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SINGLE-CELL FORENSIC SHORT TANDEM REPEAT TYPING
WITHIN MICROFLUIDIC DROPLETS

CROSS-REFERENCE TO RELATED APPLICATION

16061} This apphication claims  bevefit of US. Provisional Patent Apphcation
No. 61/900,269, filed 5 November 2013, and titled “SINGLE-CELL FORENSIC SHORT
TANDEM  REPEAT TYPING WITHIN  MICROFLUIDIC DROPLETR,”  and
U.S. Provisional Patent Application No. 61/970,282, filed 25 March 2014, and titled
“SINGLE-CELL  FORENSIC  SHORT  TANDEM  REPEAT TYPING WITHIN
MICROFLUIDIC DROPLETS,” which arc incorporated by reference herein in their entirctics

and for all purposes.

STATEMENT OF GOVERNMENT SUPPORT

[8682] This invention was made with government support under Grant Number
2009-DN-BX-K 180 awarded by the United States Department of Justice Office of Justice.

The government has certain rights in the invention.

BACKGROUND

TECHNICAL FIELD

(80831 The present disclosure relates to methods and systems for single-cell forensic short

tandero repeat (STR) typing withio microfluidic droplets for forensic identification.

DESCRIPTION OF RELATED ART

[6064] Short tandem repeat (STR) typing, the gold standard for human forensic
identification, relies upon the collection of homogeneous, high-quality and concentrated
genetic samples fromn a crime scene. However, biological evidence saraples often present
mixtures of contributions {cells/cells or cells/DNA) from multiple individuals at relatively low
concentrations. These coraplex biological samples generate nuxed genotypes, prescuting
chailenges in interpreting the results, especially when there are more than two contributors.
Another difficulty arises when the perpetrator cells arc much rarer than the victim cclis,
resulting in preferential amplification of the victim DNA. A variety of strategies have been

developed to separate different cell populations prior to analysis to reduce the challenges in
1
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mixture 1nterpretation, including differential extraction, filtration, fluorescence-activated cell
sorting and microchip-based separation. More recently, laser capture microdissection and
micromanipulation have been employed to analyze samples at the single-cell level However,
these methods are limited due to their complexity, low efficiency, low throughput, high risk of

sample cross-contamination and/or lack of universality,

SUMMARY

[6865]  One aspect involves a method for foreusic short tandem repeat (8TR) identification
of single-cell genomic DNA by forming aqueous polymer gel droplets in a hydrophobic oil
sach that a significaunt fraction of the gel droplets contain only oune cell and ounly one
primer-functionalized bead; isolating the gel droplets from the hydrophobic oil; immersing the
encapsulated gel droplets 1n a ccll lysis buffer, such that the cell lysis buffer dissolves the
cellular protein and membrane and releases the genomic DNA inte the polymer gel, washing
the gel droplets to remove the cell lysis buffer; soaking the gel droplets in a PCR solution
including forward and reverse primers, such that at least one forward or reverse primer is
functionally identical to a forward or reverse primer on the primer-functionalized bead;
performing eroulsion oil PCR aroplification of STR fragments, sach that the exoulsion oil PCR
includes transferring replicas of desired STR targets from the single-cell genomic DNA onto
the cocucapsulated beads; isolating the beads; statistically diluting the isolated beads followed
by performance of a secondary PCR amplification of the STR fragments; and determining the

tandern repeat leongth of the STR fragments.

[6066] Iuv some embodiments, the agueous polymer gel s an agarose gel.  fo some
cmbodiments, the agueous polymer gel is a gel at room temperature and molten at a
temperature above room temperature. In various embodiments, the gel allows diffusion of

enzymes and small reagents but does not allow released cellular DNA to leave the gel droplet.

180671 In some embodiments, determining the tandem repeat length includes performing a
size-based separation micthod.  The STR length way be deterroined by capillary

clectrophoresis. In some embodiments, the droplets are made with a microfluidic generator.

[8668]  Another aspect nvolves a kit including a mucrofluidic droplet generator for
generating gel droplets derived from an aqueous polymer gel, cach droplet containing only
onc cell and one primer-functionalized bead; a PCR solution including forward and reverse
primers, such that at {east one forward or reverse primer is functionally identical to a forward

2
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or reverse primer on the primer functionalized bead; a centrifuge for isolating beads after
crmulsion o1l PCR amplification of STR fragments; a DNA analyzer for determining tandem
repeat length of STR fragments after secondary PCR amplification; and  instructions for

performing the method.

18069  Another aspect involves a method for profiling single-cell short tandem repeat DNA
sequences by performing wultiplex amplification of short tandero repeat DNA sequences
from individual cells in microfluidic dropicts and determining the tandem repeat length. In
vartous embodiments, perforrmng the amphification includes performimg PCR. The length
may be determined by size-based separation. In some embodiments, determining the length
mnecludes performing capillary clectrophoresis.  In some embodiments, the method includes
compartmentalizing individual cells in polymer gel droplets.  In such embodiments, the
method may further include isolating genornic DNA from the individual cells m the polymer

gel droplets.

138181 Another aspect involves a method for profiling single-cell short tandem repeat (STR)
DNA scquences by forming microfluidic droplets containing statistically dilute microbeads
and single cells; performing multiplex ernudsion oil amplification of the short tandem repeat
sequences in the microtldic droplets such as to bind the STR amplicons from single cells to
individual microbeads; and isolating the individual microbeads and determining the tandem
repeat length of the bead-bound amplicons. In some embeodiments, performing the
amaplification wnclades perforroing PCR. 1o some embodiments, the leogth 18 determined by
size-based separation. In some embodiments, determining the length includes performing

capillary electrophoresis.

18811}  Avother aspect includes a mcthod of profiling single-cell short tandem repeat
sequences by forming microfluidic droplets containing statistically dilute microbeads and
single cells;  performing multiplex emulsion oil amphification of the short tandewm repeat
sequences in the microfluidic droplets to link the STR amplicons from single cells to the
microbeads;  isolating the individual microbeads and performing a secondary PCR
amplification of the STR sequences bound to cach isolated bead to produce STR fragments;

and determining the tandem repeat length of said fragments.

166121  Iu some embodiments, forming the microfluidic droplets includes forming agueous
polymer gel droplets in 2 hydrophobic oil.  In various cmbodiments, the method further

wchades 1solating genomic DNA from the single cells 1o the polymer gel droplets.
]
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166131 Iv some emboduments, performing the amplification ucludes performung PCR. In
some embodiments, the length 1s determined by size-based separation. In some embodiments,

determining the length includes performing capillary electrophoresis.

[8814]  Avother aspect involves a method for typing single-cell short tandern repeat DNA
sequences by encapsulating a bead and a single cell in a droplet, such that a bead has one or
more privacts bound to i) perforrng a first PCR arophfication within said droplet; and
performing a second PCR amplification on an isolated bead, followed by determination of the

tandem repeat lengths of the secondary producis.

188151 In some embodiments, the method further includes isolating genomic DNA froro the
single cell within the droplet. In some embodiments, isolating the genomic DNA includes
fmroersing the encapsulated gel droplet in a cell lysis buffer to dissolve the cellular protemn
and membrane and releases the genomic DNA into the polymer gel. In some embodiments,
determining the length includes a size-based separation. In sornc embodiments, determining

the length includes performing capillary electrophoresis.

18016 Another aspect involves a method of profiling single-cell short tandem repeat
sequences by forroing droplets including microbeads labeled with one or more primers and
single cells; releasing the DNA from the single cell into cach droplet; amplifying the DNA of
cach droplet such that the aroplicons are bound to the bead; performing a second PCR
amplification on isolated microbeads; and determining the size of the tandem repeat lengths of

the sccondary PCR products.

