 is a 2-D scatter plot obtained as in FIGS. 19 and
24 but with only one-sixth as much template DNA, in
accordance with aspects of the present disclosure.

DETAILED DESCRIPTION

The present disclosure provides a system, including meth-
ods and apparatus, for performing a multiplexed digital
assay.

The present disclosure provides a system, including meth-
ods and apparatus, for performing a digital assay on a
potentially greater number of targets through multiplexed
detection of signals from reporters for two or more distinct
targets in a common or shared channel (“the same optical
channel”). The reporters may include the same fluorophore,
such as FAM or VIC, or different fluorophores with similar
spectral characteristics, so that light from two or more
reporters can be collected simultaneously in the same optical
channel. The assays may be constructed so that data for each
target are distinguishable, for example, by choosing assays
for each target that have sufficiently distinct endpoints (or
time courses). The contents of each sample or sample
partition may then be determined: those with no targets,
those with a first assay (assay 1) target, those with a second
assay (assay 2) target, and those with both, in a two-target
assay. The total number of droplets positive for each target
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(e.g., target 1 and target 2) can be estimated by taking into
account the number of droplets in each population. A
concentration for each target may be estimated based on the
number of droplets positive for each target and the total
number of droplets, for example, using Poisson statistics.
Moreover, the relative numbers of different targets (includ-
ing reference targets) may be estimated, allowing determi-
nation of copy number (CN), copy number variation (CNV),
and the presence/abundance of single nucleotide polymor-
phisms (SNPs), among other quantities. Copy number rep-
resents the number of copies of a given target present in a
genome (e.g., humans have a diploid genome with a copy
number of two for most autosomal genes). Copy number
variation is a structural variation in the genome, such as
deletions, duplications, translocations, and/or inversions,
which may be a major source of heritable genetic variation,
including susceptibility to disease (or disease itself) and
responsiveness to disease treatment.

The assays may be extended in various ways. In some
embodiments, the assays may involve detection of more
than two targets in the same optical channel. For example,
an assay for three targets may generate eight clusters or
populations of data, separated by intensity. In the same or
other embodiments, some targets may be analyzed in one
channel (e.g., a FAM channel), and one or more other targets
may be analyzed in one or more other channels (e.g., a VIC
channel). Three targets, two in a first channel and one in a
second channel, would again generate eight clusters or
populations of data, but they would be separated in a

two-dimensional intensity space and so in principle more 3

easily resolvable.

A method of performing a multiplexed digital assay is
provided. In the method, droplets may be formed that
collectively contain R targets. The targets may be amplified

in the droplets. Data may be collected that represents ampli- :

fication of the targets in the droplets. The data may be
collected in fewer than R optical channels. A level of each
target may be determined with the data, wherein the level
determined for at least one of the targets is based in part on
a droplet count for a droplet population identified as positive
for at least two of the targets.

Another method of performing a multiplexed digital assay
is provided. In the method, droplets may be formed that
collectively contain R targets, where R is at least three. A
significant number of the droplets may contain a copy of
each of two or more of the targets. The targets may be
amplified in the droplets. Data may be collected representing
amplification of the targets in the droplets. The data may be
collected in fewer than R optical channels each representing
a distinct waveband of emitted light. A plurality of droplet
populations may be identified from the data, wherein form-
ing, amplifying, and collecting are performed such that each
droplet population positive for two of the targets is at least
substantially resolved from each droplet population positive
for only one of the targets. A level of each target may be
determined based in part on one or more droplet populations
identified as containing a pair of the targets.

Yet another method of performing a multiplexed digital
assay is provided. In the method R targets may be amplified
in droplets. Data representing amplification of the targets in
the droplets may be collected. The data may be collected in
a plurality of less than R optical channels each representing
a distinct waveband of light. A plurality of droplet popula-
tions may be identified from the data, with each population
containing a different combination of the targets. A level of
each target may be determined. The step of determining for
each target may be based on a value for droplet counts
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obtained from a combination of at least two droplet popu-
lations that excludes at least two other droplet populations.

Still another method of performing a digital assay is
provided. In the method, droplets may be formed that
collectively contain R targets and a probe corresponding to
each target. R may be at least three, and each probe may
include a different luminophore. The targets may be ampli-
fied in the droplets. Data may be collected that represents
amplification of the targets in the droplets. The data may be
collected in less than R optical channels each representing a
distinct waveband of light. A level of each target may be
determined based on the data.

Further aspects of the present disclosure are presented in
the following sections: (I) system overview, and (II)
examples.

I. System Overview

This section provides an overview of exemplary methods
and apparatus for performing digital assays, in accordance
with aspects of the present disclosure.

FIG. 1 shows a flowchart of an exemplary method 40 of
performing a multiplexed digital assay. The steps presented
for method 40 may be performed in any suitable order and
in any suitable combination. Furthermore, the steps may be
combined with and/or modified by any other suitable steps,
aspects, and/features of the present disclosure.

Sample preparation. A sample may be prepared for the
assay, indicated at 42. Preparation of the sample may include
any suitable manipulation of the sample, such as collection,
dilution, concentration, purification, lyophilization, freez-
ing, extraction, combination with one or more assay
reagents, performance of at least one preliminary reaction to
prepare the sample for one or more reactions in the assay, or
any combination thereof, among others. Preparation of the
sample may include rendering the sample competent for
subsequent performance of one or more reactions, such as
one or more enzyme catalyzed reactions and/or binding
reactions.

In some embodiments, preparation of the sample may
include combining the sample with reagents for amplifica-
tion and for reporting whether or not amplification occurred.
Reagents for amplification may include any combination of
primers for the targets, dNTPs and/or NTPs, at least one
enzyme (e.g., a polymerase, a ligase, a reverse transcriptase,
a restriction enzyme, or a combination thereof, each of
which may or may not be heat-stable), and/or the like.
Accordingly, preparation of the sample may render the
sample (or partitions thereof) capable of amplification of
each of one or more targets, if present, in the sample (or a
partition thereof). Reagents for reporting may include a
different reporter for each target of interest. Accordingly,
preparation of the sample for reporting may render the
sample capable of reporting, or being analyzed for, whether
or not amplification has occurred, on a target-by-target basis,
and optionally the extent of any such amplification. The
reporters each may be a labeled probe that includes a nucleic
acid (e.g., an oligonucleotide) labeled with a luminophore
(i.e., a photoluminescent moiety), such as a fluorophore.

Sample partitioning. The sample may be separated into
partitions, indicated at 44. Separation of the sample may
involve distributing any suitable portion including up to all
of the sample to the partitions. Each partition may be and/or
include a fluid volume that is isolated from the fluid volumes
of other partitions. The partitions may be isolated from one
another by a fluid phase, such as a continuous phase of an
emulsion, by a solid phase, such as at least one wall of a
container, or a combination thereof, among others. In some
embodiments, the partitions may be droplets disposed in a
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continuous phase, such that the droplets and the continuous
phase collectively form an emulsion.

The partitions may be formed by any suitable procedure,
in any suitable manner, and with any suitable properties. For
example, the partitions may be formed with a fluid dis-
penser, such as a pipette, with a droplet generator, by
agitation of the sample (e.g., shaking, stirring, sonication,
etc.), and/or the like. Accordingly, the partitions may be
formed serially, in parallel, or in batch. The partitions may
have any suitable volume or volumes. The partitions may be
of substantially uniform volume or may have different
volumes. Exemplary partitions having substantially the
same volume are monodisperse droplets. Exemplary vol-
umes for the partitions include an average volume of less
than about 100, 10 or 1 pL, less than about 100, 10, or 1 nl,
or less than about 100, 10, or 1 pL, among others.

The partitions, when formed, may be competent for
performance of one or more reactions in the partitions.
Alternatively, one or more reagents may be added to the
partitions after they are formed to render them competent for
reaction. The reagents may be added by any suitable mecha-
nism, such as a fluid dispenser, fusion of droplets, or the like.

The partitions collectively, before amplification, may con-
tain copies of a plurality of targets. Each partition may
contain, on average, less than about five, four, three, or two
copies, or less than about one copy of at least one target
and/or of each target per partition. In any event, a significant
number of the partitions (e.g., at least about 1%, 2%, 5%,
10%, or 20%, among others, of the partitions) may contain

a copy of each of at least two targets, and/or a plurality of 3

the partitions each may contain a copy of all targets.

The partitions when provided (e.g., when formed) may
contain each target at “partial occupancy,” which means that
a subset (one or more) of the partitions contain no copies of

the target and the rest of partitions contain at least one copy 3

of the target. For example, another subset (one or more) of
the partitions may contain a single copy (only one copy) of
the target, and, optionally, vet another subset (one or more)
of the partitions (e.g., the rest of the partitions) may contain
two or more copies of the target. The term “partial occu-
pancy” permits but does not require a dilution of the
sample/reaction mixture providing the target, and is not
restricted to the case where there is no more than one copy
of the target in any partition. Accordingly, partitions con-
taining the target at partial occupancy may, for example,
contain an average of more than, or less than, about one
copy, two copies, or three copies, among others, of the
template/target per partition when the partitions are provided
or formed. Copies of the target may have a random distri-
bution among the partitions, which may be described as a
Poisson distribution.

Target amplification. A plurality (“R™) of targets may be
amplified in the partitions. (R may be 2, 3, 4, or more than
4.) Amplification of each target may occur selectively (and/
or substantially) in only a subset of the partitions, such as
less than about one-half, one-fourth, or one-tenth of the
partitions, among others. Amplification of each target may
occur selectively in partitions containing at least one copy of
the target (i.e., containing at least one copy of a template
corresponding to the target).

