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METHODS AND SYSTEMS FOR DETECTING
BIOLOGICAL COMPONENTS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims priority to U.S. Provisional Application No. 61/682,707,
filed August 13, 2012; and to U.S. Provisional Application No. 61/784,754, filed March 14,
2013; which applications are incorporated by reference herein in their entireties and for all

purposes.

INTRODUCTION

[0002] Biological samples from a subject often contain a large number of different
components. For example, a sample of a subject’s blood may contain free floating DNA and
RNA, circulating cells, and many other components. The number and diversity of such
components in a biological sample often complicates or prevents the accurate identification
and/or quantification of specific components of interest within the sample, which would enable
the diagnosis or monitoring of a condition in the subject, such as cancer.

[0003] For instance, circulating tumor cells (CTCs) are cells shed from tumors that enter
into a subject’s blood stream. Once in the blood, these cells can circulate through the subject's
body, where they can invade other tissues and grow new tumors. CTCs are thus implicated in
metastasis, which is the primary cause of death in subjects with cancer. Efforts to count CTCs
have been hampered by the fact that CTCs are extremely difficult to detect: they are
exceptionally rare, and may be difficult to distinguish from healthy cells. Current approaches
for detecting CTCs rely on immunoassays, in which antibodies are used to target specific
biomarkers on the surfaces of the CTCs. However, such approaches have limitations in
sensitivity and/or specificity, leading to many healthy cells being mischaracterized as cancerous,

and many cancer cells being missed in the analysis.

SUMMARY
[0004] Methods for the detection of components from biological samples are provided.
In certain aspects, the methods may be used to detect and/or quantify specific components in a
biological sample, such as tumor cells (e.g., circulating tumor cells, or CTCs). Systems and
devices for use in practicing methods of the invention are also provided.
[0005] Methods of the present disclosure include methods for the detection of cells in a
biological sample, such as tumor cells. Using microfluidics, components of the biological

sample may be encapsulated into microdroplets, which are tiny spheres of solution generally
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ranging from 0.1 to 1000 pm in diameter, which may be used to encapsulate cells,
polynucleotides, polypeptides, and other components. The components encapsulated in each
microdroplet may be assayed, as described more fully herein.

[0006] Aspects of the methods may include encapsulating in a microdroplet a cell
obtained from a subject's blood sample, wherein at least one cell is present in the microdroplet;
lysing the cell; introducing polymerase chain reaction (PCR) reagents, a detection component,
and a plurality of PCR primers into the microdroplet and incubating the microdroplet under
conditions allowing for PCR amplification to produce PCR amplification products, wherein the
plurality of PCR primers include one or more primers that hybridizes to one or more
oligonucleotides (e.g., oncogenes); and detecting the presence or absence of the PCR
amplification products by detection of the detection component, wherein detection of the
detection component indicates the presence of PCR amplification products. In certain aspects,
the step of lysing the cell involves introducing a lysing agent into the microdroplet and
incubating the microdroplet under conditions effective for cell lysis. The methods may include
determining the number of circulating tumor cells (CTCs) present in a sample of the subject's
blood, based at least in part on the number of microdroplets in which PCR products were
detected. In other aspects, the methods may include determining the number of tumor cells
present in a solid tissue sample from the subject, based at least in part on the number of
microdroplets in which PCR products were detected.

[0007] In other aspects, the methods for the detection of cells include encapsulating a
plurality of cells in a plurality of microdroplets under conditions in which a majority of
microdroplets contain zero or one cell, wherein the plurality of cells are obtained from a
subject's blood sample; enriching the plurality of microdroplets for microdroplets containing one
cell; lysing the cell; introducing polymerase chain reaction (PCR) reagents, a detection
component, and a plurality of PCR primers into the plurality of microdroplets and incubating the
plurality of microdroplets under conditions allowing for PCR amplification to produce PCR
amplification products, wherein the plurality of PCR primers include one or more primers that
each hybridize to one or more oligonucleotides (e.g., oncogenes); detecting the presence or
absence of the PCR amplification products by detection of the detection component, wherein
detection of the detection component indicates the presence of the PCR amplification products;
and determining the number of cells present in the sample of the subject's blood based at least in
part on the number of microdroplets in which the PCR amplification products were detected;
wherein one or more steps are performed under microfluidic control. In certain aspects, the cells
are tumor cells, and the plurality of PCR primers include one or more primers that each

hybridize to one or more oncogenes. The step of lysing the cell may involve introducing a
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lysing agent into the microdroplet and incubating the microdroplet under conditions effective for
cell lysis.

[0008] Methods of the present disclosure also include methods for genotyping cells,
including tumor cells. In certain aspects, the methods for genotyping cells include encapsulating
in a microdroplet a cell obtained from a biological sample from the subject, wherein one cell is
present in the microdroplet; introducing a lysing agent into the microdroplet and incubating the
microdroplet under conditions effective for cell lysis; introducing polymerase chain reaction
(PCR) reagents and a plurality PCR primers into the microdroplet, and incubating the
microdroplet under conditions allowing for PCR amplification to produce PCR amplification
products; introducing a plurality of probes into the microdroplet, wherein the probes hybridize to
one or more mutations of interest and fluoresce at different wavelengths; and detecting the
presence or absence of specific PCR amplification products by detection of fluorescence of a
probe, wherein detection of fluorescence indicates the presence of the PCR amplification
products; wherein one or more of steps are performed under microfluidic control. The plurality
of probes may include one or more TagMan® probes.

[0009] Methods of the present disclosure also include methods for the detection of
cancer, the methods including encapsulating in a microdroplet oligonucleotides obtained from a
biological sample from the subject, wherein at least one oligonucleotide is present in the
microdroplet; introducing polymerase chain reaction (PCR) reagents, a detection component,
and a plurality of PCR primers into the microdroplet and incubating the microdroplet under
conditions allowing for PCR amplification to produce PCR amplification products, wherein the
plurality of PCR primers include one or more primers that each hybridize to one or more
oncogenes; and detecting the presence or absence of the PCR amplification products by
detection of the detection component, wherein detection of the detection component indicates
the presence of the PCR amplification products. The detection of cancer in the subject may be
based upon the presence of PCR amplification products for one or more oncogenes.