166171 Iu various embodiments, releasing the DNA from the single cell mto each droplet
includes immersing the droplets in a cell lysis buffer. In some embodiments, determining the

size includes performing capillary clectrophoresis.

[B818]  Avother aspect involves a method for profiling single-cell short tandero repeat DNA
sequences by forming oil in water emulsion droplets containing statistically dilute microbeads
and single cells; releasing the DNA from the single cells wnto each dvoplet; performing a first
PCR amplification of the emulsion droplets; and detecting single-cell STR profiles, such that
the composition the droplets includes a hiquid polymer capable of forming a gel.

188191  Avother aspect involves a method for profiling single-cell short tandero repeat DNA
sequences by amplifying DNA of single cells encapsulated with microbeads in microfluidic
droplets; aund performing a secondary amplification on isolated mucrobeads, such that the

4
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microflndic droplets inchude a voaterial capable of allowing diffusion of enzymes and small
reagents without allowing released cellular DNA to leave the droplet, and such that the
microbeads are functionalized with primers. In some crabodimaents, the material 1s a liquid

polymer capable of forming a gel.

180261 Another aspect involves a method of typing short tandem repeat sequences by
performing emulsion PCR aroplification in single-cell mucrofimdic gel droplets, each droplet
including at lcast one primer-coated microbead; and after isolating the microbeads,
performing a secondary PCR amplification on the isolated microbeads to profile short tandem

repeats,

180211 Another aspect involves a system for forenmsic short tandem repeat {(STR})
identification of single-cell genomic DNA including a roicrofluidic droplet generator for
generating gel droplets derived from an aqueous peolymer gel, cach droplet containing only
one cell and one privacr-functionalized bead; a PCR solution including forward and reverse
primers, such that at least one forward or reverse primer is functionally identical to a forward
or reverse primer on the primer functionalized bead; a centrifuge for isolating beads after
erulsion oil PCR amplification of STR fragments; and a DNA analyzer for determining

tandem repeat length of STR fragments after secondary PCR amplification.

186221 In some cmbodiments, the aguecus polymer gel is an agarose gel.  In various
embodiments, the BNA analyzer includes a capillary electrophoresis system for determining
STR length. In some embodiments, the microfluidic droplet generator generates the gel

droplets in hydrophobic oil.

(66231  In various embodiments, the system also includes a cell lysis buffer, such that the
cell lysis buffer dissolves cellular protein and membrane and releases genomic DNA into the
polymer gel droplets.  In some embodiments, the aguecus polymer gel allows diffusion of
enzymes and small reagents but does not allow relcased genomic DNA to leave the gel

droplets.

[6624] These and other aspects are described further below with reference to the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

130251 Figure I shows an analvytical procedure for single-cell forensic STR typing.
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16026] Figures 2A-2C depict images of agarose wicrodroplet generation and manipulation,

16627} Figure 2D shows representative 9-plex STR profiles resulting from PCR
amplification of (a} 9947A female genomic DNA and (b) 9948 male genomic DNA at high

concentrations 1o bulk solutions containing roultiplex-privaer-functionalized ruicrobeads.

130281 Figure 2E shows representative 9-plex STR prefiles resulting from secondary PCR
amplification of single beads carrying STR products of {a) 9947A fomale genornic DNA and

{b) 9948 male genomic DNA.

[6029] Figure 3A shows representative STR profiles resulting from microdroplets

containing on average 0.2 copics ot 9947 A temale genomic DNA and 0.9 beads per droplet.

[8036] Figures 3B and 3C show single-cell STR profiles resulting from microdroplets
containing on average (.15 GMU9947 human (female) (b} or GM09948 human (male) (¢}

tymphoid cells and 6.9 beads per droplet.

16031} Figures 4A and 4B show smgle-cell STR profiles resulting from voicrodroplets
containing a mixture of 0.005 GMO9947 human (female) lymphoid cells and 0.005 GM0O9948

human {male) lymphoid cells per droplet together with 0.9 beads per droplet on average.

180321 Figures 4C and 4D show single-cell STR profiles resulting from microdroplets
contamning on average 0.01 GM09947 human (female) and GM09948 human (male) lymphoid

ceils with a ratio of 5:1 as well as 0.9 beads per droplet.

16633} Figure 4K shows single~cell STR typing of the GM{39%47 human {female) and
(GM09948 human (male) lymphoid ccll mixtures.

18034} Figure 8 shows representative STR profiles resulting from microdroplets contaiming
1 GM09947 human (female) lymphoid cell, 1 copy 9948 genomic BDNA and 0.9 beads per
droplct on average.

16035] Figure & shows representative STR profiles resulting from microdroplets containing
1 GM09947 human (female) Iymphoid cell, 1.5 copies 9948 genomic DNA and 0.9 beads per
droplet on average.

[8036] Figure 7 shows representative STR profiles resulting from microdroplets containing
1 GMO9947 human (female) lymphoid cell, 2 copies 9948 genomic DNA and 0.9 beads per
droplet ou average.

16637} Figure ¥ shows representative STR profiles resulting from microdroplets containing
6
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1 GMO9947 human (female) lymphoid cell, 3 copies 9948 genomic BNA and 0.9 beads per

droplet on average.

[6038] Figure 9 shows a graph for percentage of STR profiles in single-cell STR typing in

presence of cell-free contarainating DNA.

DETAILED DESCRIPTION

[6039] Iu the following description, numerous specific details are set forth to provide a
thorough understanding of the presented embodiments. The disclosed embodiments may be
practiced without some or all of these specific details. In other nstances, well-known process
operations have not been described in detail to not unnecessarily obscure the disclosed
erubodiments. While the disclosed embodiments will be described in conjunction with the
specific embodiments, it will be undersiood that it is not intended to hmit the disclosed

cmbodiments.

[0646] Aspects of the disclosure relate to methods of DNA profiing. In some
implementations, the methods involve performing multiplex amplification of short tandem
repeat DNA sequences from mdividual cells in microfluidic droplets and determining the
tandem repeat length. In some implementations, the methods involve performing emulsion
PCR amplification in single-ccll microfluidic gel droplets, cach droplet including a
primer-coated mucrobead; and afier isolating the microbeads, performing a secondary PCR
amplification on the isolated microbeads. In some implementations, the methods nvelve
amaphifying DNA of single cells encapsulated with microbeads i a microfluidic droplet and
performing a secondary amplification on isolated microbeads, such that the microfluidic
droplets include a liquid polymer capable of forming a gel, and where the microbeads are
functionalized with primers. In some implementations, the methods involve forming oil in
water eraulsion droplets contaming statistically dilute microbeads and single cells; releasing
the DNA from the single cells into each droplet; performing a first PCR amplification of the
crmulsion droplets; and detecting single-cell 8TR profiles. In some implementations, the
methods tnvolve forming droplets including microbeads labeled with one or more primers and
single cells; releasing the DNA from the single cell into each droplet; amplifying the DNA of
each droplet such that the amplicous are bound to the bead; performing a second PCR
amplification on isolated microbeads; and determining the size of the tandem repeat lengths of

the secondary PCR products.  In sowe implementations, the wethods nveolve forming