Amplification may or may not be performed isothermally.
In some cases, amplification in the partitions may be encour-
aged by heating the partitions and/or incubating the parti-
tions at a temperature above room temperature, such as at a
denaturation temperature, an annealing temperature, and/or
an extension temperature, for one or a plurality of cycles. In
some examples, the partitions may be thermally cycled to
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promote a polymerase chain reaction and/or ligase chain
reaction. Exemplary isothermal amplification approaches
that may be suitable include nucleic acid sequence-based
amplification, transcription-mediated amplification, mul-
tiple-displacement  amplification,  strand-displacement
amplification, rolling-circle amplification, loop-mediated
amplification of DNA, helicase-dependent amplification,
and single-primer amplification, among others.

Data collection. Amplification data may be collected,
indicated at 48. The data may be collected in less than “R”
optical channels. In other words, the number (R) of targets
assayed may be greater than the number of optical channels
used for detecting target amplification. In some cases, the
data may be collected in only one or two optical channels,
or in at least two, three, or more optical channels, among
others.

An optical channel may represent a particular detection
regime with which emitted light is generated and detected.
The detection regime may be characterized by a waveband
(i.e., a wavelength regime) for detection of emitted light. If
pulsed excitation light is used in the detection regime to
induce light emission, the detection regime may be charac-
terized by a wavelength or waveband for illumination with
excitation light and/or a time interval during which light
emission is detected with respect to each light pulse. Accord-
ingly, optical channels that are different from each other may
differ with respect to the wavelength/waveband of excitation
light, with respect to the wavelength/waveband of emitted
light that 1s detected, and/or with respect to the time interval
during which emitted light is detected relative to each pulse
of excitation light, among others.

Data collection may include generating one or more
signals representative of detected light. The signal may
represent an aspect of light, such as the intensity of the light,
detected in the same optical channel from reporters for two
or more distinct targets. The signals optionally may include
data collected in two or more different optical channels (e.g.,
in different wavelength ranges (wavebands) and/or color
regimes) from reporters for the same and/or different tar-
gets). The light detected from each reporter may be light
emitted from a luminophore (e.g., a fluorophore). The light
detected in a given channel may be detected such that light
from different reporters is summed or accumulated without
attribution to a particular reporter. Thus, the signal for a
given channel may be a composite signal that represents
two, three, four, or more assays and thus two, three, four, or
more targets.

The signal(s) may be created based on detected light
emitted from one or more reporters in the partitions. The one
or more reporters may report whether at least one of two or
more particular amplification reactions represented by the
signal has occurred in a partition and thus whether at least
one copy of at least one of two or more particular targets
corresponding to the two or more particular amplification
reactions is present in the partition. The level or amplitude
of the signal corresponding to the reporters may be analyzed
to determine whether or not at least one of the particular
amplification reactions has occurred and at least one copy of
one of the particular targets is present. The level or ampli-
tude of the signal may vary among the partitions according
to whether at least one of the particular amplification reac-
tions occurred or did not occur and at least one of the
particular targets is present or absent in each partition. For
example, a partition positive for a particular target may
produce a signal level or amplitude that is above a given
threshold and/or within a given range. Partitions may be
analyzed and signals created at any suitable time(s). Exem-
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plary times include at the end of an assay (endpoint assay),
when reactions have run to completion and the data no
longer are changing, or at some earlier time, as long as the
data are sufficiently and reliably separated.

The reporters may have any suitable structure and char-
acteristics. Fach reporter may be a probe including an
oligonucleotide and a luminophore associated with the oli-
gonucleotide (e.g., with the luminophore covalently attached
to the oligonucleotide), to label the oligonucleotide. The
probe also may or may not include an energy transfer partner
for the luminophore, such as a quencher or another lumi-
nophore. The probe may be capable of binding specifically
to an amplicon produced by amplification of a target for the
probe. The probe may or may not also function as a primer
in the assay. Exemplary labeled probes include TagMan®
probes, Scorpion® probes/primers, Eclipse® probes,
Amplifluor® probes, molecular beacon probes, Lux® prim-
ers, proximity-dependent pairs of hybridization probes that
exhibit FRET when bound adjacent one another on an
amplicon, QZyme® primers, or the like.

In some cases, at least one of the reporters may be a dye
that interacts with (e.g., binds) nucleic acid relatively non-
specifically. For example, the dye may not be attached to an
oligonucleotide that confers substantial sequence binding
specificity. The dye may be a major groove binder, a minor
groove binder, an intercalator, or an external binder, among
others. The dye may interact preferentially with double-
stranded relative to single-stranded nucleic acid and/or may
exhibit a greater change in a photoluminescent characteristic

(e.g., intensity) when interacting with double-stranded rela- :

tive to single-stranded nucleic acid. Exemplary dyes that
may be suitable include luminescent cyanines, phenanthri-
dines, acridines, indoles, imidazoles, and the like, such as
DAPI, Hoechst® 33258 dye, acridine orange, etc. Exem-

plary intercalating dyes that may be suitable include 3

ethidium bromide, propidium iodide, EvaGreen® dye,
SYBR® Green dye, SYBR® Gold dye, and 7-aminoactino-
mycin D (7-AAD), among others.

Population identification. Partition populations each posi-
tive for a different combination of zero, one, or more of the
R targets may be identified, indicated at 50. In some cases
every combination of positives may be identified, and in
other cases only a subset of all possible combinations may
be identified (e.g., identifving single and double-positive
populations, while ignoring rarer triple-positive and/or
higher order populations.) Identification may be performed
by a data processor using an algorithm (e.g., an algorithm
that identifies patterns (e.g., droplets clusters) in the data),
by a user, or a combination thereof. In some cases, a data
processor may produce and output (e.g., display) a plot of
the collected data (e.g., a 2-D scatter plot or histogram (e.g.,
see Examples 6 and 7), or, with three or more optical
channels for detection, a series of 2-D scatter plots or
histograms with different pairs of axes). The user then may
define the boundary of each population based on the plot(s),
e.g., through a graphical user interface to define population
boundaries, and/or by inputting values (e.g., representing
intensity ranges) to define a boundary for each population.
Each population boundary may be defined by one or more
ranges of values, a geometrical shape that surrounds the
population (e.g., a polygon, ellipse, etc.), or the like.

Identification of partition populations may include assign-
ing each partition to one of a plurality of predefined bins
each corresponding to a distinct partition population.

The predefined bins may represent all possible combina-
tions of positives for the target, or only a subset of the all
possible combinations (e.g., where N=3, all combinations of
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positives for zero, one, and two targets). Further aspects of
population identification are presented below in Examples 6
and 7.

Obtain partition counts. A partition count for each parti-
tion population may be obtained, indicated at 52. The
partition count may be a value representing the number of
partitions constituting a particular partition population.

A number of partitions that are positive (or negative) for
each target may be determined for the signal, indicated at 50.
The signal detected from each partition, and the partition
itself, may be classified as being positive or negative for
each of the reactions/targets contributing to the signal.
Classification may be based on the strength (and/or other
suitable aspect) of the signal. If the signal/partition is
classified as positive (+), for a given target, the reaction
corresponding to that target is deemed to have occurred and
at least one copy of the target is deemed to be present in the
partition. In contrast, if the signal/partition is classified as
negative (=), for a given target, the reaction corresponding
to that target is deemed not to have occurred and no copy of
the target is deemed to be present in the partition (i.e., the
target is deemed to be absent from the partition). The data
including all permutations of positives will generally fall
into 2% populations or clusters, where N is the number of
targets, assuming that each population is distinguishable.
Exemplary results for one, two, and three target systems in
which data are collected in a single channel are shown in the
following tables:

Target A Intensity
Population 2 Highest
Population 1 - Lowest
Target A Target B Intensity
Population 4 + + Highest
Population 3 - Intermediate
Population 2 - + Intermediate
Population 1 - - Lowest
Target A Target B Target C  Intensity
Population 8 + + + Highest
Population 7 + + - Intermediate
Population 6 + - + Intermediate
Population 5 - + + Intermediate
Population 4 + - - Intermediate
Population 3 - + - Intermediate
Population 2 - - Intermediate
Population 1 - - - Lowest

Determination of target levels. Levels of all of the targets
may be determined, indicated at 54, based on various
combinations of the counts obtained. Determination of tar-
get levels may (or may not) be based on each target having
a Poisson distribution among the partitions. Each level may,
for example, be a value representing the total number of
partitions positive for the target, or a concentration value,
such as a value representing the average number copies of
the target per partition. The partition data further may be
used (e.g., directly and/or as concentration data) to estimate
copy number (CN) and copy number variation (CNV), using
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any suitable algorithms such as those described below and
elsewhere in the present disclosure.

A level (e.g., concentration) of each target may be deter-
mined with Poisson statistics. The concentration may be
expressed with respect to the partitions and/or with respect
to a sample providing the target. The concentration of the
target in the partitions may be calculated from the fraction
of positive partitions (or, equivalently, the fraction of nega-
tive partitions) by assuming that copies of the target (before
amplification) have a Poisson distribution among the parti-
tions. With this assumption, the fraction f{k) of partitions
having k copies of the template is given by the following
equation:

¢ <

k!

)
flk =

Here, C is the concentration of the target in the partitions,
expressed as the average number of target copies per parti-
tion (before amplification). Simplified Poisson equations
may be derived from the more general equation above and
may be used to determine target concentration from the
fraction of positive partitions. An exemplary Poisson equa-
tion that may be used is as follows:

N @
)

C= _1n[1 o

where N, is the total number of partitions (i.e., the partition
count) positive for a given target, and where N, is the total
number of partitions that are positive or negative for the

target. N, is equal to a sum of (a) N, for the target and (b) 3

the number of partitions negative for the target, or N_.
N,/N,,, (or N /(N,+N_) is equal to f,, which is the fraction
of partitions positive for the template (i.e., £ =f(1)+{(2)+f
(3)+ . . . ) (see Equation (1)), and which is a measured
estimate of the probability of a partition having at least one
copy of the template. Another exemplary Poisson equation
that may be used is as follows:

) (3
)

where N_ and N, are as defined above. N_/N,, is equal to
f_, which is the fraction of negative partitions (or 1-f,), is a
measured estimate of the probability of a partition having no
copies of the target, and C is the target concentration as
described above.