[0010] In other aspects, the methods of the present disclosure include encapsulating in a
microdroplet an oligonucleotide obtained from a biological sample obtained from a subject,
wherein at least one oligonucleotide is present in the microdroplet; introducing polymerase
chain reaction (PCR) reagents, a detection component, and a plurality of PCR primers into the
microdroplet and incubating the microdroplet under conditions allowing for PCR amplification
to produce PCR amplification products; and detecting the presence or absence of the PCR
amplification products by detection of the detection component, wherein detection of the
detection component indicates the presence of PCR amplification products; wherein one or more

steps are performed under microfluidic control.
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[0011] In practicing the subject methods, several variations may be employed. For
example, a wide range of different PCR-based assays may be employed, such as quantitative
PCR (qPCR). The number and nature of primers used in such assays may vary, based at least in
part on the type of assay being performed, the nature of the biological sample, and/or other
factors. In certain aspects, the number of primers that may be added to a microdroplet may be 1
to 100 or more, and/or may include primers to detect from about 1 to 100 or more different
genes (e.g., oncogenes). In addition to, or instead of, such primers, one or more probes (e.g.,
TaqMan® probes) may be employed in practicing the subject methods.

[0012] The microdroplets themselves may vary, including in size, composition, contents,
and the like. Microdroplets may generally have an internal volume of about 0.001 to 1000
picoliters or more. Further, microdroplets may or may not be stabilized by surfactants and/or
particles.

[0013] The means by which reagents are added to a microdroplet may vary greatly.
Reagents may be added in one step or in multiple steps, such as 2 or more steps, 4 or more steps,
or 10 or more steps. In certain aspects, reagents may be added using techniques including
droplet coalescence, picoinjection, multiple droplet coalescence, and the like, as shall be
described more fully herein. In certain embodiments, reagents are added by a method in which
the injection fluid itself acts as an electrode. The injection fluid may contain one or more types
of dissolved electrolytes that permit it to be used as such. Where the injection fluid itself acts as
the electrode, the need for metal electrodes in the microfluidic chip for the purpose of adding
reagents to a droplet may be obviated. In certain embodiments, the injection fluid does not act as
an electrode, but one or more liquid electrodes are utilized in place of metal electrodes.

[0014] Various ways of detecting the absence or presence of PCR products may be
employed, using a variety of different detection components. Detection components of interest
include, but are not limited to, fluorescein and its derivatives; rhodamine and its derivatives;
cyanine and its derivatives; coumarin and its derivatives; Cascade Blue and its derivatives;
Lucifer Yellow and its derivatives; BODIPY and its derivatives; and the like. Exemplary
fluorophores include indocarbocyanine (C3), indodicarbocyanine (C5), Cy3, Cy3.5, Cy5, Cy5.5,
Cy7, Texas Red, Pacific Blue, Oregon Green 488, Alexa fluor-355, Alexa Fluor 488, Alexa
Fluor 532, Alexa Fluor 546, Alexa Fluor-555, Alexa Fluor 568, Alexa Fluor 594, Alexa Fluor
647, Alexa Fluor 660, Alexa Fluor 680, JOE, Lissamine, Rhodamine Green, BODIPY,
fluorescein isothiocyanate (FITC), carboxy-fluorescein (FAM), phycoerythrin, rhodamine,
dichlorothodamine (dRhodamine), carboxy tetramethylrhodamine (TAMRA), carboxy-X-
rhodamine (ROX), LIZ, VIC, NED, PET, SYBR, PicoGreen, RiboGreen, and the like.

Detection components may include beads (e.g., magnetic or fluorescent beads, such as Luminex
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beads) and the like. In certain aspects, detection may involve holding a microdroplet at a fixed
position during thermal cycling so it can be repeatedly imaged. Such repeated imaging may
involve the use of a Megadroplet Array, as shall be described more fully herein. In certain
aspects, detection may involve fixing and/or permeabilizing one or more cells in one or more
microdroplets.

[0015] Suitable subjects for the methods disclosed herein include mammals, e.g.,
humans. The subject may be one that exhibits clinical presentations of a disease condition, or
has been diagnosed with a disease. In certain aspects, the subject may be one that has been
diagnosed with cancer, exhibits clinical presentations of cancer, or is determined to be at risk of
developing cancer due to one or more factors such as family history, environmental exposure,
genetic mutation(s), lifestyle (e.g., diet and/or smoking), the presence of one or more other
disease conditions, and the like.

[0016] Microfluidic systems and devices are also provided by the present disclosure. In
certain aspects, the microfluidic devices include a cell loading region to encapsulate a cell to be
analyzed in a microdroplet; a first chamber in fluidic communication with the cell loading
region, the first chamber having a means for adding a first reagent to the microdroplet, and a
heating element; a second chamber in fluidic communication with the first chamber, the second
chamber having a means for adding a second reagent to the microdroplet, and a heating element,
wherein the heating element may heat the microdroplet at one or more temperatures; and a
detection region, in fluidic communication with the second chamber, which detects the presence

or absence of reaction products from the first or second chamber.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] The invention may be best understood from the following detailed description
when read in conjunction with the accompanying drawings. Included in the drawings are the
following figures:

[0018] FIG. 1 is a simplified depiction of a microfluidic system of the instant disclosure.
In the depicted system, the microfluidic system may be used for detecting and/or genotyping a
component of a biological sample. As applied to the detection of tumor cells in this particular
system, nucleated blood cells are encapsulated into individual droplets using an encapsulation
device (left). The droplets are injected with a lysis buffer and incubated at 37°C to accelerate cell
lysis. They are injected with PCR mix containing primers targeting characteristic oncogenic
mutations (center). The droplets are flowed through a channel snaking over zones maintained at
65°C and 95°C. As the droplets move through the zones, their temperature cycles, as needed for

PCR. During this PCR reaction, if a droplet contains a genome of a tumor cell with a mutation
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for which the primers are designed to detect, amplification will be initiated, producing a
fluorescent output that turns the droplet fluorescent. The droplets are then optically scanned
using flow cytometry and sorted using droplet sorting to recover them (right). The droplets may
be stored or used for further analysis, such as being subjected to sequencing (e.g., used as input
for a next-gen sequencer, or provided to a sequencing facility).