r-v
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microfhndic droplets contaiming statistically dilute mwicrobeads and single cells; performng
multiplex emuision oil amplification of the short tandem repeat sequences in the microfluidic
droplets to link the STR amplicons from single cells to the microbeads; isolating the
individual microbeads and performing a secondary PCR amplification of the STR sequences
bound to ecach isolated bead to produce STR fragments; and determining the tandem repeat
fength of said fragments. In some implementations, the methods involve forming
microfluidic droplets containing statistically dilute microbeads and single cells; performing
multiplex emulsion oil amplification of the short tandem repeat sequences in the microftuidic
droplets such as to bind the STR amplicons from single celis to individual microbeads; and
isolating the individual wicrobeads and determining the tfandero rvepeat leogth of the
bead-bound amplicons. In some implementations, the methods invoive forming agueous
polyroer gel droplets 1n a bhydrophobic ol such that a significant fraction of the gel droplets
contain only one cell and only one primer-functionalized bead; isolating the gel droplets from
the hydrophobic oil; immersing the encapsulated gel droplets in a cell lysis buffer, such that
the cell tysis buffer dissolves the cellular protein and membrane and releases the genomic
DNA 1nto the polyrmer gel; washing the gel droplets to remove the cell lysis buffer; sosking
the gel droplets 10 a PCR solution including forward and reverse primaers, such that at least
onc forward or reverse primer 18 functionally identical to & forward or reverse primer on the
primer-functionalized bead; performing emulsion oil PCR amplification of STR fragments,
such that the emulsion ot PCR includes transferring replicas of desired STR targets from the
single-cell genomic DNA onto the cocncapsulated beads; isolating the beads; statistically
diluting the isolated beads followed by performance of a secondary PCR amplification of the
STR fragments; and determining the tandem repeat length of the STR fragments. In sorac
implementations of the methods disclosed herein, droplets are formed from a hquid polymer
capable of forming a gel, such as agarose. Further examples can include acrylamid, chitosan,
gelatin, alginate, and pectin.  Any material capable of allowing diffusion of enzymes and
small reagents without allowing released cellular DNA to leave the droplet may be used. In
soroe implementations, size-separation methods are used to determive size of PCR products.
Examples inchude capillary electrophoresis. These and other aspects are discussed further

below.

130411 Short tandem repeat (STR) typing, the gold standard for human forensic

identification, relics upon the collection of homogencous, high-quality and concentrated
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genetic samples from a crime scene. However, biological evidence samples often present
mixtures of contributions {cells/cells or cells/DNA} from multiple individuals at relatively low
concentrations. These complex biological saroples generate mixed genotypes, presenting
challenges in interpreting the results, especially when there are more than two contributors.
Another difficulty arises when the perpetrator cells are much rarer than the victimn cells,
resulting in preferential amplification of the victim DBNA. A vartety of strategies have been
developed to separate different cell populations prior to analysis to reduce the challenges in
mixture interpretation, including differential extraction, filtration, fluorescence-activated cell
sorting and microchip-based scparation. More recently, laser capture microdissection and
microrsanipulation bave been employed to analyze samples at the single-cell level, However,
these methods are limited due to their complexity, low efficiency, low throughput, high risk of

saraple cross-contamination and/or lack of universality.

188421 State-of-the-art nucrofluidic technology offers a promising strategy for the rapid
generation of monodisperse microdroplets that can be used as mintaturized reactors for
high-sensitivity single-cell analysis. Single cells are compartmentalized within the discrete
aqueous droplets surrounded by an immiscible carrier oil, which dramatically reduces the
possibility of cross-contamination among different cells. Due to the controllable droplet size
and uniformity, the droplet content {e.g. the reagent composition and concentration) can also
be precisely tuned to provide the desired microenvironment for imdividual ccll reactions. The
ultralow volume (ferntoliter to nanoliter) of the droplets means that the nucleic acids and other
biomolecules from a single cell are highly concentrated and detectable. Furthermore, the
droplet technology allows massively paraliel handling of millions of independent reactions
with high throughput, thereby enabling the analysis of vast populations of single cells to

detect rare events or o probe cellular heterogeneity,

16643} Building upon traditional emulsion PCR technology with polydisperse droplets, we
previously developed an  cfficient single-cell/molecule PCR method using  uniform
wicrofluidic nanoliter droplets, and used it to digitally detect pathogenic bactena, cancer cells
and molecular variation in heterogeneous populations with superior sensitivity and
throughput. Robust mammalian cell lysis and DNA isolation in a highly parallel fashion was
achicved by cncapsulating single cells in agarose droplets. The agarose matrix conserved
single-genorae fidelity during various mantpulations without inhibiting subsequent ermvulsion

PCR assays. This mammalian cell genomic DINA isolation method is an enabling technology

Q
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for STR amphification from single cells, especially in cases where only very small amounts of

mixed evidence materials are available.

{6044} Here we present a single-cell STR typing method based on dropict microfluidics
{Figure 1). The technigue enables the isolation of genomic DNA froro a single cell and
nuhtiplex STR amplification within the same nanoliter agarose droplets. STR products are
bound on the primer-functionalized microbeads cococapsulated i the droplets which are
amplified by a secondary PCR reaction followed by capillary electrophoresis (CE} fragment
size analysis. In some embodiments, the size of the droplets may be between about 100 pL to
about 10 nL, or between about 1 ol and about 2 nl.. Geunerally, emulsions in larger droplets
may be unstable. In various embodiments, droplets too small in size undergo amplification
less efficiently, and the cell and microbeads would not fit. In various embodiments, the
diameters of the microbeads may be between about 2 microns and about 200 mucrons, or
about 30 microns. As a proof-of-concept, we validated the technical performance of the
method using a 9-plex STR system. The protocols for the microbead-based 9-plex PCR were
first optimized both in bulk solotion and o voicrodroplets using DNA standards. Individual
cells from pure or mixed cell samples were then typed to evaluate the performance of single-
cell STR analysis. In addition, the impact of cell-frec DNA on single-cell typing was
examined. Single-cell forensic STR amplification is a valuable new approach for analyzing

dilute and mixed cellular populations.

EXPERIMENTAL

[6045] Microfluidic Droplet Generator Fabrication. The microfluidic droplet generator
was fabricated using standard soft lithography. Briefly, a master mold was made of
photoresist SU-8 2075 (MicroChem, Newton, MA) on a 4-inch silicon wafer (Addison
Engineering, San Jose, CA). A polydimethylsiloxane (PDMS) replica was produced by
pouring degassed PDMS prepolymer mixture (Sylgard 184; Dow Corning, Midland, MI) with
a mass ratio of 10:1 (base: curing agent) onto the master, followed by baking at 80 °C for 2 b
After the PDMS replica and a pre-cleaned glass slide were treated by oxygen plasma, the
device was immediately assembled and cured at 80 °C for 5 min. To increase the surface
hydrophobicity, the microchannels were treated with 6.1%
{(heptadecafluoro-1,1,2, 2-tetrahydrodecyldimethylchlorosilane {Gelest, Morrisville, PA)

100% cthanol for 10 min, followed by baking at 100 °C overnight.

10
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(G846}
designed based on the sequences and fluorescence dye labeling scheme used in Promega

PowerPlex® 16 System and purchased from IDT (Coralville, TA) (Table 1).