Equations (2) and (3) above can be rearranged to produce
the following:

C=In(N,,}-In(N,.,~N.) (4)

C=In{N,,)-In(N_) (3)

The concentration of each target in a multiplexed assay
can, for example, be determined with any of Equations
(2)-(5). using values (i.e., partition counts) obtained for N,
and N_ or N, for each target. In some cases, the value used
for N,,, (the total partition count) may be the same for each
target. In other cases, the value used for N,,, may vary, such
as if some of the populations are excluded from the total
count due to population overlap. In some embodiments, N,
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may be equivalent to a combination of all populations,
namely, a sum of the partition counts for all populations
identified.

The value used for N_ or N, is generally different for each
target, and may result from summing the counts from a
plurality of partition populations each containing a different
combination of the targets being tested in the multiplexed
assay. For example, with three targets (A, B, and C) in a
multiplexed assay, the number of partitions positive for
target A, N, ,, may be calculated as the sum of counts from
the single (A only), double (AB and AC), and triple (ABC)
positive populations, for use in Equation (2) or (4). Equiva-
lently, the number of partitions negative for target A, N,
may be calculated, for use in Equation (3) or (5), as the
difference between N, , and N, ,. Alternatively, the number
partitions negative for A may be calculated as the sum of
counts from each population that is negative for target A,
namely, in this example, a triple negative (“empty”) popu-
lation, two single positive populations (B and C), and one
double positive population (BC). The same process may be
repeated for each of the other targets using partition counts
from the appropriate subset of populations. In any event,
determination of at least one target concentration and/or
each target concentration may be based on a combination of
counts from at least two populations and with the exclusion
of at least two populations. In some cases, a combination of
counts used for at least one target or for each target may
include counts from only one-half of the populations.

In some embodiments, an estimate of the level of the
template may be obtained directly from the positive fraction,
without use of Poisson statistics. In particular, the positive
fraction and the concentration (copies per partition) con-
verge as the concentration decreases. For example, with a
positive fraction of 0.1, the concentration is determined with
Equation (2) to be about 0.105, a difference of only 5% with
a positive fraction of 0.01, the concentration is determined
to be about 0.01005, a ten-fold smaller difference of only
0.5%. However, the use of Poisson statistics can provide a
more accurate estimate of concentration, particularly with a
relatively higher positive fraction, because the equation
accounts for the occurrence of multiple target copies per
partition.

Further aspects of sample preparation, partition forma-
tion, data collection, population identification, obtaining
partition counts, and target level determination, among
others, that may be suitable for the system of the present
disclosure are described elsewhere in the present disclosure,
such as below in Examples 5-7, and in the references
identified above in the Cross-References, which are incor-
porated herein by reference.

FIG. 2 shows an exemplary system 60 for performing the
digital assay of FIG. 1. System 60 may include a partitioning
assembly, such as a droplet generator 62 (“DG”), a thermal
incubation assembly, such as a thermocycler 64 (“TC™), a
detection assembly (a detector) 66 (“DET™), and a data
processing assembly (a data processor) 68 (“PROC™), or any
combination thereof, among others. The data processing
assembly may be, or may be included in, a controller that
communicates with and controls operation of any suitable
combination of the assemblies. The arrows between the
assemblies indicate movement or transfer of material, such
as fluid (e.g., a continuous phase of an emulsion) and/or
partitions (e.g., droplets) or signals/data, between the assem-
blies. Any suitable combination of the assemblies may be
operatively connected to one another, and/or one or more of
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the assemblies may be unconnected to the other assemblies,
such that, for example, material/data are transferred manu-
ally.

Detector 66 may provide a plurality of optical channels in
which data can be collected. The detector may have a
distinet sensor or detection unit for each optical channel.

System 60 may operate as follows. Droplet generator 62
may form droplets disposed in a continuous phase. The
droplets may be cycled thermally with thermocycler 64 to
promote amplification of targets in the droplets. Signals may
be detected from the droplets with detector 66. The signals
may be processed by processor 68 to determine numbers of
droplets and/or target levels, among others
II. Examples

This section presents selected aspects and embodiments
of the present disclosure related to methods of performing
multiplexed digital assays.

Example 1

Digital PCR Assays with Multiplexed Detection in
the Same Channel

This example describes an exemplary digital PCR assay
with multiplexed detection of two targets, using two probes,
analyzed in the same channel. Other assays may involve
three or more targets and three or more probes, where at least
two targets are analyzed in the same channel.

FIG. 3 shows a pair of targets 80, 82 (*“Target 1" and

“Target 2”) and corresponding probes 84, 86 (“Probe 17 and 3

“Probe 27) that may be used to create a dedicated signal for
each target in a digital PCR assay. Fach probe may include
an oligonucleotide 88, 90, a fluorophore 92, 94, and a
quencher 96. Each of the fluorophore and the quencher may

(or may not) be conjugated to the oligonucleotide by a :

covalent bond. The probe also or alternatively may include
a binding moiety (a minor groove binder) for the minor
groove of a DNA duplex, which may be conjugated to the
oligonucleotide and which may function to permit a shorter
oligonucleotide to be used in the probe.

Each oligonucleotide may provide target specificity by
hybridization predominantly or at least substantially exclu-
sively to only one of the two targets. Hybridization of the
oligonucleotide to its corresponding target is illustrated
schematically at 98.

Fluorophores 92, 94, which may be the same or different,
create detectable but distinguishable signals in the
same channel, allowing multiplexing in that channel. The
signals may be distinguishable because an aspect of the
fluorescence is different for one fluorophore than for the
other fluorophore(s). For example, the intensity associated
with one fluorophore, following reaction, may be lower or
higher than the intensity(ies) associated with the other
fluorophore(s). In some embodiments, one probe may be
labeled with a different number of fluorophores than the
other probe, and/or the probes may be located in slightly
different local environments, creating a different level of
fluorescence for each probe following reaction. Alterna-
tively, or in addition, both probes may be labeled with the
same number of fluorophores (e.g., one fluorophore), but
there may be more or less of one probe than the other in the
sample, so that a greater or smaller signal is created when the
reactions have occurred. In some cases, the fluorophores
themselves might be different, with one more or less intrin-
sically fluorescent than the other (e.g., due to differences in
extinction coefficient, quantum yield, etc.), so long as each
fluorophore can be detected in the same channel. Exemplary
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fluorophores that may be suitable include FAM, VIC, ROX,
TAMRA, JOE, etc., among others.

Quencher 96 is configured to quench the signal produced
by fluorophore 92 or 94 in a proximity-dependent fashion.
Accordingly, light detected from the fluorophore may
increase when the associated oligonucleotide 88 or 90 binds
to the amplified target, to increase the separation between
the fluorophore and the quencher, or when the probe is
cleaved and the fluorophore and quencher become
uncoupled during target amplification, among others. The
quencher may be the same or different for each type of
fluorophore. Here, the assay is designed so that the presence
of a target gene leads to an increase in corresponding
intensity, because amplification reduces quenching. In other
assays, the reverse could be true, such that the presence of
a target caused a decrease in corresponding intensity (al-
though it typically is easier to detect a signal against a dark
background than the opposite). Moreover, some embodi-
ments may be constructed without a quencher, so long as the
fluorescence and so the signal changes upon amplification.

FIG. 4 shows an exemplary graph 102 of data correspond-
ing to an exemplary digital PCR assay for Target 1 and
Target 2 performed in droplets. The graph plots a signal 104
that represents light detected from probes 84, 86 (and/or one
or more modified (e.g., cleavage) products thereof) (see FIG.
3). The signal is created from light detected over time in a
single channel from a fluid stream containing the droplets
and flowing through an examination region of the channel.
The signal may be analyzed to determine whether neither
Target, Target 1 alone, Target 2 alone, or both Targets 1 and
2 are present in each droplet. In particular, the strength or
intensity of the signal in a system with two targets may be
divided or thresholded into four intervals corresponding to
no Target (Interval 1), Target 1 alone (Interval 2), Target 2
alone (Interval 3), or both Targets 1 and 2 (Interval 4):

Peaks 106 with maxima in Interval 1 correspond to

droplets containing no Target (T1-/T2-). The mea-
sured signal corresponds to background (e.g., back-
ground fluorescence, scattering, etc.) and does not
reflect the presence or amplification of either Target.

Peaks 108 with maxima in Interval 2 correspond to

droplets containing Target 1 but not containing Target
2 (T14+/T2-). The measured signal corresponds to sig-
nal from Target 1 plus background and reflects ampli-
fication of Target 1 implying the presence of Target 1.
Peaks 110 with maxima in Interval 3 correspond to
droplets containing Target 2 but not containing Target
1 (T1-/T2+). The measured signal corresponds to sig-
nal from Target 2 plus background and reflects ampli-
fication of Target 2 implying the presence of Target 2.
Peaks 112 with maxima in Interval 4 correspond to
droplets containing both Targets 1 and 2 (T1+/T2+).
The measured signal corresponds to signal from both
Targets 1 and 2 plus background and reflects amplifi-
cation of Targets 1 and 2 implying the presence of
Targets 1 and 2.
In the present example, each droplet, whether positive or
negative for each target, produces an increase in signal
strength above the baseline signal that forms an identifiable
peak 106, 108, 110, 112. Accordingly, the signal may vary
in strength with the presence or absence of a droplet and
with the presence or absence of a corresponding target.