[0019] FIG. 2, Panels A-E depict single cells enclosed in microdroplets, using a
fluorescence assay. Yeast cells (black specks) enter from the far left and are encapsulated into
drops, shown at low (4x objective; Panel A) and high magnification (10x objective; Panel B).
The drops are incubated to allowing the yeast to secrete their product (Panel C); this produces a
fluorescent compound in the drops, so that drops containing efficient producers quickly become
fluorescent (Panel D). The drops are then sorted to extract the most efficient yeast using a
microfluidic sorter (Panel E). The scale bars denote 80 mm.

[0020] FIG. 3 depicts digital detection of BRAF using a TagMan® PCR probe labeled
with the fluorophore FAM that is complementary to an amplicon from a portion of the human
BRAF gene. Fluorescent drops indicate amplification of the BRAF gene from purified human
genomic DNA, while non-fluorescent drops were devoid of the gene.

[0021] FIG. 4, Panels A-B depict a binary PCR reaction to detect CTCs. Panel A:
Forward and reverse primers are encapsulated in the drops that target an oncogenic sequence. If
the oncogenic sequence is present, the PCR reaction produces double-stranded PCR products
(Panel A, upper), whereas, if it is not, no products are produced (Panel A, lower). An
intercalating stain (e.g., SybrGreen) may also be present in the drop. Panel B: If double-
stranded products are produced, the dye intercalates into them, becoming fluorescent, and
turning the drop fluorescent (Panel B, upper); by contrast, if no double-stranded products are
produced, the dye remains non-fluorescent, producing a dim drop (Panel B, lower).

[0022] FIG. 5 is an optical microscopy image of massively parallel drop formation in a
serial bisection device. DI water that does not contain cells is injected from the left. The
solution flowing in along the top and bottom arrows is HFE-7500 fluorocarbon oil with a
fluorocarbon surfactant at 2% by weight. After serial bisection, the resulting drops shown to the
far right are 25 um in diameter.

[0023] FIG. 6 is a schematic microfluidic device and data showing procedure for
droplet-based detection of CTCs. Blood cells and rare CTCs are encapsulated in microdrops
with lysis buffer containing Proteinase K. The drops are incubated at 55°C to lyse cells and
digest cellular proteins. Drops are then split to a size optimal for imaging, and the Proteinase K

is heat-inactivated. The drops are then picoinjected with PCR reagents and TagMan® probes,
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followed by thermocycling and imaging on a Megadroplet Array. CTCs are identified based on
the presence of CTC-specific transcripts, detected by multiplexed TagMan® probe fluorescence.
[0024] FIG. 7 shows relief of cell lysate-mediated inhibition of RT-PCR by proteinase K
treatment. Increasing concentrations of cells were either treated with proteinase K and lysis
buffer or lysis buffer only. Cells were then incubated at 55°C followed by 95 °C. Whole cell
lysates were added directly to RT-PCR reactions at several drop relevant concentrations. Strong
relief of lysate inhibition on PCR was seen at final cell concentrations of 1 cell per 200 pL in
Proteinase K treated lysates but not in lysis buffer only lysates. PCR products are visualized on
an ethidium bromide stained agarose gel.

[0025] FIG. 8, Panels 1-3 show an integrated microfluidic system for cell
encapsulation/dilution, lysis and drop splitting (center image). Panel 1: Co-flow module relies
on laminar flow of Proteinase K containing lysis buffer and cell suspension solutions to
encapsulate cells in drops without premature lysis or mixing of cells prior to drop formation; a
laminar flow boundary is just visible between the cell and lysis buffer streams. Panel 2: Drops
containing cells flow through a 55°C incubation channel for 20 minutes to lyse cells and digest
inhibitory proteins. Panel 3: Drops are split to allow for efficient picoinjection of 2X RT-PCR
reagents and imaging on the droplet array

[0026] FIG. 9, Panels A-C show TagMan® RT-PCR in drops following picoinjection.
Drops containing a limiting dilution of total RNA from the prostate cancer cell line PC3 were
injected with an equal volume of 2X RT-PCR reagents and a TagMan® probe targeting
EpCAM, (Panel A). Following picoinjection, drops were thermocycled and imaged for
fluorescence, (Panel B). The number of fluorescent drops was found to be in agreement with the
prediction of a Poisson distribution, demonstrating adequate sensitivity to detect single transcript
molecules in drops. Panel C: To further confirm the results, the drops from Panel B were
chemically ruptured and their contents run on an agarose gel to observe the presence of PCR
products in negative control drops that were injected without RT-PCR enzymes (-) and
experimental drops that received both RT and Taq (+). Both control reactions performed in a
tube with no picoinjection and picoinjected reactions produced bands of similar intensity,
demonstrating that the reaction efficiency was comparable. White stars mark picoinjected drops.
[0027] FIG. 10 shows detection of EpCAM transcripts from droplet encapsulated MCF7
breast cancer cells. Using the device depicted in FIG. 8, Panels 1-3, MCF7 cells were
encapsulated in drops, lysed and drops were split. Lysate containing drops were then
picoinjected with RT-PCR reagents and TagMan® probes. Drops were then thermocycled and

imaged for fluorescence. Brightfield and fluorescent channels are shown merged.
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[0028] FIG. 11 depicts digital droplet RT-PCR multiplexing with TagMan® probes.
Limiting dilutions of total RNA from both Raji cells (B-lymphocytes) and PC3 prostate cancer
cells were encapsulated in drops together with RT-PCR reagents and TagMan® probes specific
to CD45 (blue), CD44 (red) and EpCAM (green). Orange drops indicate the presence of both
CD44 and EpCAM transcripts detected by a multiplex reaction. Other probe multiplexing
combinations have also been seen (data not shown). Fluorescent channels are shown
individually as a magnified inset for the dashed box region.