Primer-functionalized Bead Preparation. All primers used wn this study were

Table L Pamer information for multiplex PCR

N

Emulsion Secondary
Primer Seguence and Dye Labeling PCR (uM) | PCR (uM)
Amelogenin | F | [TAMRACCCTGGGUTCTGTAAAGAA (.18 0.18
R | ATCAGAGCUTTAAACTOGOAAGOTG G.018 0.18
vWA F i GQCCCTAGTOGATGATAAGAATAATCA 0.022 0.22
GTATGTG
RiJTAMRA}- 0.22 0.22
GOGACAGATOATAAATACATAGGATGG
ATGG
DES1179 | F{ [TAMRA]- 0.64 0.64
ATTGCAACTTATATGTATTTTITGTATT
TCATG
R ACCAAATTGTGTTCATGAGTATAGTIT 0.064 0.64
C
THOI FIFAMBGTOGATTCCCATTGGCCTETTC 0.21 0.21
R | ATTCCTGTGGGCTGAAAAGCTC 0.021 0.21
2351358 | F | ACTGCAGTCCAATCTGOOT 0.018 0.18
R | IFAMIFATGAAATCAACAGAGGCTTGC (.18 0.18
D21St FIATATGTGAGTCAATTCCCCAAG $.056 0.56
R [FAM}- 0.56 .56
TOCTATTAGTCAATOGTTCTCCAGAQGALC
DASKIE FLOGGTOGATTTTCCTCTTTOGTATCC .02 0.2
R | (JOE}- 0.2 0.2
AGCCACAGTTTACAACATTTOTATCT
D75820 FIJOEFATGTTGOTCAGGUTGACTATG 0.45 (.45
R GATTCCACATTTATCCTCATTGAC 0.045 045
D13S317 | F | [JOE}- 0.1 0.1
ATTACAGAAGTCTGGGATGTGGAGGA
R GGCAGUCCCAAAAAGACAGA 0.01 0.1

Abbreviations: F: Forward; R: Reverse.

188471 The equimolar concentrations of 5™-amine modified primers with C12 spacers were
conjugated on N-hydroxysuccinimide {NHS}-activated Sepharose beads (34 um mean

diareter; Aroersharo Biosciences, Piscataway, NI} vig aroine-NHS chemistry. The prumers
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conjugated on beads included the reverse primers for Amelogenin, THOT, D13S317, D21S1H,
and D851179 as well as the forward primers for D3S1358, D5SEIE, vWA, and D78820. The
beads were stored in nuclease-free water at a concentration of 6 x 10° beads/roL at 4 °C until

UsEC.

6048 Cell and DNA Sample Preparation. GM09947 (female) and GMO%948 (malce)
human tymiphoid cell ines (Coriell Institute for Medical Research, Camden, NI were grown
in RPMI 1640 medium (Life Technologies, Grand Island, NY) supplemented with 10% fetal
bovine serum {Life Technologies), 2 wM L-glutaraine and 100 U/ml perucillin-100 wog/mL
streptomyyein at 37 °C in a humidified incubator containing 5% CO;. Unce harvested, the celis
were washed for 3 times in Dulbecco’s PBS (DPBS; Life Technologies) and incubated at 37
°C prior to use. Samples were prepared by combining pre-warmed cell suspension {or DNA
solution) and bead suspension with molten 3% (w/v) agarose solution using appropriate
volumes to achieve desived concentrations. The stock agarose solution (3%) was prepared by
dissolving ultra-low-gelling temperature agarose (Type IX; Sigma-Aldrich, St. Louis, MO) in
DPBS at 70 °C for S h to reroove bubbles and store at room temperature. For experiments
imnvolving GM9947A fomale and GM9948 male standard genomic DNA (Promega, Madison,
W1, the DNA samples were diluted to desired concentrations using nuclease-free water. DNA

concentration was calculated assuming 3 pg genomic DNA per copy.

60497 Cell Encapsulation and Lysis. Cell/bead-encapsulated microdroplets were
generated by infusing the agueous samples and fluorinated o (Bio-Rad, Hercules, CA) nto
the microfluidic droplet generator within a heated air stream (42-45 °C). The flow rates for the
saraples and o1l were independently controlled by two syringe pumps (PHD 2000 infusion
pump; Harvard Apparatus, Holliston, MA). The agarose droplets were collected in 6.5 mbL
PCR tubes and tromcdistely cooled to 4 °C. After agarose gelation for at least 1 b, the droplets
were isolated from the oil using a cell strainer with 40 pm nylon mesh {(BD Biosciences, San
Jose, CA), followed by extensively washed with water. Cells in the droplets were lysed by
combining equal volurae of droplet suspension and 2X cell lysis buffer [1% SDS
(Sigma-Aldrich}, 200 mM EDTA, 20 mM Tris-HCI and 0.2 mg/mbl proteiase K (Roche
Applied Science, Indianapolis, IN)] and incubating at 37 °C overnight. Afterwards, the
droplets were scquentially washed with 2% (w/v) Tween 20 (Sigma-Aldrich) in water once,
100% ethavol ouce and DPBS countaining 0.02% (w/v) Tween 20 for S tiroes. Tween 20 was

used to prevent the attachment of droplets on the tube wall. The gelled droplets were finally
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washed with water once and resuspended in water,

[6656] Droplet PCR and Bead Recovery. Droplet PCR mix was prepared by mixing 1X
AmpliTaq® Gold PCR buffer (Life Technologies), 1.5 mM MgCl, (Life Technologies), 200
uM dANTP (Qiagen, Valeucia, CA), 4 pg/pl, beat~inactivated BSA (Sigma-Aldrich), 0.01%
Tween 80 (Sigma-Aldrich), 0.2 U/gL AmpliTag® Gold DNA polymerase (Life
Technologies), primer mixture and 3.6 ub agarose droplets encaging single-cell genomes in
cach 10 ul PCR reaction. The fluorescently labeled primers were ten times as many as their
corresponding reverse-~direction privaers in the primer roixture (Table I, as shown above). The
mixtures were incubated in 0.5 mbL PCR tubes for 40 min at 4 °C with occasional agitation to
tmprove the transport of PCR components mto agarose matrix structure. Fresh PCR carrier ol
was prepared before each run of droplet PCR, containing BC 5225C formulation aid (Dow
Chernical, Miland, MI), KF-7312] tlud (Shin-Etsu Silicones, Akron, OH), ARZ20 silicone oil
{Sigma-Aldrich) and Triton X-100 sorfactant (Sigma-Aldrich) with a wmass ratio of
40:30:30:1. To redisperse the droplets, 150 pL carrier oil was added and mechanically
vibrated at a frequency of 13 Hz for 30 s using a Tissuelyser muxer ((Jiagen). Each tube
contained 10 pb PCR mix (including droplets) and 150 pl carrier oil to ensure uniform
heating when fitting into the thermoblock of PTCI00 thermocyeler {(MJ Rescarch, Waltham,
MA}. The thermal cycling condition was composed of initial activation of the AmpliTag®
Gold DNA polymerase at 95 °C for 10 mun, followed by 10 cycles of 94 °C for | mun, 38 °C
for 1 min, 70 °C for 1.5 min, 22 cycles of 90 °C for 1 min, 58 °C for 1 min, 70 °C for 1.5 min,
and a final extension step for 30 min at 60 °C. The samples were then cooled to 4°C to cnable

agarose gelation.

13851} Following STR amplification, the gelled droplets were harvested by centrifuging at
250 g for | min, and sequentially washed with 100% isopropanol once, 100% cthanol once
and DPBS containing 8.02% Tween 20 for 5 times to remove the residual oil. The beads
carrying STR products were released from the droplets by melting the agarose at 60 °C for 15
win. The beads were washed with 0.1% SDS once o remove BSA and DPBS for 8 times to
remove the DNA fragments unlinked to the beads. Finally, the beads were resuspended in

water and stored at 4 °C.