The assignment of a droplet to a particular outcome (i.e.,
to one of T1-/T2-, T1+/T2-, T1-/T2+, and T1+/T2+) may
be performed using any suitable algorithm. In the example
above, peak heights (i.e., intensity values) associated with
each outcome are sufficiently different that each can be
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unambiguously identified and assigned. Specifically, the
peaks are assigned based on intervals delineated by values
lying between (e.g., half way between) the peak heights for
one outcome and the peak heights for adjacent outcomes. In
other cases, the peak heights for each outcome may overlap
at their extremes, so that thresholding may be neither simple
nor linear. In such cases, statistical methods such as expec-
tation maximization algorithms may be used to estimate the
number of droplets or peaks associated with each outcome
and the associated concentrations.

Example 2
Digital PCR Assay to Assess Copy Number of C61

This example describes a first exemplary digital PCR
assay, in which multiplexing in a single channel is used to
assess copy number of the C61 gene; see FIGS. 5 and 6.
Specifically, signals from two probes, one for the gene of
interest, C61, and one for a reference gene, RPP30, are
collected together, as a single signal, in a single channel and
used to assess the number of copies of the gene of interest
relative to the number of copies of the reference gene.

The principles described here may be used with any
suitable gene(s). In this example, C61 is a gene of interest,
for which information on copy number is sought, and RPP30
is a reference gene, which codes for ribonuclease P protein
subunit p30, that is known to have two copies per genome.

The principles described here also may be extended to

additional genes of interest, for example, two or three or :

more genes of interest, and may or may not involve refer-
ence genes such as RPP30. The number of copies may be
determined absolutely, if the copy number of at least one of
the genes (e.g., the reference gene) is known, or relatively,
if the copy number of none of the genes is known.

FIG. 5 is a scatter plot showing data for the exemplary
C61/RPP30 system. Specifically, FIG. 5 shows intensity in
the FAM channel plotted as a function of intensity in the VIC
channel for each droplet in a digital PCR assay. (Here and
elsewhere in the present disclosure, the dots of a scatter plot
represent individual droplets.) Visually, the data comprise
four distinct populations, corresponding to four distinct
ranges of FAM intensity (the intensities in the VIC channel
are all low and overlapping). The assay is constructed so that
amplification of C61 leads to a lower FAM intensity than
amplification of RPP30 (although it would work as well if
the reverse were true). The four populations may be sum-
marized as follows:

Population 1, with the lowest FAM intensity, corresponds

to droplets that are negative for RPP30 and C61 (i.e.,
droplets that did not include either gene).

Population 2, with the lower of two intermediate FAM
intensities, corresponds to droplets that are positive for
C61 and negative for RPP30 (i.e., droplets that
included the C61 gene but did not include the RPP30
gene).

Population 3, with the higher of two intermediate FAM
intensities, corresponds to droplets that are positive to
RPP30 and negative for C61 (i.e., droplets that
included the RPP30 gene but did not include the C61
gene).

Population 4, with the highest FAM intensity, corresponds
to droplets that are positive for RPP30 and C61 (i.e.,
droplets that included both genes).

The number of droplets in each population may be counted
using any suitable mechanism(s), during or following data
acquisition. Here, because the intensities are widely sepa-
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rated, the number may be counted by assigning suitable
intensity ranges or intervals to each population, as in
Example 1, so that droplets falling within a selected intensity
range are designated as falling within the population corre-
sponding to that range. The results of such counting are
summarized in the following table:

RPP30 cel # Droplets
Population 4 + + 1168
Population 3 + - 2865
Population 2 - + 2854
Population 1 - - 6782

Here, + means that the assay is positive for the indicated
gene (i.e., that the indicated gene is present), and — means
that the assay is negative for the indicated gene (i.e., that the
indicated gene was absent). There are 4033 droplets con-
taining RPP30 (i.e., that are positive for RPP30), irrespective
of whether they are positive or negative for C61), as
determined by adding the number of droplets in Populations
3 and 4 (i.e., by adding 2865 and 1168, respectively). There
are 4022 droplets containing C61 (i.e., that are positive for
C61, irrespective of whether they are positive or negative for
RPP30), as determined by adding the number of droplets in
Populations 2 and 4 (i.e., by adding 2854 and 1168, respec-
tively). Thus, the ratio of C61 to RPP30 is 4022/
4033=0.997=1:1 within experimental error. Thus, because
RPP30 is known to have two copies per genome, C61 must
also have two copies (i.e., the copy number of C61 is two).
In many cases, concentrations of the targets are determined
by Poisson statistics (e.g., using one or more of Equations
(2)-(5)), before a ratio of target levels is determined.

FIG. 6 shows FAM intensities for the C61/RPP30 system
of FIG. 5 for twelve different sets of droplets exposed to
twelve different annealing temperatures (denoted, from left
to right, 55.0, 552, . . ., 64.6, and 64.9) during thermal
cycling to promote target amplification. The data show that
there is sufficient resolution between the four populations to
perform the assay in a single channel under a variety of
experimental conditions. The data shown in FIG. 5§ corre-
spond to one of the conditions in this plot, namely, ampli-
fication with an annealing temperature of 59.1° C. (marked
in FIG. 6 with an arrowhead).

The annealing temperature may be selected from among
the various temperatures tested, based on comparison of
collected intensity data. For example, the resolution or
separation of each population of droplets from one another

b in the plot for the various annealing temperatures may be

compared to permit selection of a suitable annealing tem-
perature for further data collection and/or analysis. For
example, here, the annealing temperature of 59.1° C. offers
the best separation between each different population of
droplets within the set. In particular, at this annealing
temperature, data from double-positive droplets (RPP30+/
C61+; the population of highest intensity) are well resolved
from data for single-positive droplets (RPP30+ or C61+; the
two populations of intermediate intensity), which in turn are
well resolved from each other and from data for double-
negative droplets (RPP30-/C61-; the population of lowest
intensity).

The resolution provided by selection of an optimal
annealing temperature may permit determination, for each
target, a respective number of droplets that are positive for
the target alone at the selected annealing temperature. Also,
at least one number of droplets positive for more than one
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target may be determined. The total number of droplets
positive for each target then may be determined based on the
respective numbers and the at least one number.

In some cases, signal detection may be performed first on
only a fraction of each set of droplets. Additional droplets
from the particular set corresponding to the selected anneal-
ing temperature then may be run through the detector to
provide additional data for analysis. In other cases, only a
fraction of the data collected for each set of droplets may be
plotted and/or compared, and then additional data collected
for the particular set corresponding to the selected annealing
temperature may be plotted and/or analyzed.

Example 3
Digital PCR Assay to Assess Copy Number of C63

This example describes a second exemplary digital PCR
assay, in which multiplexing in a single channel is used to
assess copy number of the C63 gene; see FIGS. 7 and 8.
Specifically, signals from two probes, one for the gene of
interest, C63, and one for a reference gene, again RPP30, are
collected in a single channel and used to assess the number
of copies of the gene of interest relative to the number of
copies of the reference gene.

FIG. 7 is a graph showing data for the exemplary C63/
RPP30 system. Like FIG. 5, FIG. 7 shows intensity in the
FAM channel plotted as a function of intensity in the VIC
channel for each droplet in a digital PCR assay. However,

unlike FIG. 5, this system includes probes for RPP30 and 3

C63 instead of RPP30 and C61. The data again show four
distinct populations, corresponding in order of decreasing
intensity in the FAM channel to RPP30+/C63+, RPP30+/
C63—-, RPP30-/C63+, and RPP30-/C63-. The number of

droplets counted in each of these bins corresponds to 3552 3

RPP30 positive droplets, 3441 C63 positive droplets, and
6224 negative droplets. Thus, the ratio of C63 to RPP30 is
3441/3552=0.969=1:1 within experimental error. Thus, like
C61, C63 must have two copies (i.e., the copy number of
C63 is two).

FIG. 8A shows FAM intensities and FIG. 8B shows VIC
intensities for the C63/RPP30 system of FIG. 7 for twelve
different sets of experimental conditions (i.e., different
annealing temperatures for amplification). The data show
that there is sufficient resolution between the four popula-
tions to perform the assay in a single channel under a variety
of experimental conditions. The data shown in FIG. 7
correspond to one of the conditions in these plots.

Example 4

Digital Assay with More Luminophores than
Optical Channels

This example describes an exemplary digital assay with
multiplexed analysis of targets using more luminophores
than the number of optical channels used for detecting
signals from the luminophores; see FIGS. 9 and 10.

FIG. 9 shows an exemplary bulk phase mixture 140 being
separated into droplets during performance of an exemplary
digital assay with multiplexed detection of three or more
distinct targets (e.g., identified here as T1, T2, and T3).
Mixture 140 may include a forward primer 142 and a reverse
primer 144 for each target. The mixture also may include a
reporter for amplification of each target (such as a T1 probe,
a 12 probe, and a T3 probe). Each reporter may be a probe
including an oligonucleotide labeled with a different lumi-

tn

20

45

50

60

63

18

nophore (namely, L1, L2, and L3, respectively). Accord-
ingly, luminescence from the T1-T3 probes, and more par-
ticularly, the L1, L2, and L3 luminophores, may report
whether or not targets TI1, T2, and T3, respectively, are
present in each individual droplet. Each probe also may
include a quencher for the associated luminophore.