[0029] FIG. 12, Panels A-C show a schematic illustration of a device for performing
multiplexed qPCR analysis on cells individually. The device consists of an array of about 10
million traps indented into a PDMS channel that sits above a thermal system (Panel A). The
height of the microfluidic channel is smaller than the diameter of the drops, causing drops to
adopt a flattened pancake shape. When a drop flows over an unoccupied indentation, it adopts a
lower, more energetically favorable, radius of curvature, leading to a force that pulls the drop
entirely into the trap (Panel B). By flowing drops as a close pack, it is ensured that all traps on
the array are occupied, as illustrated in Panel C. The entire device is thermal cycled and imaged
between cycles using a microarray scanner.

[0030] FIG. 13 depicts a Megadroplet Array for multiplexed qPCR analysis, of the type
depicted in FIG. 12, Panels A-C. Drops are pipetted and sealed in a clear glass/epoxy chamber
and fixed in place using a microfabricated well array (top). The entire chip is clamped to a metal
block and thermocycled using Peltier heaters under the copper blocks. Thermometers, a heat
sink, a fan (top), and digital controllers are used to regulate and cycle the temperature (bottom).
Amplification is monitored in real time by imaging the array through the transparent plates that
make up the top of the device.

[0031] FIG. 14, Panels A-B depict the use of a one-color flow-cytometer used to detect
PCR amplification products in drops, via fluorescence. Panel A: Schematic of detector,
consisting of a 488 nm laser directed into the back of an objective, and focused onto a
microfluidic channel through which the droplets flow. The laser excites fluorescent dyes within
the drops, and any emitted light is captured by the objective and imaged onto a photomultiplier
tube (PMT) after it is filtered through a dichroic mirror and 520 + 5 nm band pass filter. Panel
B: The drops appear as peaks in intensity as a function of time, as shown by the output voltage
of a PMT, which is proportional to the intensity of the emitted light, as a function of time for
detected fluorescent drops.

[0032] FIG. 15, Panels A-C show a schematic of device setup. Panel A: Drops, spacer
oil, and 1 M NaCl are introduced to the PDMS device via syringe pumps. The picoinjection

fluid is introduced using an air pressure control pump. Electrodes from the high voltage
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amplifier are connected to a wire submerged in the picoinjection fluid and to the metal needle of
the syringe containing the 1 M NaCl “Faraday Mote.” Panel B: A magnified view of the
droplet spacer and picoinjection site. Panel C: Further magnified view of the picoinjection site
showing the fluid bulge at the injection orifice.

[0033] FIG. 16, Panels A-B show bright field microscopy images of the picoinjection
site. In the absence of an electric field (Panel A), surfactants prevent coalescence with the
injection fluid and a distinct boundary is visible at the droplet/injection fluid interface. When the
electric field is applied, the boundary disappears and reagent is injected as the droplet passes
(Panel B).

[0034] FIG. 17, Panels A-C show the volume fraction increase (Vf) of drop size after
injection for (Panel A) 100 mM, (Panel B) 50 mM, and (Panel C) 25 mM injection fluids. A
stronger electric field more readily ruptures the oil/water interfaces allowing injection over a
larger length of the passing droplets, and larger injection volumes. Higher molarities of
dissolved electrolytes produce stronger electric fields at the injection site for a given voltage,
also increasing injection volume. The error bars represent 1 standard deviation in either direction
for >1200 drops sampled at each point.

[0035] FIG. 18 is a heat map showing injection volume as a function of applied voltage
and the molarity of dissolved NaCl in the injection fluid. Arrows/ticks indicate data points. The
injection volume can be adjusted in the range of 0 — 36 pL. with a resolution of ~2.6 pL. 5 (4%
Vi) with 100V increments of the applied signal. The largest injected volumes were 3000 V with
the 100 mM fluid. Increasing electric field above this allows for electrowetting, causing drops to
spontaneously form at the picoinjector, adversely affecting injection efficacy and consistency.
[0036] FIG. 19 shows ethidium bromide stained 2% agarose gel. Total RNA isolated
from an MCF7 human cell line was encapsulated in drops and picoinjected with an RT-PCR
reaction mixture either with (+) or without 50 (-) reverse transcriptase (RT) and Taqg DNA
polymerase. Non-emulsified control reactions were performed in parallel. Only reactions
receiving enzyme generated the expected 100 bp amplicon. Both positive control and
picoinjected reactions produced PCR products, demonstrating that the electric field generated
during picoinjection is 55 biologically compatible with DNA, reverse transcriptase, and Tagq.
[0037] FIG. 20, Panels A-B show adding reagents via multiple droplet coalescence.
Panel A: A schematic of a microfluidic device for adding reagents via multiple droplet
coalescence. The reagent to add is introduced from below, along with oil, into a very small drop
maker. This leads to the production of a train of very small drops at a high frequency. The drops
to which the reagent is to be added are injected, spaced by oil, from the left and then the streams

combine where the channel intersects with the outlet of the tiny drop maker. Because the reagent
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drops are much smaller than the target drops, they are introduced at a high rate frequency, and so
many (tens or more) of these drops are injected for every one target drop. Due to their small size
they flow faster than the larger drops and collect behind them so that, by the time the reach the
electrode channels they are in contact and can be coalesced by the electric field. Panel B:
Close-up of the coalescence region in such a microfluidic device. Drops flow from left to the
right. A train of tiny droplets form behind the droplet to which they are to be added. Once the
tiny droplets and the droplet pass through the coalescence region, the electrodes cause the tiny
droplets to merge into the droplet. The resulting output on the right is a droplet that contains the
reagent(s) that were present in the tiny droplets.