16652 STR Product Detection. Secondary PCR was performed on the STR-conjugated
beads to transfer the STR information into free solution for detection. The DNA-carrying
beads were diluted at appropriate concentrations {0.2-20 beads/reaction) in standard 96-well
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PCR plates or PCR tubes to serve as the DNA feroplates for reamphification. The secondary
PCR was conducted in 12.5 pl reactions using PCR mix containing 1X Gold ST*R buffer
{(Promega), 0.1 U/ul dmpliTaqg® Gold DNA polymerase, primer mixture, nuclcase-frec water
and bead solution. The fluorescently labeled primers had the same amounts as their
corresponding reverse-direction primers in the primer nmixture (Table I, as shown above).
The PCR protocol involved 10 min hot start at 95 °C, then 10 cyeles ot 94 °C for 30 s, ramp at
the rate of 0.5 °C/s to S8 °C, hold for 30 s, ramp at the rate of 0.3 °C/s to 70°C, hold for 45 s,
followed by 15 cyeles of 90 °C for 30 s, ramap at the rate of 0.5 °C/s to 58°C, hold for 30 s,
ramyp at the rate of 0.3 °C/s to 70 °C, hold for 45 s, and a final cxtension step at 60 °C for 30
min. The amplified products in free solutions were processed for fragment size analysis on
Applicd Biosystems 3730XL DNA Analyzer using Hi-Di formamide (Life Technologies) and
GeneScan 300 ROX size standard {Life Technologies). The data were analyzed using Peak

Scanner software {Life Technologies).

RESULTS AND DISCUSSION

(80531 We have developed a highly sensitive and sclective microfltuidic-droplet-based
approach for high-throughput single-cell forensic STR typing. The overall process is
tlustrated in Figure 1. In {a), statistically dilnte individual cells are together with
primer-functionalized microbeads encapsulated within  agarose microdroplets using a
microfluidic droplet generator, {b) shows that the gelled droplets are incubated in cell lysis
bufter to release genomic DNA into the gel matrix. In {¢}, The PCR components are diffused
into the gel droplets by equilibrating in PCR mix. In (d), after the droplets are redispersed in
oil, emulsion PCR is performed with a thermal cycler. In (¢) after the first STR amplification,
beads are recovered by melting the agarose. In (f), statistically diute secondary PCR. is
conducted starting from single beads i standard PCR plates. In {g) the STR products from the
positive single bead amplifications are processed using conventional CE system for fragraent
size analysis. Different types of intact cells in a cellular mixture yield distinct single-cell STR
profiles. The total analysis 18 accomplished m about 22 h, meluding 3.5 b working time and
18.5 h waiting time for cell lysig {10 h), droplet PCR (3.5 h), sccondary PCR (3 hy and CE
analysis (2 h). Single cells arc initially corpartmentalized and lysed to liberate genomic
DNA within nanoliter agarose droplets. Massively parallel droplet PCR is then implemented
to amplify the STR targets from individual cells and to transfer the STR mformation onto the
coencapsulated primer-functionalized beads. Finally, the STR products bound on individual
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beads are transferred to free solutions by performing a statistically dilute secondary PCR 1in

standard plates or tubes, followed by conventional CE fragment size analysis.

[6054] The PDMS/glass microfluidic droplet generator was constructed to produce
monodisperse agarose microdroplets based on a flow-focusing chanunel geometry. The
dispersed {aqueous) phasc containing primer-functionalized microbeads, cells/DNA and
3% agarose flowed n the central chaunel while the continuous {(oil) phase flowed 1 the two
side channels, as shown in Figure 2A. Microdroplet generation is based on a flow-focusing
structure fabricated 1n a PDMS/glass microfluidic device. Privaer-functionalized beads and the
desired number of cells (or genomic DNA when desired) are encapsulated within the droplets.
Fluorinated oil and 3% agarose solution are infused into the channel using a syringe purnp.
With optimized channel dimensions (125 ym wide nozzle, 130 um deep) and flow rates
{40 ul/min for aqueous phase and 100 pl/min for o1l phase), 1.5 nl agarose droplets could
be generated with a high frequency of ~444 Hz in the fluormated oil. Single cells {or genomic
DNA when desired) along with microbeads were stochastically encapsulated into the droplets

following Poisson statistics.

[6655]  Ultra-low-gelling temperature agarose with a gel point about &-17 °C and a
remelting point of <50 °C was sclected to avoid agarose gelation during droplet generation
and to provide a conventent medium for template DNA capture and manipulation. The most
significant advantage of agarose droplets is their ability to rapidly transform mto microgels by
simply cooling to below the gelling temperature. Figure 2A shows the highly uniform gel
droplets suspended within fluorinated oil in a 96-well plate. The network structure of the
gelled porous matrix coabled the diffusion of reagents {(le. lytic reageuts and PCR
components} into interior, while encaging the high-molecular-weight DNA within the
droplets.  Other examples of polymer gels that may be used include acrylamud, chitosan,

gelatin, alginate, and pectin.

[8656] The incorporation of the cell lysis and DNA isolation step can be important for PCR-
based STR analysis as the vast majority of human cellular genomic DNA 1s tightly packaged
in the mucleus. Histones and other DNA-associated nuclear proteins arce cnzymatically
digested to make the DNA more accessible and to rernove potential PCR inhibitors. In
addition, the microgel enables mechanical manipulation and long-term storage of millions of
microdroplets  simultancously while preserving single-genome fidelity. The mechanical
properties of the gel microdroplets were adjusted by the concentration of agarose in the feed

13



W

10

20

WO 2015/069798 PCT/US2014/064171

solutions. We found that 1.5% (w/v) of agarose gel provided sufficient strength without
hindering molecular diffusion and compromising PCR performance. During PCR thermal
cycling, the agarose was molten and stayed in the hquid state during the whole process. This
feature improved the mixing of PCR components and DNA products within the nauoliter
reactors. The droplets remained intact atter PCR, though a slightly deformation was observed,
as demonstrated in Figure 2C. Intact droplets after 32 cycles of emulsion PCR in freshily

prepared silicon o1l mixiure.

188571 To explore the utilization of this method for forensic DNA typing, a 9-plex STR
system was developed with eight core STR loct (f.e. B3S135K, B3SEIR, D75820, DES1179,
DI138317, B21S1E, vWA, and THO1) frorn the combined DNA index system {CODIS) and
Awmelogenin  for sex-typing and sample quality evaluation. We first validated the
microbead-based solid-phase PCR for 9-plex STR. typing with standard 9947A fomale and
9048 male genomic DNA in bulk solutions. The STR profiles of both types of DNA were in
agreement with the established locus information (Table I (below)), and the peaks are
balanced under the optimized PCR condition (Figure 2B). The PCR was performed with 32
cycles from 40 pg/ul {(~13 copies/ul} of the genomic DNA. The PCR products in free
solution were processed by a conventional CE system for fragment sizing analysis. These
traces tllustrate the success in balancing the solid-phase 9-plex PCR inveolving microbeads.
Previous work indicated that up to 100 attoraoles of total armaplicons were expected to be
carricd on an individual 34 um diameter bead. The success of the secondary PCR verified that
this amount of STR template was sufficicnt for high-quality forensic analysis by CE (Figure
2E}. The amplicon-bound beads were prepared by performing 32 cycles of PCR seeded with
isolated DNA in bulk solution. The PCR starting from single beads was performed in standard
PCR plates with 30 cycles. These traces illustrate the success in balancing the 9-plex PCR

starting from a single-beads carrying STR products.