FIG. 10 schematically represents an exemplary scatter
plot showing droplet (or peak) intensities for a T1/T2/T3
droplet assay that may be performed with the droplets of
FIG. 9. Data from the T1, T2, and T3 probes are collected
in a first optical channel and a second optical channel and
plotted as a function of intensity in the first channel (vertical
axis) versus intensity in second channel (horizontal axis).
Intensities produced by exemplary populations or clusters of
negative, T1-positive, T2-positive, and T3-positive droplets
are identified by filled ellipses, with the size of each ellipse
corresponding to the number of droplets in each population.
To simplify the presentation, double-positive populations
(T1+/T2+, T1+/T3+, and T2+/T3+) and the triple-positive
population (T1+/T2+/T3+) are not shown. (However, see
Example 7 for an exemplary distribution of single- and
multiple-positive droplets.)

Each luminophore may be at least predominantly or
substantially exclusively detectable in only one optical chan-
nel, or may be substantially detectable in two or more optical
channels. For example, 1.1 of the T1 probe is substantially
detectable in the first channel but not the second channel, .2
of the T2 probe is substantially detectable in the second
channel but not the first channel, and [.3 of the T3 probe is
substantially detectable in both channels. More generally, .3
may generate a distinguishable intensity and/or a different
ratio of signal intensities for amplification of the T3 target in
each channel relative to the intensity and/or ratio produced
by L1 for amplification of the T1 target and produced by [.2
for amplification of the T2 target. As a result, the population
of T3-only positives is resolved from the Tl-only and
T2-only populations. Also, the populations containing more
than one target may be resolved and distinguishable from
one another and from the single-target populations and the
negative population (e.g., see Example 7).

Any suitable number of targets may be analyzed with the
approach presented in this Example. For example, R targets
may be analyzed using R distinct luminophores and less than
R optical channels for detection of target amplification.

Example 5

Adjustment of Individual Assay Concentrations in a
Multiplexed Assay

This example describes an exemplary approach for adjust-
ing the endpoint intensity of individual target assays of a
multiplexed assay; see FIG. 11.

Digital PCR enables accurate, precise, and sensitive quan-
tification of specific nucleic acid sequences. In addition to
the detection of two targets using two different fluorophores
and two optical channels for collecting data from the fluo-
rophores, it is possible to increase the number of targets
detected by varying parameters that affect PCR efficiency
and thus the level of endpoint fluorescence for each target.
The present disclosure describes a method to multiplex
assays by adjusting the endpoint fluorescence level (and/or
spectrum) for each target assay (e.g., by changing the
concentration of primers and/or probes and/or the type of
fluorophores used). This approach allows users to expand
the number of simultaneously detected targets without
increasing the number of optical channels for detection.
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Increasing the number of potential targets per test is a
significant improvement for digital PCR, augmenting dra-
matically the information output of each sample.

FIG. 11 shows a graph of fluorescence intensity data
obtained in a one-target amplification assay performed in
droplets. Here, fluorescence is measured with a single detec-
tor (one optical channel) as droplets flow past the detector in
a stream of carrier fluid. Droplets or “events” may be
identified as periodic spikes or waves in the fluorescence
signal (e.g., see FIG. 4 above). Each droplet/event then may
be assigned at least one fluorescence value, e.g., represent-
ing an amplitude and/or integrated intensity, among others,
of the corresponding signal wave. The fluorescence intensity
value (in arbitrary units (“arb.”)) for each droplet then may
be plotted as a function of event number. At the left side of
the graph (“stock™), droplets that are amplification-negative
and amplification-positive form well-resolved bands of
lower and higher intensity, respectively.

The assay was performed with a series of two-fold
dilutions of assay reagents, namely, the primers and the
probe, as indicated above the graph. Changing the concen-
tration of one or more assay reagents, other than the tem-
plate, may be described as changing the assay concentration.
Each successive dilution of the assay (primers and probe),
up to eight-fold, markedly decreased the level (interchange-
ably termed amplitude) of the fluorescence endpoint for the
target-positive droplets (indicated by arrows), and more
subtly decreased the intensity of the target-negative droplets.
However, droplet counts from each successive dilution up to
eight-fold provided a reproducible target concentration (pre-
sented as “copies/pL”). Therefore, changing the fluores-

cence endpoint for a target can be achieved without degrad- -

ing the ability to accurately and reliably determine the target
concentration. The probe and primers for an assay each may
be adjusted by the same factor, as shown in FIG. 11, or each
may be adjusted by a different factor (or not at all).

The present disclosure provides a method to assay for A

multiple targets (multiplex) through digital PCR, by varying
the assay used for each target. An assay may include a set of
primers (forward and reverse) and a fluorescently labeled
probe. In digital PCR, droplets may be segregated by the
levels of fluorescence produced by the PCR reaction. The
level of fluorescence for a droplet is dependent on a multi-
tude of factors (reaction efficiency, type of fluorophores,
amplicon size, etc.). By changing the concentration of an
assay, the reaction efficiency of a particular target can be
affected, which may result in a difference in fluorescence
level that allows populations detected with the same fluo-
rophore to be distinguished from one another. By changing
the assay concentrations of two different fluorophores, addi-
tional targets may be detected in the same multiplexed
reaction. In some cases, fluorescence intensity may be
adjusted by varying the concentration of one or both primers
for a target. Varying primer concentration without changing
the probe concentration may be useful in assays where the
same probe is used to detect two targets, but each of the two
targets is amplified with at least one different primer. In
some cases, the level of the fluorescence for a target may be
adjusted by changing the annealing temperature used for
thermocycling, the total concentration of dNTPs, the
amounts of individual dNTPs relative to each other (e.g., if
the two targets have substantially different base composi-
tions), or the like.

Example 6

Multiplexed Assays with Orthogonal Droplet
Populations

This example describes exemplary multiplexed digital
assays performed on R targets, where R is at least three, and
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with fewer than R optical channels, where amplification of
each target is substantially detectable in only one of the
optical channels (e.g., two optical channels). As a result,
droplet populations positive for different combinations of
the targets are arranged in rows and columns in a plot of
detected amplification data; see FIGS. 12-18.

FIG. 12 is a 2-D scatter plot of fluorescence intensity data
obtained from individual droplets detected in two optical
channels during performance of a triplex amplification assay
for three targets (RPP30, Chr10ql, and Chr13q3). Each dot
represents a single droplet. Before droplet formation, the
template DNA was digested with Alul, which reduces the
size of the template DNA but does not cut between the
priming sites for any of the three targets. Amplification of
RPP30 was detected with a FAM-labeled probe in optical
channel one, and amplification of chromosome 10 and
chromosome 13 regions (10q1 and 13q3) was detected with
VIC-labeled probes in optical channel two, at a different
waveband of light emission than channel one. The three
assays (RPP30, Chrl0ql, and Chr13q3) were respectively
run at probe/primer concentrations of 1x, Ix, and 0.6x.
Accordingly, the chromosome 13q3 assay produced a lower
fluorescence endpoint signal than the chromosome 10ql
assay because the 13q3 assay was more dilute (0.6x versus
1x).

Eight droplet populations are visible and resolved from
each other in FI1G. 12, with the droplet populations separated
from one another by dashed lines. The populations are as
follows: one triple negative (“empty™), three single positives
(each positive for RPP30, 10q1, or 13q3), three double
positives (positive for each pair-wise combination of the
targets), and one triple positive (positive for all three tar-
gets). The concentrations of the targets can be calculated
based on combination of counts from the populations. For
example, the concentration of 10g1 can be calculated using
Equation (4) and a positive droplet count (N, ) representing
a combination of the four 10ql-positive populations (and
excluding the four 10ql-negative populations), or with
Equation (5) using a negative droplet count (N_) represent-
ing a combination of only the four 10ql-negative popula-
tions (and excluding the four 10q1-positive populations). In
any event, counts from a plurality of 10q1-positive popula-
tions (e.g.. one-half of all populations identified) are
excluded.

FIG. 13 shows another 2-D scatter plot of fluorescence
intensity data obtained generally as in FIG. 12 but with the
sample (template DNA) digested before amplification with
a restriction enzyme (Haelll) that cuts between the priming
sites of the Chr10ql template. As a result, the droplet counts
for each of the four 10ql-positive populations decreases
dramatically, while the droplet counts for each of the four
10ql-negative populations increases, thereby providing
validation for the assignment of droplet populations. Also,
the experiment demonstrates that the multiplexed assay
system can produce an additive effect of the fluorescence
levels from two different assays using the same fluorophore
for both probes.

FIG. 14 shows a 2-D scatter plot of fluorescence intensity
data obtained as in FIG. 12, but with the concentrations of
the Chr13q3 and Chrl0ql assays adjusted to change the
endpoint fluorescence level for assay of these targets. In
particular, the 10ql assay is performed at a 0.6x concentra-
tion (instead of 1x) and the 13q3 assay at a 1x concentration
(instead of 0.6x). Accordingly, the positions of droplet
populations are rearranged with respect to FIG. 12, with the
10q 1 -positive populations that are negative for 13g3 having
a lower intensity than the 13g3-positive populations that
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negative for 10ql. As in FIG. 12, the concentration of all
three targets is equivalent (i.e., the sample is from a euploid
genome).

FIG. 15 shows another 2-D scatter plot of fluorescence
intensity data obtained with the assay concentrations of FIG.
14, but with the sample (template DNA) digested before
amplification with a restriction enzyme (Haelll) that cuts
between the priming sites of the Chrl0ql template. The
digestion produces a significant reduction of populations
containing Chr10ql-positive droplets, therefore validating
the detection pattern.