[0038] FIG. 21 shows a schematic of a microfluidic device whereby a microdroplet may
be purified. That is, a majority of the fluid in the drop is replaced it with a purified solution,
without removing any discrete reagents that may be encapsulated in the drop, such a cells or
beads. The microdroplet is first injected with a solution to dilute any impurities within it. The
diluted microdroplet is then flowed through a microfluidic channel on which an electric field is
being applied using electrodes. Due to the dielectrophoretic forces generated by the field, as the
cells or other discrete reagents pass through the field they will be displaced in the flow. The
drops are then split, so that all the objects end up in one microdroplet. Accordingly, the initial
microdroplet has been washed, in that the contaminants may be removed while the presence
and/or concentration of discrete reagents, such as beads or cells, that may be encapsulated within
the droplet are maintained in the resulting microdroplet.

[0039] FIG. 22, Panels A-B show sorting. Droplets enter from the right and flow to the
left, passing by the electrodes. The drops are thus sorted on the presence (Panel A; droplets flow
into the top output) or absence of a particular property (Panel B; droplets flow into the bottom
output).

[0040] FIG. 23 shows a schematic of a coalescence process, starting with the formation
of double emulsions (1E2) from a reinjected single emulsion (E1) in a hydrophilic channel (top,
left). These are turned into triple emulsions (E3) at a hydrophobic junction (bottom, left), which
are then coalesced using an electric field into an inverted E2 (E2’°, bottom, right).

[0041] FIG. 24, Panels A-D show microscope images of (a) double emulsions (E2)
formation, (b) triple emulsion (E3) formation, (c) E3 coalescence, and (d) the final inverted E2
(E2’) products. The scale bar applies to all images.

[0042] FIG. 25, Panels A-B show two fast-camera time series showing E3 coalescence
into E2°. The oil shell of the inner E1 is false-colored blue.

[0043] FIG. 26, Panels A-C show microfluidic devices and digital RT-PCR workflow
used in the study of Example 5. (A) Drops containing RNA and RT-PCR reagents are created
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with a microfluidic T-junction and carrier oil. Brightfield microscopy images of the drop
formation are shown below, the middle image showing the generation of one population of
drops from a single reaction mixture, and the lower the generation of two populations from two
mixtures. (B) After formation, the drops are picoinjected with reverse transcriptase using a
picoinjection channel triggered by an electric field, applied by an electrode channel immediately
opposite the picoinjector. (C) The picoinjected drops are collected into a tube, thermocycled, and
imaged with a fluorescent microscope.

[0044] FIG. 27, Panels A-C show digital RT-PCR TagMan® assays in microfluidic
drops following picoinjection of reverse transcriptase. (A) Control RT-PCR reactions containing
PC3 cell total RNA were emulsified on a T-junction drop maker, thermocycled, and imaged.
FAM (green) fluorescence indicates TagMan® detection of an EpCAM transcript and Cy5 (red)
indicates detection of CD44 transcripts. Brightfield images (BF) of the same drops are shown in
the image panel on the far right. (B) RT-PCR reactions lacking reverse transcriptase were
emulsified on a T-junction drop maker and subsequently picoinjected with reverse transcriptase.
Picoinjection fluid is pictured as dark gray in the schematic diagram on the left. Brightfield
images demonstrate that the drops roughly doubled in size after picoinjection. (C) RT-PCR
reactions subjected to picoinjection omitting the reverse transcriptase show no TagMan® signal
for EpCAM and CD44, demonstrating the specificity of the TagMan® assay. The red arrows
indicate the direction of emulsion flow in the illustrations. Scale bars = 100 pm.

[0045] FIG. 28, Panels A-B show a comparison of digital RT-PCR detection rates
between control drops and drops that were picoinjected with reverse transcriptase. (A) Scatter
plots of FAM and CyS5 drop intensities for a control sample (left) and picoinjected sample
(right). The gating thresholds used to label a drop as positive or negative for TagMan® signal
are demarcated by the lines, and divide the scatter plot into quadrants, (—,—), (—4), (+,-), (+,+).
(B) The bar graph shows the average TagMan® positive drop count with picoinjection relative
to the normalized count for CD44 and EpCAM TagMan® assays for control populations. The
data represent the average of four independent experimental replicates.

[0046] FIG. 29, Panels A-B shows that picoinjection enables analysis of discrete drop
populations. (A) Non-picoinjected drops. Control RT-PCR reactions containing mixed PC3 cell
total RNA and Raji cell total RNA were emulsified with a T-junction drop maker, thermocycled,
and imaged. Merged FAM and HEX fluorescent images are shown with FAM (green)
fluorescence indicating TagMan® detection of an EpCAM transcript and HEX (red) indicating
the presence of PIPRC transcripts. The yellow drops indicate the presence of multiplexed
TaqgMan® assays, where EpCAM and PTPRC transcripts were co-encapsulated in the same
drop. The brightfield images (BFF) are shown in the panel on the right. (B) Picoinjected drops.
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A double T-junction drop maker simultaneously created two populations of drops that were
immediately picoinjected. One drop maker created drops containing only Raji cell RNA, and the
other drops containing only PC3 cell RNA. Both drop types initially lack reverse transcriptase,
which is added via picoinjection just downstream of the drop makers. The overwhelming
majority of drops display no multiplexing, demonstrating that transfer of material during
picoinjection is very rare. The red arrows indicate the direction of emulsion flow in the
illustrations. Scale bars = 100 wm.

[0047] FIG. 30, Panels A-B shows a dual transcript detection analysis, indicating
minimal cross-contamination during picoinjection. (A) Scatter plots of FAM and HEX drop
intensities for a co-encapsulated control sample (left) and dual population picoinjected sample
(right). Using this analysis, large numbers of TagMan® multiplexed drops were identified in the
co-encapsulated controls that were virtually absent in the dual population picoinjected drops
(upper right quadrants of gated scatter plots). (B) A bar graph of different bright drop
populations relative to the total bright count for co-encapsulation control and for dual population
picoinjection. The data represent the average of three experimental replicates.