Table H. Locus-specific information for 9947A ferale and 9948 male genomic DNA

9947 A female BNA 9948 male BNA
Repeat Repeat
STR Locus number Amplicon size (bp) nuiber Amplicon size (bp)
Amelogenin X, X 136 XY 106,112
vWA 7,18 151,155 17,17 151
DES1179 13, 13 227 12, 13 223,227
THO 8,93 172,179 6, 9.3 164, 179
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DB3S1358 i4, 15 123, 135 5,17 127, 135
p21sii 30, 30 227 29,38 223,227
D3S818 11, 1 135 113 135, 143
D7S82¢ 18, 11 231,235 11, H 233
DI38317 11, i1 181 11, 11 181

[6658] Single-molecule emulsion PCR was initially performed with 9947A female genomic
DNA based on the optinized amplification protocols (Figure 3A). A DNA concentration of
0.2 copies/droplet (corresponding to 1.8 alleles/droplet was tested, while maintaining bead
concentration at 0.9 beads/droplet on average. At this DNA concentration, it is predicted that
%3% of the beads will have one or more STR templates and ecach individual unique
heterozygous STR target will appear with a probability of 9.5%. In the secondary PCR, beads
were diluted to 0.15 beads/reaction in order to reduce the probability of more than one bead
appeared in cach well of the PCR plate to 1% (13% of reactions involving only one bead).
Note that because this s a true digital amplification, when a template is present there is ouly
onc copy leading to uniform peak heights. As expected, in Figure 3A incomplete STR
profiles were obtained and cach DNA-carrying bead cxhibited distinet STR genotypes,
counsistent with random genomic template fragment encapsulation within the microdroplets.
The low DNA mput of 0.2 copies/dropict resulted m only 1 to 3 peaks detected from an

individual bead.

[6659] Single-cell STR typing was then demonstrated using pure cell populations of two
standard cell hines: GM09947 (fomale) and GMO9948 (male) human lymphowd cells. Hach

droplet contained on average 0.15 celis and 0.9 microbeads, predicting that 14% of the beads

than one cell was encapsulated in a droplet. 30 samples were tested in the secondary PCR
with a bead concentration of 0.9 beads/reaction which predicts 0.14 x 4.9 = 0,126 positive
beads/reaction. The results in Figure 3B and 3C show that there were 4 and 2 positive
analyses as well as 26 and 28 null results for GM09947 and GMO9948 cells, respectively, in
close agreement with the value of 12% predicted by the Poisson distribution. In contrast to the
genomic DNA encapsulation in Figure 3A, full STR profiles were obtained from single
GMO9947 cells (13 peaks) and single GMO994K cells (15 peaks) with relatively uniform peak
intensities, All alleles were correctly called, and no allelic drop-in and drop-out was observed
i1t both cell types. This is expected because when a cell is present the number of STR template
copies in the droplet reactor is digitally defined by the genome. The stutter percentages for all
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allele peaks were below 15%, so the stutter products can be ignored as biological artifact of
the samples. Furthermore, all the profiles of the negative samples were clean, confirming the
absence of contarmnation. The ‘all or nothing’ feature of the single-cell droplet PCR covent
indicates the conservation of single-cell-genome integrity within the compartmentalized
droplets during various manipulations and the successful transfer of STR information from

single cells to individual microbeads.

[8068] To access the selectivity and sensitivity of the single-cell STR typing method, we
performed droplet PCR using raixtures of GMO9947 (female) and GMO9%948R (male) human
fvmphoid cells at various female~-to-male cell ratios (111, 2:1, 5:1 and 10:1). The total cells
were diluted to 0.01 cells/droplet on average to climinate the chance of cell cluraping in the
agarose solution, while the bead concentration remained unchanged (0.9 beads/droplet). Since
only 1% of the beads should be positive, the number of the sccondary PCR reactions was
nereased to 40-100, and the bead concentration 1u the secondary PCR step was increased to
20 beads/ reaction resulting in 0.2 positive beads/reaction. In the experiment at the input cell
ratio of 1:1 shown in Figures 4A and 4B, 9 positive saraples were obtained n 40 reactions,
which was consistent with the theoretical prediction of 18%. Under these statistically dilute
conditions 1t is expected that approximately 1% of the beads will be conjugated with the STR
products from ecither type of cell. In total 40 samples were tested in secondary PCR using 20
beads per reaction {predicting 20 x 0.01 = 0.2 positive beads per reaction). The high bead
concentration was used to ensure that more positive beads could be analyzed with fewer
secondary PCR rcactions. There were 9 positive analyses {consistent with the theoretical
value of 18% predicted by Poisson distribution), in which 4 STR profiles were from
GM09947 cells and § were from GMO9948 cells. 31 samples yiclded null results in the
secondary PCR, as exeroplified 1o the bottorn panel. In all cases, 30 cycles of emulsion PCR
and 25 cycles of secondary PCR were performed. Among the 9 positive samples, we detected
the complete STR profiles from 4 single GM09947 cells and S single GMO9948 cells. No
mixed STR profiles were detected. The guality of the STR profiles was similar to that
obtained using purce cell population in terrus of the stutter formation (below 15%) as well as
incidence of allelic drop-in and drop-out. Nevertheless, the heterozygous peaks for some STR
foct such as Arnclogenin and THO! were not fully balanced. This observation 1s possibly due

to the stochastic effects when amplifying low levels of target DNA molecules.
180611 o detect cell mixtures with higher input ratios, more secondary PCR reactions were
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performed. As an example, 100 PCR reactions were conducted when the female-to-male cell
ratio increased to 5:1. There were 19 positive samples which consisted of 16 8TR profiles
from GMO9947 cells and 3 from single GMO9948 cells (Figures 4C and 4D). In the best
case, we were able to successfully identify male cells in the cell mixture when the female celis
were 10 times more prevalent than the male cclls using 100 PCR assays. Figure 4E
summarizes the relationship between the measured female-to~-male cell number ratios and the
cotresponding input ratios. The good linearity (R® = 0.9917) indicated the high accuracy and

reliability of the assay in the range of 1:1 to 10:1 cell ratios.

188621 We then used the GMDOO947 (female) human lymphoid cells admixed with 9948
male genomic DNA as a model system to investigate the influence of cell-free contaminating
DNA on STR typing of the desired single-cell targets. In each droplet, approximately 0.9
microbeads, 1 GMO0O9947 cell and various copy numbers (0.1, 1, 1.5, 2 and 3} of 9948
genorme DNA on average were cucapsulated. The bead concentration in the secondary PCR
was 0.6 beads/reaction and 70 samples were assayed in cach casc. Based on the
concentrations, it 1s expected that 63% of the beads should be conjugated with STR amplicons
from GMO9947 cells. The probability of secing beads with STR amplicons from 9948 DNA is
dependent on the DNA concentration. Except at 0.1 copies/droplet (59%), nearly all beads
should have products from 9948 DNA, though the number of STR loci on these beads will be
variable due to the stochastic distribution of the various DNA teraplate fragroents within the
droplets. Mixed genotypes from both GMG9947 cells and 994¥ genomic DNA (Figure 5 and
6-8) as well as partial genotypes from 9948 genomic DNA were obtained. In Figure 5, under
the statistically dilute conditions it is expected that approximately 63% of the beads will have
all GMO9947 cellular STR products and 95% of the beads will have at lcast one of the 9948
DNA-specific STR products. o total 70 samples were tested o secondary PCR using 0.6
beads per reaction (predicting 8.6 x 0.63 = §.378 GMO9947-cell-DNA-positive beads per
reaction) ou average. There were 23 positive avalyses, which was consistent with the
theoretical value of 31% predicted by the Poisson distribution. In all cases, 30 cycles of
ermulsion PCR and 25 cycles of sccondary PCR were performed. Red filled peaks indicate