FIG. 16 shows a 2-D scatter plot of fluorescence intensity
data obtained from individual droplets detected in two
optical channels during performance of a tetraplex amplifi-
cation assay for four targets (RPP30, MP10K, Chr13g3, and
Chr10ql). RPP30 and MP10K targets were detected with
FAM-labeled probes using lx and 1.5x assay concentra-
tions, respectively. Chrl3g3 and ChrlOql targets were
detected with VIC-labeled probes using 0.6x and 1x assay
concentrations, respectively. The resulting droplet popula-
tions are separated by dashed lines in the plot, and the target
composition of each droplet population is indicated (*-" is
negative and “+" is positive for each indicated target). The
assay provides simultaneous detection of four different
targets in two optical channels. The results illustrate the
capacity of the multiplexed assay system to separate discrete
populations by levels of fluorescence using the same fluo-
rophores.

The droplet populations have an orthogonal arrangement 3

in a scatter plot with a linear scale for each axis. Stated
differently, the droplet populations may form a matrix or
rectangular array, which may have 2% populations. where R
is the number of targets. The populations may form an array

having a plurality of rows and a plurality of columns each 3

containing two or more populations. Each row may contain
the same number of populations, and each column may
contain the same number of populations. In some embodi-
ments, each of the single-positive populations may be
restricted to an edge of the array, such as the left-most
column or the bottom row of the array. With this arrange-
ment, multiply-positive populations can be distributed in the
optical space above the bottom row and to the right of the
left-most column, without overlapping one another or any
single-positive populations. Also, the positions of all of the
multiply-positive populations can be predicted from the
positions of the single-positive populations, simplifying the
task of selecting suitable intensities for each single-positive
population during assay development and optimization. To
achieve this arrangement of single-positive populations,
each target may have a corresponding probe that is detect-
able substantially exclusively in only one of the optical
channels, such that amplification of each target is detected
substantially in only one of the optical channels. For
example, amplification of RPP30 and MP10K (FAM-labeled
probes) is detectable substantially exclusively in channel
one, and amplification of 13g3 and 10ql (VIC-labeled
probes) substantially exclusively in channel two.

FIG. 17 shows the 2-D scatter plot of FIG. 16, with the
dashed lines removed and each droplet population circled
using a line weight that indicates the number of different
targets for which each population is amplification positive.
The plot has one quadruple-negative population (at the
bottom left corner of the population array), four single-
positive populations (*1+7), six double-positive populations
(“2+™), four triple-positive populations (3+"), and one qua-
druple-positive population (“4+™).
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FIG. 18 shows a 2-D scatter plot of fluorescence intensity
data obtained with the tetraplex assay of FIG. 16, but with
the sample (template DNA) diluted by a factor of four
relative to FIG. 16. The plot exhibits a visible reduction of
droplets from positive populations, particularly the triple-
and quadruple-positive populations. The plot demonstrates
that the multiplexed assay system retains its ability to
quantify targets in a multiplex setting.

Example 7

Multiplexed Assays with Non-orthogonal Droplet
Populations

This example describes exemplary multiplexed digital
assays performed on R targets, where R is at least three, and
with fewer than R optical channels (e.g., only two optical
channels), where amplification of at least one, two or more,
or each of the targets is substantially detectable in two or
more of the optical channels. As a result, droplet populations
positive for a plurality of combinations of the targets are
arranged non-rectangularly, with less apparent order, in a
plot of detected amplification data; see FIGS. 19-25.

FIG. 19 shows a 2-D scatter plot of fluorescence intensity
data obtained from individual droplets detected in two
optical channels during performance of a tetraplex amplifi-
cation assay for four targets (Chrl0ql, Chr13g3, Chrl6pl,
and ChrXq3). Each dot represents a single droplet. Ampli-
fication of the four targets was detected using four corre-
sponding probes each containing a different fluorophore
(Alexa® 488 dye, AttoR® 488 dye, VIC dye, and TET dye,
respectively), as labeled in the plot. Each resolved dot
represents a single droplet. In this experiment, multiplexing
was achieved by using “non-traditional” fluorophores (i.e.,
other than FAM and VIC/HEX), although traditional and
non-traditional fluorophores may be used together in a
multiplexed assay. Each fluorophore may be attached to a
distinct oligonucleotide. Each fluorophore may (or may not)
exhibit substantial emission in each optical channel or may
be substantially detectable in only one of the optical chan-
nels. In the present example, the four fluorophores have
distinct spectral profiles, with each detectably emitting light
in both optical channels. As a consequence, the droplet
populations are arranged in a non-orthogonal pattern that
allows differentiation of more targets than the number of
optical channels.

FIGS. 20-23 each reproduce the scatter plot of FIG. 19
and respectively show a circle around each single- (“1+7),
double- (“247), triple- (*3+7), and quadruple (“4+7)-droplet
population. Arrows indicate the distinct target composition
of each population. The assignment of droplet populations
was confirmed by performing four different triplex reactions
in which each of the different assays (for each target) was
separately omitted from the reaction mixture.

FIG. 24 shows a composite of FIGS. 20-23 that marks all
of the droplet populations in the same plot. The approach
allows simultaneous identification of all droplet populations.

FIG. 25 is a 2-D scatter plot obtained as in FIGS. 19 and
24 but with only one-sixth the amount of template DNA. The
size of each positive population is reduced, with a substan-
tially greater effect on the size of the triple- and- quadruple
positive populations. The result illustrates that the multi-
plexed assay system retains its ability to quantify targets
when using combinations of non-traditional fluorophores.

The multiplexed approaches disclosed here permit quan-
tification of more targets that the number of optical channels.
Examples 6 and 7 utilize only two optical channels. How-
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ever, the multiplexed assay system of the present disclosure
may collect data in any suitable number of C optical
channels, to collect data in a C-dimensional optical space.
The data may be processed in a manner analogous to that
described above for a two-dimensional optical space.

Example 8

Selected Embodiments

This example describes selected embodiments of exem-
plary multiplexed digital assays, presented as a series of
numbered paragraphs.

1. A method of performing a multiplexed digital assay,
comprising: (A) forming droplets that collectively contain R
targets; (B) amplifying the targets in the droplets; (C)
collecting data representing amplification of the targets in
the droplets, the data being collected in fewer than R optical
channels; and (D) determining a level of each target with the
data, wherein the level determined for at least one of the
targets is based in part on a droplet count for a droplet
population identified as positive for two of the targets.

2. The method of paragraph 1, wherein R is at least three.

3. The method of paragraph 1 or 2, wherein the data is
collected in only two optical channels.

4. The method of paragraph 1, wherein each optical
channel represents a different waveband of emitted light.

5. The method of any preceding paragraph, wherein each
optical channel represents a different waveband of excitation
light.

6. The method of paragraph 1, wherein a different plu-
rality of the droplets contains a copy of each pair of the
targets.

7. The method of paragraph 1, wherein at least about 5%,

10%, 20%, or 50% of the droplets contain a pair of the 3

targets.

8. The method of paragraph 1, further comprising a step
of identifying from the data a plurality of droplet popula-
tions each positive for a different combination of the targets.

9. The method of paragraph 8, wherein forming, ampli-
fying, and collecting are performed such that each droplet
population that is positive for exactly two of the targets is at
least substantially resolved from each droplet population
that is positive for only one of the targets.

10. The method of paragraph 1, further comprising a step
of plotting the data such that droplet populations containing
different combinations of the targets form a rectangular
array.

11. The method of paragraph 10, wherein the array is
composed of a plurality of rows and columns, with each row
and each column including at least two of the droplet
populations.

12. The method of paragraph 10, wherein the step of
plotting is performed with respect to a pair of orthogonal
axes, and wherein each droplet population that is positive for
only one of the targets is arranged along a line that is at least
generally parallel to one of the axes.

13. A method of performing a multiplexed digital assay,
comprising: (A) forming droplets collectively containing R
targets, where R is at least three, and where a significant
number of the droplets contain a copy of each of two or more
of the targets; (B) amplifying the targets in the droplets; (C)
collecting data representing amplification the targets in the
droplets, the data being collected in fewer than R optical
channels each representing a distinct waveband of emitted
light; (D) identifying from the data a plurality of droplet
populations, wherein forming, amplifying, and collecting
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are performed such that each droplet population positive for
two of the targets is at least substantially resolved from each
droplet population positive for only one of the targets; and
(E) determining a level of each target based in part on one
or more droplet populations identified as containing a pair of
the targets.

14. A method of performing a multiplexed digital assay,
comprising: (A) amplifying R targets in droplets; (B) col-
lecting data representing amplification of the targets in the
droplets, the data being collected in a plurality of less than
R optical channels each representing a distinct waveband of
light; (C) identifying from the data a plurality of droplet
populations each containing a different combination of the
targets; and (D) determining a level of each target, wherein
the step of determining for each target is based on a value for
droplet counts obtained from a combination of at least two
droplet populations that excludes at least two other droplet
populations.

15. The method of paragraph 14, wherein one of the
plurality of droplet populations contains none of the targets.

16. The method of paragraph 14, wherein one of the
plurality of droplet populations contains a copy of each of
the targets.

17. A method of performing a digital assay, comprising:
(A) forming droplets that collectively contain R targets and
a reporter corresponding to each target, wherein R is at least
three and each reporter includes a different luminophore; (B)
amplifying the targets in the droplets; (C) collecting data
representing amplification of the targets in the droplets, the
data being collected in less than R optical channels each
representing a distinct waveband of light; and (D) determin-
ing a level of each target based on the data.

18. The method of paragraph 17, wherein at least one of
the reporters reports amplification of the targets in a pair of
the optical channels.

19. The method of paragraph 18, wherein at least two of
the reporters report amplification of the targets in a pair of
the optical channels.

20. The method of paragraph 19, wherein each of the
reporters reports amplification of the targets in a pair of the
optical channels.