[0048] FIG. 31 Panels A-B shows that dual populations of RNA drops can be stored
offline and picoinjected at a later time. (A) An emulsion was made consisting of two
populations of drops, one containing RNA recovered from Raji cells, and the other from PC3
cells. The drops were collected into a syringe, incubated off chip, and then re-introduced into a
microfluidic device to picoinject. The drops were then collected, thermocycled, and imaged.
These drops are somewhat more polydisperse and displayed higher multiplexing rates (1%) than
the drops picoinjected on the same device on which they were formed, which is most likely due
to merger of some of the drops during incubation and reinjection. The ability to reinject
emulsions following incubation to add reagents may be important for numerous droplet-based
molecular biology assays. (B) Brightfield images of picoinjected emulsions. Scale bars = 100
pm.

[0049] FIG. 32 shows an embodiment of a single cell RT-PCR microfluidic device as
described herein.

[0050] FIG. 33 shows the effect of including ridge structures in a microfluidic device
channel downstream of a droplet forming junction. A T-junction drop maker without ridges is
shown to the left. As the flow rate ratio is increased, the drop maker stops forming drops and
instead forms a long jet. This is due to the jet wetting the channel walls and adhering, preventing
the formation of drops. On the right, a similar T-junction is shown with ridge structures. The
ridges trap a suitable phase, e.g., a hydrophobic oil phase, near the walls, making it difficult for
the aqueous phase to wet. This allows the device to form drops at much higher flow rate ratios
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before it eventually wets at R=0.9. This shows that inclusion of the ridges allows the drop maker
to function over a much wider range than if the ridges are omitted. The channel widths are 30
microns and the peaks of the ridges are about 5-10 microns. The top and bottom sets of images
correspond to experiments performs with different microfluidic devices.

[0051] FIG. 34 provides a flow diagram showing a general fabrication scheme for an
embodiment of a liquid electrode as described herein.

[0052] FIG. 35 provides a sequence of three images taken at different times as an
electrode channel is being filled with salt water (time course proceeds from left to right; Panels
A-C). The salt water is introduced into the inlet of the channel and pressurized, causing it to
slowly fill the channel. The air that is originally in the channel is pushed into the PDMS so that,
by the end, it is entirely filled with liquid.

[0053] FIG. 36 shows electric field lines simulated for various liquid electrode
configurations. The simulations are of positive and ground electrodes showing equipotential
lines for three different geometries.

[0054] FIG. 37 provides two images of a droplet merger device that merges large drops
with small drops utilizing liquid electrodes. To merge the drops, an electric field is applied using
a salt-water electrode. When the field is off, no merger occurs (right) and when it is on, the
drops merge (left).

[0055] FIG. 38 provides two different views of a three dimensions schematic showing a
device which may be used to encapsulate single emulsions in double emulsions. It includes a
channel in which the single emulsions are introduced, which channel opens up into a large
channel in which additional aqueous phase is added. This focuses the injected drops through an
orifice, causing them to be encapsulated in oil drops and forming water-in-oil-in-water double
emulsions.

[0056] FIG. 39 provides two schematics of PDMS slabs that may be used to construct a
double emulsification device. The slab on the left has channels with two heights — short channels
for the droplet reinjection and constriction channels (see previous Figure) and tall channels for
the aqueous phase and outlets. The slab on the right has only the tall channels. To complete the
device, the slabs are aligned and sealed together so that the channels are facing. The devices are
bonded using plasma oxidation.

[0057] FIG. 40 provides a microscope image of a double emulsification device
encapsulating a reinjected single emulsions in double emulsions. The reinjected single
emulsions enter from above and are encapsulated in the constriction shown in the center of the
device. They then exit as double emulsions, four of which are shown towards the bottom of the

device.
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[0058] FIG. 41 provides fluorescent microscope images of fluorescent double
emulsions. The image on the left shows double emulsions formed by shaking the fluids, which
results in a large amount of polydispersity and a small number of drops of the appropriate size
for FACS sorting. The image on the right shows double emulsions made with the microfluidic
process disclosed herein, which are much more monodisperse.

[0059] FIG. 42 provides a histogram of the drop areas for shaken vs. device-created
double emulsions. The device-created double emulsions are much more monodisperse, as
demonstrated by the peak.

[0060] FIG. 43 shows FACS fluorescence and scattering data for microfluidic device
generated double emulsions according to the present disclosure. The upper plot shows the
intensity histogram of the population as measured with the FITC channel (~520 nm) of the
FACS. The plots below show the forward and side scattering of the drops, gated according to
FITC signal.

[0061] FIG. 44 shows FACS fluorescence and scattering data for shaken double
emulsions. The upper plot shows the intensity histogram of the population as measured with the
FITC channel (~520 nm) of the FACS. The plots below show the forward and side scattering of
the drops, gated according to FITC signal.

[0062] FIG. 45 provides a histogram of droplet intensity as read out with the FACS
(FITC channel) for four different concentrations of encapsulated dye. The dye is composed of
fluorescently-labeled BSA.

[0063] FIG. 46 shows the results of an experiment designed to test the detection rate of
the FACS-run drops. Two populations of drops were created, one with labeled BSA fluorescent
at 520 nm, and another with BSA fluorescent at 647 nm. The two populations were then mixed
in defined ratios and the samples were run on FACS. The measured ratio was found to agree
with the known ratio, demonstrating that the FACS measurements are accurate over this range.
[0064] FIG. 47 shows emulsions containing three different concentrations of DNA. All
drops contain TagMan® probes for the DNA target, but the target is encapsulated at limiting
concentration, so that only the drops that get a target undergo amplification. When the target
concentration is reduced, the fraction of fluorescent drops goes down. The lower plots show the
drops after being encapsulated in double emulsions and screed on FACS.

[0065] FIG. 48 shows emulsions containing three concentrations of DNA lower than
those in the previous Figure. All drops contain TagMan® probes for the DNA target, but the
target is encapsulated at limiting concentration, so that only the drops that get a target undergo

amplification. When the target concentration is reduced, the fraction of fluorescent drops goes
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down. The lower plots show the drops after being encapsulated in double emulsions and screed
on FACS.