9948 DINA-specific peaks which appear randomly

(8663} By comparing with the known STR profiles of GM09947 cells and 9948 genomic
DNA, we found that 6 allele peaks (Amelogenin-X, D381358-17, D3SRIE-13, THO1-6,
D21S11-29 and DES1179-12) were specific for 9948 genomic DNA and distinct from
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GMO9947 cellular DNA profiles. We calculated the percentage of the STR profiles that were
composed of all 13 allele peaks from GMO%947 cells and had a given number (0, 1, 2,3, 4, 5
or 6} of 9948-DNA-specife peaks, and plotted the percentage as a function of the nurmber of
984 R-DINA-specifec peaks in Figure 9. The percentage of profiles containing all GM39947
cellular peaks and a certain nurnber {0, 1, 2, 3, 4, 5 or 6) of 994K8-DNA-specific peaks
profiles containing all GM09947 cellular peaks (any profile containing all peaks from a
GMO9947 cell) 1s plotted vs. the nuraber of 9948-DNA-specific peaks as a function cell-free
DNA concentration. 9948 genomic DNA was encapsulated in microdroplets together with
GMO9947 human {female) lymphoid cells at the frequency of §.1, 1, 1.5, 2 and 3 copics DNA,
1 cell and 0.9 beads per droplet on average. Under the statistically dilute conditions it is
expected that approximately 63% beads will have all STR products from GM(9947 cells, and
26%, 9SY%, 9R8.89%, 99.75% and 99.99% beads will have at least one of the 9948
DNA-specific STR products, respectively. In total 70 samples were tested in secondary PCR
using 0.6 beads per reaction on average. In all cases, 30 cycles of emulsion PCR and 25 cycles
of secondary PCR  were performed. At low background DNA  concentration
(0.1 copies/droplet), 82% of the profiles had only GM09947 cellular peaks detected and 18%
of the profiles had only oune additional 9948-DNA-specifc peak. Thus, at this relative
concentration the cell-frec DNA did not significantly affect the data interpretation. When the
input 9948 DNA was increased to 1 copy/droplet, vo pure GMO9947-cell profiles were
obtained, but the percentage of profiles containing one more 9948-DNA-specifc peak was
only 30% (Figure 5). The background BNA peaks could be ecasily excluded from the cellular
peaks by comparing these STR profiles. A peak can be assigned as background DNA if it is
not observed in all profiles. The percentages of profiles containing more 9948-DNA-specifc
peaks rose with increasing background 9948 DINA lpading. At 1.5 copies/droplet, most
profiles had only four 9948-DNA-specifc peaks plus the GMO9947-ccll peaks, but still 8%
profiles contained only oune additional O9948-DNA-specifc peak (Figure 6} At
2 copics/droplet, the highest percentage (32%) of profiles had six 9948-DNA-specifc peaks,
and profiles containing two additional 9948-DNA~specifc peaks still could be detected (5.3%)
{Figure 7). Even when the DINA concentration was increased to 3 copies/droplet, 5.6 % of the
profiles additionally contained four 9948-DNA-specifc peaks. Nevertheless, all six

9%48-DNA-specifc peaks appeared in the vast majority (78%:) of profiles (Figure 8).

[8064] Iu principle, the cellular STR profile could be deduced from these ccl/DNA muxture
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experiments when sufficient secondary PCR reactions are carried out. Therefore, the droplet
microfluidic technigue provides a valuable method that statistically dilutes the extracellular
DNA fragments together with the target cells, leading to minimal interference with cach
individual droplet PCR reaction and casy interpretation of STR genotypes. We can conclude
from the data that it is feasible to type single cells with contamuinating DNA at or below 2
copies of contaminating genomic DNA/target cell. This benefit should also apply to forensic
samples contaminated with PCR  inhibitors {c.g. cnvironmental clerents or natural
contaminants). In traditional bulk sohution PCR any contaminant affects the entire PCR
reaction, whereas in ermulsion PCR the contaminant only impacts the microdroplet wherein it

is cucapsulated.

[66658] Our droplet-microfluidics based STR  typing technology provides several
technological advantages over conventional forensic genetic methods for single-cell analysis.
First, it avoids the complex and expensive cell separation instrumentation n other single-cell
assays such as laser capture microdissection, fluorcscence-activated cell sorting and
microrsanipulation. All processes can be accorophished in standard laboratory setup, and the
microfhuidic droplet generators are disposable and affordable. Second, multiple steps, from
cell isolation to cell lysis and DNA release for subsequent PCR amplification, are performed
in a single droplet reactor for an individual cell, substantially improving the cfficiency of
sample handling. Another key benefit of microdroplets is that their nanoscale reaction volume
significantly increases the concentration of starting materials, thereby improving the single-
cell PCR efficiency. Corapared to other droplet PCR assays, the rcthod disclosed herein
enhances the level of multiplexing to nine by using the functionalized beads. The relatively
farge surface arca of the beads provides sufficient amplicon-binding spaces for the 9 8TR
targets without unbalanced arophification for cach locus. Morcover, although the overall
experimental analysis time (~22 h including 3.5 h working time and 18.5 h waiting time) is
not dramatically umproved, the complete resolution of the cell wixtures avoids complicate

mixture interpretation. It is also worth noting that frozen cells can be processed by the method
disclosed herein and yicld coraparable genotypes to fresh cells, facilitating the single-cell STR
analysis of stored samples. The power of the method will be further enhanced by expanding

the STR multiplex to the full 13 CODIS loci for standard casework analysis.

CONCLUSION

188661  In sumunary, we have demonstrated a novel approach for multiplex STR typing at
21
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the single-cell level using agarose droplets generated with a simple PDMS/glass microfluidic
device. Taking advantage of droplet microfluidics, individual cells were efficiently
encapsulated in nancliter agarose droplets which subsequently served as the reactors for

emulston PCR assays. A large number of single-cell PCR reactions were implemented in a

W

standard PCR tube in a highly parallel manner, substantially increasing the throughput of the
analysis — an important step to produce statistically valid results when performing single-cell
studics. The expected profiles of @ 8TR loct were successfully detected from both pure and
mixed single-cell samples (GMO%947 and GMO9934K human tymphotd cellsy with high single-
genome integrity. Distinet cells could be efficiently discriminated in mixture at a 10:1
10 background ratio. STR profile juterpretation was also effective in the presence of significant
background cell-free DNA. This method has the potential to be immediately used in comimon
forensic laboratories since no sophisticated equiprocnt 18 involved in the protocol disclosed
berein and the final data appears in a familiar conventional STR format. The improvements in
sensitivity and selectivity should lead to more accurate and rcliable results from samples
15 containing low amounts of cells and/or mixed cells such as samples left on touched surfaces
and sexual assault crimes, Foture work will extend this method to analyzing real-world mixed

aud dilute samples to identify multiple suspects from low-abundance materials.

186671 1t is understood that the examples and embodiments described hercin are for
Hlustrative purposes only and that various modifications or changes n hight thereof will be
20 suggested to persons skilled in the art and are 1o be included within the spirtt and purview of
this application and scope of the appended claims.  All publications, patents, and patent
applications cited herein are hereby incorporated by reference in their entirety for all

pUrposes.
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CLAIMS

What is claimed is:

1. A method for forensic short tandem repeat (STR) identification of single-cell genomic

DNA, the method comprising:

5 forming aquecus polymer gel droplets in a hydrophobic oil such that a significant fraction

of the gel droplets contain only one ccll and only one primer-functionalized bead;

isolating the gel droplets from the hydrophobic oil;

fmmcersing the encapsulated gel droplets in a ecll tysis buffer,
wherein the cell lysis buffer dissolves the cellular protein and membrane and releases

10 the genomic DNA into the polymer gel;

washing the gel droplets to remove the cell tysis buffer;

soaking the gel droplets in a PCR solution comprising forward and reverse primers,
wheretn at least one forward or reverse primer 18 functionally identical to a forward or
reverse primer on the primer-functionalized bead;

15 perforruing ermulsion o1l PCR amplification of STR fragments, wherein the erulsion oil
PCR comprises transferring replicas of desired STR targets from the single-cell
genomic DNA onto the coencapsulated beads;

isolating the beads; and
performing a determination of the STR fragments to achieve STR identification.
20
2. The method of claim 1, wherein performing the determination of the STR fragments
comprises statistically diluting the isolated beads followed by performance of a secondary
PCR amplification of the STR fragments and determining the tandem repeat length of the
STR fragments.
25
3. The method of claim 1, wherein the aqueous polymer gel 1s an agarose gel.
4. The method of claim 1 wherein the aqucous polymer gel 18 a gel at room temperature and
molien at a temperature above room ferperature.
30

A

5. The method of clain 1, wherein the gel allows diffusion of enzyroes and sroall reagents but

does not allow released celiular DNA to leave the gel droplet.
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The method of claim 1, wherein the determining the tandern repeat length comprises

performing a size-based separation method.