21. The method of paragraph 17, wherein at least one of
the reporters reports amplification of the targets in only one
of the optical channels.

22. The method of paragraph 17, wherein data represent-
ing amplification of the targets is collected in only two
optical channels.

23. The method of paragraph 17, further comprising a step
of identitying from the data a plurality of droplet popula-
tions each containing a different combination of the targets,
wherein forming, amplifying, and collecting are performed
such that each droplet population positive for two of the
targets is at least substantially resolved from each droplet
population positive for only one of the targets.

24. The method of any preceding paragraph, wherein the
step of determining is based on at least R+2 identified
droplet populations.

25. The method of paragraph 24, wherein the step of
determining is based on at least 2R identified droplet popu-
lations.

26. The method of any preceding paragraph, wherein the
droplets are all formed from the same bulk phase.

27. The method of any preceding paragraph, wherein the
plurality of droplet populations include a plurality of droplet
populations that are each positive for a different pair of the
targets.
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28. The method of any preceding paragraph, wherein the
step of determining for at least one of the targets is based on
a value that represents a sum of droplet counts from only
one-half of the droplet populations.

29. The method of paragraph 28, wherein the step of
determining for each target is based on a value that repre-
sents a sum of droplet counts from only one-half of the
droplet populations.

The disclosure set forth above may encompass multiple
distinct inventions with independent utility. Although each
of these inventions has been disclosed in its preferred
form(s), the specific embodiments thereof as disclosed and
illustrated herein are not to be considered in a limiting sense,
because numerous variations are possible. The subject mat-
ter of the inventions includes all novel and nonobvious
combinations and subcombinations of the various elements,
features, functions, and/or properties disclosed herein. The
following claims particularly point out certain combinations
and subcombinations regarded as novel and nonobvious.
Inventions embodied in other combinations and subcombi-
nations of features, functions, elements, and/or properties
may be claimed in applications claiming priority from this or
a related application. Such claims, whether directed to a
different invention or to the same invention, and whether
broader, narrower, equal, or different in scope to the original
claims, also are regarded as included within the subject
matter of the inventions of the present disclosure. Further,
ordinal indicators, such as first, second, or third, for identi-
fied elements are used to distinguish between the elements,

and do not indicate a particular position or order of such 3

elements, unless otherwise specifically stated.

We claim:

1. A method of performing a multiplexed digital assay, the
method comprising:

forming partitions that collectively contain R targets;

amplifying the R targets in the partitions;

collecting data representing amplification of each of the R

targets in the partitions, all of the data being collected
in fewer than R optical channels; and

determining a respective level of each of the R targets

from the data, wherein each level is specific for a single
target of the R targets, and wherein the level determined
for at least one of the R targets is based in part on a
partition count for a partition population positive for
two of the R targets;

wherein the step of determining is based on at least R+2

identified partition populations.

2. The method of claim 1, wherein R is at least three.

3. The method of claim 1, wherein the data is collected in
only two optical channels.

4. The method of claim 1, wherein each optical channel
represents a different waveband of emitted light.

5. The method of claim 1, wherein each optical channel
represents a different waveband of excitation light.

6. The method of claim 1, wherein a different plurality of
the partitions contains each different pair of the R targets.

7. The method of claim 1, wherein at least 10% of the
partitions contain a pair of the R targets.

8. The method of claim 1, further comprising a step of
identifying from the data a plurality of partition populations
each positive for a different combination of the R targets.

9. The method of claim 1, wherein the step of determining
is based on at least 2R identified partition populations.

10. The method of claim 8, wherein the step of identifying
includes a step of resolving each partition population that is
positive for exactly two of the R targets from each partition
population that is positive for only one of the R targets.
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11. A method of performing a multiplexed digital assay,
the method comprising:

forming partitions that collectively contain R targets;

amplifying the R targets in the partitions;

5 collecting data representing amplification of each of the R
targets in the partitions, all of the data being collected
in fewer than R optical channels;

identifying from the data a plurality of partition popula-

tions each positive for a different combination of the R
targets, wherein the step of identifying includes a step
of resolving each partition population that is positive
for exactly two of the R targets from each partition
population that is positive for only one of the R targets;
and

determining a respective level of each of the R targets

from the data, wherein each level is specific for a single
target of the R targets, and wherein the level determined
for at least one of the R targets is based in part on a
partition count for a partition population positive for
two of the R targets.

12. The method of claim 11, wherein R is at least three.

13. The method of claim 11, wherein the data is collected
in only two optical channels.

14. The method of claim 11, wherein each optical channel
represents a different waveband of emitted light.

15. The method of claim 11, wherein a different plurality
of the partitions contains each different pair of the R targets.

16. The method of claim 11, wherein at least 10% of the
partitions contain a pair of the R targets.

17. The method of claim 11, wherein the step of deter-
mining is based on at least 2R identified partition popula-
tions.

18. A method of performing a multiplexed digital assay,
the method comprising:

35 forming partitions that collectively contain R targets;

amplifying the R targets in the partitions;

collecting data representing amplification of each of the R

targets in the partitions, all of the data being collected
in fewer than R optical channels, wherein each optical
channel represents a different waveband of excitation
light; and

determining a respective level of each of the R targets

from the data, wherein each level is specific for a single
target of the R targets, and wherein the level determined
for at least one of the R targets is based in part on a
partition count for a partition population positive for
two of the R targets.

19. A method of performing a multiplexed digital assay,
the method comprising:

forming partitions that collectively contain R targets;

amplifying the R targets in the partitions;

collecting data representing amplification of each of the R

targets in the partitions, all of the data being collected
in fewer than R optical channels;
plotting the data such that partition populations contain-
ing different combinations of the R targets form a
rectangular array, wherein the step of plotting is per-
formed with respect to a pair of orthogonal axes, and
wherein each partition population that is positive for
only one of the R targets is arranged along a line that
is at least generally parallel to one of the axes; and

determining a respective level of each of the R targets
from the data, wherein each level is specific for a single
target of the R targets, and wherein the level determined
for at least one of the R targets is based in part on a
partition count for a partition population positive for
two of the R targets.
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20. The method of claim 19, wherein R is at least three.

21. The method of claim 19, wherein the data is collected
in only two optical channels.

22. The method of claim 19, wherein each optical channel
represents a different waveband of emitted light.

23. The method of claim 19, wherein a different plurality
of the partitions contains each different pair of the R targets.

24. The method of claim 19, wherein at least 10% of the
partitions contain a pair of the R targets.

25. The method of claim 19, further comprising a step of 10
identifying from the data a plurality of partition populations
each positive for a different combination of the R targets.

26. The method of claim 25, wherein the step of identi-
fying includes a step of resolving each partition population
that is positive for exactly two of the R targets from each 15
partition population that is positive for only one of the R
targets.

27. The method of claim 19, wherein the step of deter-
mining is based on at least 2R identified partition popula-
tions. 20

28. The method of claim 19, wherein the array is com-
posed of a plurality of rows and columns, with each row and
each column including at least two of the partition popula-
tions.

tn
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B’O .RAD Bio-Rad Corporate Offices .
Laboratories, inc. 1000 Alfred Nobel Drive
’ Hercules, California 94547

Phone: 510-724-7000
Fax: 510-741-4048

September 6, 2023

Via UPS and Email

Padma Sundar

Chief Business Officer
ChromaCode, Inc.

2330 Faraday Avenue, Suite 100
Carlsbad, CA 92008

Email:

Re: Notice of Potential Patent Infringement by ChromaCode’s HDPCR Assays

Dear Ms. Sundar:

Bio-Rad is a global leader in developing innovative products for the life science
research and clinical diagnostic markets and has a number of important patents. I am
writing regarding the potential infringement of Bio-Rad-owned or licensed patents by
ChromaCode.

Specifically, based on the public information currently available to and reviewed
by Bio-Rad, ChromaCode’s activities—including the making, using, offering to sell, and
selling of ChromaCode’s HDPCR Assays—appear to infringe the following patents.

U.S. Patent No. 9,222,128 | “MULTIPLEXED DIGITAL ASSAYS WITH
(’128 Patent) COMBINATORIAL USE OF SIGNALS”

U.S. Patent No. 9,921,154 | “MULTIPLEXED DIGITAL ASSAYS”
(’154 Patent)

U.S. Patent No. 9,222,128 describes, inter alia, “performing a multiplexed digital
assay on a greater number of targets through combinatorial use of signals.” (*128 Patent
at Abstract.) The patent describes, inter alia, that “[e]ach signal may be a composite
signal that represents two, three, four, or more reactions/assays and thus two, three, four,
or more targets of the reactions/assays.” (/d. at 6:43-45.)

U.S. Patent No. 9,921,154 describes, inter alia, “a system, including methods and
apparatus, for performing a digital assay on a potentially greater number of targets
through multiplexed detection of signals from reporters for two or more distinct targets in
a common or shared channel (‘the same optical channel’).” (’154 Patent at 4:51-56.)
The patent describes, inter alia, that: “For example, the intensity associated with one
fluorophore, following reaction, may be lower or higher than the intensity(ies) associated
with the other fluorophore(s). In some embodiments, one probe may be labeled with a
different number of fluorophores than the other probe, and/or the probes may be located
in slightly different local environments, creating a different level of fluorescence for each
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probe following reaction. Alternatively, or in addition, both probes may be labeled with
the same number of fluorophores (e.g., one fluorophore), but there may be more or less of
one probe than the other in the sample, so that a greater or smaller signal is created when
the reactions have occurred. In some cases, the fluorophores themselves might be
different, with one more or less intrinsically fluorescent than the other (e.g., due to
differences in extinction coefficient, quantum yield, etc.), so long as each fluorophore can
be detected in the same channel.” (/d. at 13:51-67.)