[0066] FIG. 49 shows emulsions as for FIGs. 47 and 48 at the lowest DNA
concentration of the three Figures. The lower plot shows the drops after being encapsulated in
double emulsions and screed on FACS.

[0067] FIG. 50 shows a plot of the detected number of positives by FACS analysis of
double emulsions plotted versus the number of positives detected by imaging the drops before
double emulsification using a fluorescent microscope. The results agree with one another over
the two decades tested.

[0068] FIG. 51 provides a plot showing the fraction of drops that are positive as a
function of the log-2 concentration. As the concentration of DNA goes up, more drops become
fluorescent because more of them contain at least a single molecule.

[0069] FIG. 52 provides images showing drops in which a TagMan® PCR reaction has
been performed with encapsulated Azospira. The upper images correspond to a reaction in
which a 110 bp amplicon was produced, whereas the lower images correspond to a 147 bp
amplicon.

[0070] FIG. 53 shows a picture of a gel showing bands corresponding to the amplicons
of two TagMan® PCR reactions, one for a 464 bp amplicon and one for a 550 bp amplicon.
[0071] FIG. 54 shows a picture of a gel validating that PCR reactions can be
multiplexed by adding multiple primer sets to a sample containing bacteria.

[0072] FIG. 55 shows results for the PCR amplification of Azospira amplicons (left) and

FACS analysis of Azospira containing double emulsions (right).

DETAILED DESCRIPTION

[0073] Methods for the detection of components from biological samples are provided.
In certain aspects, the methods may be used to detect and/or quantify specific components in a
biological sample, such as tumor cells (e.g., circulating tumor cells). Systems and devices for
use in practicing methods of the invention are also provided.

[0074] The subject methods and devices may find use in a wide variety of applications,
such as the detection of cancer, detection of aneuploidy from DNA circulating in a mother’s
blood stream, monitoring disease progression, analyzing the DNA or RNA content of cells, and
a variety of other applications in which it is desired to detect and/or quantify specific
components in a biological sample.

[0075] Before the present invention is described in greater detail, it is to be understood

that this invention is not limited to particular embodiments described, and as such may, of
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course, vary. It is also to be understood that the terminology used herein is for the purpose of
describing particular embodiments only, and is not intended to be limiting, since the scope of the
present invention will be limited only by the appended claims.

[0076] Where a range of values is provided, it is understood that each intervening value,
to the tenth of the unit of the lower limit unless the context clearly dictates otherwise, between
the upper and lower limits of that range is also specifically disclosed. Each smaller range
between any stated value or intervening value in a stated range and any other stated or
intervening value in that stated range is encompassed within the invention. The upper and lower
limits of these smaller ranges may independently be included or excluded in the range, and each
range where either, neither or both limits are included in the smaller ranges is also encompassed
within the invention, subject to any specifically excluded limit in the stated range. Where the
stated range includes one or both of the limits, ranges excluding either or both of those included
limits are also included in the invention.

[0077] Unless defined otherwise, all technical and scientific terms used herein have the
same meaning as commonly understood by one of ordinary skill in the art to which this
invention belongs. Although any methods and materials similar or equivalent to those described
herein can be used in the practice or testing of the present invention, some potential and
exemplary methods and materials may now be described. Any and all publications mentioned
herein are incorporated herein by reference to disclose and describe the methods and/or
materials in connection with which the publications are cited. It is understood that the present
disclosure supersedes any disclosure of an incorporated publication to the extent there is a
contradiction.

[0078] It must be noted that as used herein and in the appended claims, the singular
forms "a", "an", and "the" include plural referents unless the context clearly dictates otherwise.
Thus, for example, reference to "a microdroplet” includes a plurality of such microdroplets and
reference to "the microdroplet" includes reference to one or more microdroplets, and so forth.
[0079] It is further noted that the claims may be drafted to exclude any element which
may be optional. As such, this statement is intended to serve as antecedent basis for use of such
exclusive terminology as “solely”, “only” and the like in connection with the recitation of claim
elements, or the use of a “negative” limitation.

[0080] The publications discussed herein are provided solely for their disclosure prior to
the filing date of the present application. Nothing herein is to be construed as an admission that
the present invention is not entitled to antedate such publication by virtue of prior invention.
Further, the dates of publication provided may be different from the actual publication dates

which may need to be independently confirmed. To the extent such publications may set out
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definitions of a term that conflict with the explicit or implicit definition of the present disclosure,
the definition of the present disclosure controls.

[0081] As will be apparent to those of skill in the art upon reading this disclosure, each
of the individual embodiments described and illustrated herein has discrete components and
features which may be readily separated from or combined with the features of any of the other
several embodiments without departing from the scope or spirit of the present invention. Any

recited method can be carried out in the order of events recited or in any other order which is

logically possible.
METHODS
[0082] As summarized above, aspects of the invention include methods for the detection

of components from biological samples. Aspects include methods for the detection,
quantification, and/or genotyping of cells, e.g. normal cells (i.e., non-tumor cells), tumor cells or
CTCs.

[0083] As used herein, the phrase “biological sample” encompasses a variety of sample
types obtained from an individual and can be used in a diagnostic or monitoring assay. The
definition encompasses blood and other liquid samples of biological origin, solid tissue samples
such as a biopsy specimen or tissue cultures or cells derived therefrom and the progeny thereof.
The definition also includes samples that have been manipulated in any way after their
procurement, such as by treatment with reagents, solubilization, or enrichment for certain
components, such as polynucleotides. The term “biological sample” encompasses a clinical
sample, and also includes cells in culture, cell supernatants, cell lysates, cells, serum, plasma,
biological fluid, and tissue samples. “Biological sample” includes cells; biological fluids such as
blood, cerebrospinal fluid, semen, saliva, and the like; bile; bone marrow; skin (e.g., skin
biopsy); and antibodies obtained from an individual.