7. The method of claim 1, where STR length is determined by capillary electrophoresis.

&. The method of claim 1, wherein the droplets are made with a microfluidic generator.

10.

il

14.

15.

A method for profiling single-cell short tandem repeat BNA sequences, the method
comprising performing multiplex amplification of short tandem repeat DNA sequences
from individual cells in microfluidic droplets and determining the tanders repeat length.

The method of claim 9, wherein performing the amplification comprises performing PCR.

The method of claim 9, wherein the length is determined by size-based separation.

. The method of claim 9, wherein determining the length comprises performing capillary
E ol el } » el » S

electrophoresis.

. The method of claim 9, further comprising compartmentalizing individual cells in polywer

gel droplets.

The method of claim 13, further comprising isolating genomic DNA from the individual

cells in the polymer gel droplets.

A method for profiling single-cell short tandem repeat (STR)Y DNA sequences, the method

comprising:

forming microfluidic droplets containing statistically dilute microbeads and single cells;

performing wultiplex emulsion oil amplification of the short tandern repeat sequences n
the microfiuidic droplets such as to bind the STR amplicons from single cells to
mdividual microbeads; and

isolating the individual microbeads and determining the tandem repeat length of the bead-

bound amplicons.
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16. The method of claim 15, wheremn performing the avoplification comprises performing

PCR.

17. The method of claim 15, wherein the length is determined by size-based separation.

18. The method of claim 15, wherein determining the length comprises performing capillary

electrophoresis.

19, A method of profiling single-cell short tandem repeat scquences, the method
COmprising:
forming microfluidic droplets containing statistically dilute microbeads and single cells;
performing wultiplex emulsion oil amplification of the short tandern repeat sequences n
the microfluidic droplets to link the STR amplicons from single cells to the
microbeads;
isolating the individual microbeads and performing a secondary PCR amplification of the
STR sequences bound to cach isolated bead to produce STR fragments; and

determining the tandem repeat length of said fragments.

28. The method of claim 19, wherein forming the microfhndic droplets comprises forming

aqueous polymer gel droplets in a hydrophobic oil.

21. The method of claim 20, further comprising isolating genomic DNA from the single cells

i the polyroer gel droplets.

22. The method of clatm 20, wherein performing the aroplification comprises performing

PCR.

3
3

. The method of claim 20, wherein the length is determined by size-based separation.

24. The method of claim 20, wheremn determaining the length comprises performmng capillary

electrophoresis.
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A rocthod for typing single-cell short tandero repeat DNA sequences, the rocthod
comprising:
encapsulating a bead and a single cell in & droplet,
wheretn a bead has one or more primers bound to it;
perforruing a first PCR amplification within said droplet; and
performing a second PCR amplification on an isolated bead, followed by determination of

the tandem repeat lengths of the secondary products.

The method of claim 25, further comprising isolating genomic DNA from the single cell

within the droplet.

. The method of claim 26, wherein isolating the genomic DNA comprises uvunersing the

encapsulated gel droplet in a cell lysis buffer to dissolve the cellular protein and

membrane and releases the genomic DNA mto the polymer gel.

. The mcthod of claim 2S5, wherein determiming the length coraprises a size-based

scparation.

The method of claim 25, wherein determining the length coraprises performing capillary

electrophoresis.

. A method of profiling single-cell short tandem repeat sequences, the method comprising:

torming droplets comprising microbeads labeled with one or more primers and single
cells;
releasing the DNA from the single cell into cach droplet;
amplifying the DNA of cach droplet such that the amplicous are bound to the bead;
crforming a second PCR amplification on isolated microbeads; and

determiniog the size of the tandem repeat lengths of the secondary PCR products.

. The method of claim 30, wherein releasing the DNA {from the single cell into each droplet

compriscs immersing the droplets in a cell lysis buffer.

The method of claim 30, wherein determining the size comprises performing capiliary
26
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clectrophoresis.

. A method for profiling single-cell short tandermn repeat DNA sequences, the method

comprising:

formuing oil 1 water cmulsion droplets containing statistically dilutc microbeads and
single cells;

releasing the DNA from the single cells into cach droplet;

performing a first PCR amplification of the emulsion droplets; and

detecting single-celi STR profiles,

wherein the composition the droplets coraprises a liquid polymer capable of forming a gel.

. A wethod for profiling single-cell short tandern repeat DNA sequeunces, the method

comprising:

amiplifying DNA of single cells encapsulated with microbeads in mucrofluidic droplets;
and

performing a sccondary arapiification on 1solated microbeads,

wherein the muicrofluidic droplets coraprise a material capable of allowimg diffusion of
cnzymes and small reagents without allowing released cellular DNA to leave the
droplet, and

wherein the microbeads are functionalized with primers.

. A method of typing short tanderm repeat sequences, the method comprising:

perforruing eraulsion PCR amplification in single-cell microfluidic gel droplets, cach
droplet comprising at least one primer-coated microbead; and
after isolating the microbeads, performing a sccondary PCR amplification on the isolated

microbeads to profile short tandem repeats.

. A system for foreusic short tandern repeat (STR) identification of single-cell genomic

DINA, the system comprising:

a microfluidic droplet generator for generating gel droplets denived frova an aqueous
polymer gel, each droplet containing only one cell and one primer-functionalized
bead;

a PCR solution comprising forward and reverse primers, wherein at least one forward or
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reverse primer is functionally identical to a forward or reverse primer on the
primer-functionalized bead;

a centrifuge for iselating beads after emulsion o1l PCR amplification of STR fragments;
and

a DNA analyzer for determining tandem repeat length of STR fragrmcents after sccondary

PCR amplification.

. The system of claim 36, wherein the aqueous polymer gel is an agarose gel.

The system of claim 36, wherein the DNA analyzer comprises a capillary electrophoresis

system for determining STR length.

The system of claim 36, wherein the microthuidic droplet generator generates the gel

droplets in hydrophobic oil.

. The systern of claim 36, further comprising a ccll lysis buffer, wherein the cell lysis buffer

dissolves celhular protein and membrane and releases gevornic DNA nto the polymer gel

droplets,

The system of claim 36, wherein the aqueous polymer gel aliows diffusion of enzymes

and small reagents but does vot allow released genomic DNA to leave the gel droplets.

. A kit comprising:

a microfluidic droplet generator for generating gel droplets derived from an aqueous
polymer gel, cach droplet containing only one cell and onc primer-functionalized
bead;

a PCR solution comprising forward and reverse primers, wherein at least one forward or
reverse primer is functionally identical to a forward or reverse primer on the
primer-functionalized bead;

a centrifuge for isolating beads after eroulsion o1l PCR aroplification of STR fragments;

a DNA analyzer for determining tandem repeat length of STR fragments after sccondary
PCR amplification; and

instructions for performing the method of claim 1.
28
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Box No. I Nucleotide and/or amino acid sequence(s) (Continuation of item 1.c of the first sheet)

1. With regard to any nucleotide and/or amino acid sequence disclosed in the international application, the international search was
carried out on the basis of a sequence listing filed or furnished:

a. (means)

[:l on paper

v< . .
’A4 in electronic form

b‘. (time)
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