As non-limiting examples, Bio-Rad is providing exemplary infringement claim
charts for the above-identified patents in Appendix 1-2 of this letter.

Additionally, Bio-Rad is providing you notice of the following patents and patent
application:

U.S. Patent No. 8,951,939 | “DIGITAL ASSAYS WITH MULTIPLEXED
DETECTION OF TWO OR MORE TARGETS IN THE
SAME OPTICAL CHANNEL”

U.S. Patent No. 9,745,617 | “DIGITAL ANALYTE ANALYSIS”

U.S. Patent Pub. No. “DIGITAL ANALYTE ANALYSIS”
2022/0213530

U.S. Patent No. RE41,780 | “CHEMICAL AMPLIFICATION BASED ON FLUID
PARTITIONING IN AN IMMISCIBLE LIQUID”

If you disagree with this notice of potential patent infringement, please provide
the basis for that belief. Alternatively, if ChromaCode wishes to engage in potential
licensing discussions with Bio-Rad, Bio-Rad is currently open to that discussion. Please
contact me or Josh Shinoff, VP, Business Development (— for
more information.

This letter (including the attached appendices) is not intended to be an exhaustive
or conclusive statement of Bio-Rad’s positions. Bio-Rad’s investigation is continuing.
Bio-Rad may make different, additional, or alternative arguments. Nothing in this letter
should be understood as construing any claims and/or broadening/narrowing/limiting any
position Bio-Rad may take in the future or has taken in the past. Bio-Rad reserves all
legal and equitable rights.

Smcerely,
,-" Jsﬁ"&/g ]C'tli‘« »’9
John J. Cassmgham
VP, Asst. General Counsel

Bio-Rad Laboratories, Inc.
Email:

Cec: Josh Shinoft, VP, Business Development [via email: —
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U.S. Patent No. 9,222,128

1 i i ke ; ; :
1. A method of performing a ChromaCode has developed a research use only (RUO)
multiplexed digital amplification | high-definition PCR (HDPCR™) assay on a digital PCR
assay, the method comprising: instrument for multiplexed detection of 14 DNA
variants and 15 RMNA fusion variants relevant in non-
small cell lung cancer (NSCLC) samples. The assay is
https://www.chromacode.com/wp-
content/uploads/2022/04/635477.1 -AACR-2022-
poster 21mar2022.pdf
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Figure 1. Resilient encoding strategy for molecular variants: The above four
schematic plots show how multiple targets are encoded in a single channel
using the HDPCR™ technology.

ChromaCode's HDPCRZ technology enables different
variants to generate a signal at different intensity levels
in single colar channel, allowing for greater than N
targets in N color channels. In contrast, resilient coding
generates a signal in more than one color channel to
create a form of error-detecting code.

https://www.chromacode.com/wp-
content/uploads/2022/04/635477.1 -AACR-2022-
poster_21mar2022.pdf

creating R signals representative | See previous row.

of light detected in R different
wavelength regimes from the
partitions, where R=2; and
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calculating an average level of
each target in the partitions
based on the R signals,

EML4-ALK variant 1

cosmanza7221 I

Solked- |+ i!ﬂ
o T

EGFR LBSER
COSM6224

KRAS G12C anf_lui
COSM516 - G

KIFSB-RET EGFR Exon20 MPRIP-NTRK1
(K15iR12) e H773dup ctectad (M21:N14)

COSM12377

EZR-ROS1 (E10-
R34)

Tabie 2: Combined results of both rived NA and ived-FFPE representative DNA and RNA variants.

flttﬁS:// www.chromacode.com/wp-
content/uploads/2022/04/635477.1 -AACR-2022-

wherein the level calculated
accounts for a coincidence of all
possible combinations of the
more than R targets in the same
individual partitions;

poster 21mar2022.pdf
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Figure 2. The above schematic plot (left} and the experimental data (right,
20% MAF, contrived with cfDNA background) show both a resilient
encoding strategy and multiple levels of signals in HDPCR. COSM6224 is
resiliently encoded in both channels 1 and 3. When both variants co-occur
HDPCR is able resclve partitions that contain both and those that contain
only one.

https://www.chromacode.com/wp-
content/uploads/2022/04/635477.1 -AACR-2022-
poster 21mar2022.pdf
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https://pubs.acs.org/doi/10.1021/acs.analchem.0c04626
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wherein the more than R targets
include three targets, and
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Partition Number
Figure 1. Resilient encoding strategy for molecular variants: The above four
schematic plots show how multiple targets are encoded in a single channel
using the HDPCR™ technology.
https://www.chromacode.com/wp-
content/uploads/2022/04/635477.1 -AACR-2022-

poster 21mar2022.pdf

wherein the average levels of the
three targets are calculated based
on light detected from only two
fluorophores associated with
_probes that bind to amplicons of
the three targets during
amplification.
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Figure 1. Resilient encoding strategy for molecular variants: The above four
schematic plots show how multiple targets are encoded in a single channel
using the HDPCR™ technology.
https://www.chromacode.com/wp-
content/uploads/2022/04/635477.1 -AACR-2022-
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| https://pubs.acs.org/doi/10.1021/acs.analchem.0c04626
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U.S. Patent No. 9,921,154

1. A method of performing a ChromaCode has developed a research use only (RUQ)
multiplexed digital assay, the high-definition PCR (HDPCR™) assay on a digital PCR
method comprising: instrument for multiplexed detection of 14 DNA
variants and 15 RNA fusion variants relevant in non-
small cell lung cancer (NSCLC) samples. The assay is
https://www.chromacode.com/wp-
content/uploads/2022/04/635477.1 -AACR-2022-

poster 21mar2022.pdf
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Figure 1. Resilient encoding strategy for molecular variants: The above four
schematic plots show how muitiple targets are encoded in a single channel
using the HDPCR™ technology.

https://www.chromacode.com/wp-

content/uploads/2022/04/635477.1 -AACR-2022-

poster 21mar2022.pdf

amplifying the R targets in the Samples were run with the HDPCR NSCLC RUO assay

partitions; on the Applied Biosystems QuantStudio™ Absolute Q
Digital PCR system, and data analysis was performed

with proprietary analysis algorithms.

https://www.chromacode.com/wp-
content/uploads/2022/04/635477.1 -AACR-2022-

poster 21mar2022.pdf
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collecting data representing
amplification of each of the R
targets in the partitions,

EGFRLBSER EMLA-ALK variant 1 sl ach] KRAS G12C

COSM6224 M| COSMAB274722.1 I

COSM516

MPRIP-NTRK1
{M2L:N14)

COSMKF724384.1

EGFR Exon20
HT73dup

COSM12377

EGFRT790M

cosmezdo

EZR-ROS1 (E10-

R34}

Table 2: Combined results of both contrived-cfDNA and contrived-FFPE samples with breskdown by reprasentative DNA and RNA variants

flttpé://www.chromacode.com/wn-
content/uploads/2022/04/635477.1 -AACR-2022-
poster 21mar2022.pdf

all of the data being collected in
fewer than R optical channels;
and
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Figure 1. Resilient encoding strategy for molecular variants: The above four
schematic plots show how multiple targets are encoded in a single channel
using the HDPCR™ technology.

ChromaCode’s HDPCR12 technology enables different
variants to generate a signal at different intensity levels
in single color channel, allowing for greater than N
targets in N color channels. In contrast, resilient coding
generates a signal in more than one color channel to
create a form of error-detecting code.

https://www.chromacode.com/wp-
content/uploads/2022/04/635477.1 -AACR-2022-
poster 21mar2022.pdf
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determining a respective level of
each of the R targets from the
data,

EGFRLESER KRAS G12C

COSME224 1= = COSMS14

MPRIP-NTRK1
{M2E:N14}

COSMKF724384.1

EGFR Exon20
H773dup

COSM12377

KIFSB-RET
(K15:R12)

EGFR EZR-ROS1 (E10-
E746_A750del R34)

COSMARB7952446.1

Table 2: Combined results of both contrived-cfDNA and contrived-FFPE samples with breakdown by representative DNA and RMA variants.

ﬁttpé://Www.chromacode.com/wp-

content/uploads/2022/04/635477.1_-AACR-2022-

poster 21mar2022.pdf

wherein each level is specific for
a single target of the R targets,

KRAS G12C

EGFRLB58R

CO5M516

COSM&E224

EGFR Exon20 MPRIP-NTRK1
H773dup {M2L:N14}

COSM12377

E746_AT750dsi
COSM&223

Table 2: Combined resuits of both contrived-cfONA and contrived-FFPE samples wil by and RNA variants.

l_lﬁpé://www.chmmacode.com/wp-
content/uploads/2022/04/635477.1 -AACR-2022-
poster 21mar2022.pdf

and wherein the level determined
for at least one of the R targets is
based in part on a partition count
for a partition population
positive for two of the R targets;
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Figure 2. The above schematic plot (left) and the experimental data (right,
20% MAF, contrived with cfDNA background) show both a resilient
encoding strategy and multiple levels of signals in HDPCR. COSMé6224 is
resiliently encoded in both channels 1 and 3. When both variants co-occur
HDPCR is able resolve partitions that contain both and those that contain
only one.
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https://www.chromacode.com/wp-
content/uploads/2022/04/635477.1 -AACR-2022-

poster 21mar2022.pdf
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Figure 2. The above schematic plot (left) and the experimental data (right,
20% MAF, contrived with cfDNA background) show both a resilient
encoding strategy and multiple levels of signals in HDPCR. COSMé6224 is
resiliently encoded in both channels 1 and 3. When both variants co-occur
HDPCR is able resolve partitions that contain both and those that contain
only one.
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