[0084] As described more fully herein, in various aspects the subject methods may be
used to detect a variety of components from such biological samples. Components of interest
include, but are not necessarily limited to, cells (e.g., circulating cells and/or circulating tumor
cells), polynucleotides (e.g., DNA and/or RNA), polypeptides (e.g., peptides and/or proteins),
and many other components that may be present in a biological sample.

[0085] “Polynucleotides” or “oligonucleotides” as used herein refer to linear polymers of
nucleotide monomers, and may be used interchangeably. Polynucleotides and oligonucleotides
can have any of a variety of structural configurations, e.g., be single stranded, double stranded,
or a combination of both, as well as having higher order intra- or intermolecular

secondary/tertiary structures, e.g., hairpins, loops, triple stranded regions, etc. Polynucleotides
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typically range in size from a few monomeric units, e.g. 5-40, when they are usually referred to
as “oligonucleotides,” to several thousand monomeric units. Whenever a polynucleotide or
oligonucleotide is represented by a sequence of letters (upper or lower case), such as
"ATGCCTG," it will be understood that the nucleotides are in 5'—3' order from left to right and
that "A" denotes deoxyadenosine, "C" denotes deoxycytidine, "G" denotes deoxyguanosine, and
"T" denotes thymidine, “I” denotes deoxyinosine, “U” denotes uridine, unless otherwise
indicated or obvious from context. Unless otherwise noted the terminology and atom
numbering conventions will follow those disclosed in Strachan and Read, Human Molecular

Genetics 2 (Wiley-Liss, New York, 1999).

[0086] The terms “polypeptide,” “peptide,” and “protein,” used interchangeably herein,
refer to a polymeric form of amino acids of any length. NH, refers to the free amino group
present at the amino terminus of a polypeptide. COOH refers to the free carboxyl group present
at the carboxyl terminus of a polypeptide. In keeping with standard polypeptide nomenclature, J.
Biol. Chem., 243 (1969), 3552-3559 is used.

[0087] In certain aspects, methods are provided for counting and/or genotyping cells,
including normal cells or tumor cells, such as CTCs. A feature of such methods is the use of
microfluidics.

[0088] FIG. 1 presents a non-limiting, simplified representation of one type of a
microfluidics system and method of the present disclosure. The particular application depicted
in FIG. 1 is the detection and/or genotyping of cells, e.g., tumor cells, from a biological sample.
In one such method, nucleated blood cells may be obtained from a biological sample from a
subject. The nucleated blood cells are encapsulated into individual drops using an encapsulation
device (left). The drops may then be injected with a lysis buffer and incubated at conditions that
accelerate cell lysis (e.g., at 37°C). The drops may be injected with a PCR mix that includes one
or more primers targeting characteristic oncogenic mutations (center). The drops containing the
PCR mix may be flowed through a channel that incubates the droplets under conditions effective
for PCR. In the figure, this is achieved by flowing the drops through a channel that snakes over
various zones maintained at 65°C and 95°C. As the drops move through the zones, their
temperature cycles, as needed for PCR. During the PCR reaction, if a droplet contains a genome
of a cell with a mutation for which the primer(s) are designed to detect, amplification is initiated.
The presence of these particular PCR products may be detected by, for example, a fluorescent
output that turns the drop fluorescent (FIGS. 3-4). The drops may thus be scanned, such as by
using flow cytometry, to detect the presence of fluorescent drops (FIG. 14, Panels A-B). In
certain aspects, the drops may also be sorted using, for example, droplet sorting to recover drops

of interest (right). Using the nomenclature of the current disclosure, the steps described above
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are thus performed “under microfluidic control.” That is, the steps are performed on one or
more microfluidics devices.

[0089] FIG. 2, Panels A-E depict a microfluidics system involving many of the general
principles and steps described above. Here, yeast cells (black specks) enter from the far left and
are encapsulated into drops, shown at low (4x objective; Panel A) and high magnification (10x
objective; Panel B). The drops are incubated to allowing the yeast to secrete their product
(Panel C); this produces a fluorescent compound in the drops, so that drops containing efficient
producers quickly become fluorescent (Panel D). The drops are then sorted to extract the most
efficient yeast using a microfluidic sorter (Panel E).

[0090] Encapsulating a component from a biological sample may be achieved by any
convenient means. FIG. 5 presents but one possible example, in which droplets are formed in a
massively parallel fashion a serial bisection device. For instance, cell-containing solution may
be injected from the left and formed into large drops, which flow into the serial bisection array
and are split into small drops; drops shown to the far right are 25 mm in diameter.
Encapsulation approaches of interest also include, but are not limited to, hydrodynamically-
triggered drop formation and those described by Link, et al., Phys. Rev. Lett. 92, 054503 (2004),
the disclosure of which is incorporated herein by reference.

[0091] As evidenced by FIGS. 1, 4, and 6, a feature of certain methods of the present
disclosure is the use of a polymerase chain reaction (PCR)-based assay to detect the presence of
certain oligonucleotides and/or oncogene(s) present in cells. Examples of PCR-based assays of
interest include, but are not limited to, quantitative PCR (qPCR), quantitative fluorescent PCR
(QF-PCR), multiplex fluorescent PCR (MF-PCR), real time PCR (RT-PCR), single cell PCR,
PCR-RFLP/RT-PCR-RFLP, hot start PCR, nested PCR, in situ polony PCR, in situ rolling circle
amplification (RCA), bridge PCR, picotiter PCR and emulsion PCR. Other suitable
amplification methods include the ligase chain reaction (LCR), transcription amplification, self-
sustained sequence replication, selective amplification of target polynucleotide sequences,
consensus sequence primed polymerase chain reaction (CP-PCR), arbitrarily primed polymerase
chain reaction (AP-PCR), degenerate oligonucleotide-primed PCR (DOP-PCR) and nucleic acid
based sequence amplification (NABSA).

[0092] A PCR-based assay may be used to detect the presence of certain gene(s), such as
certain oncogene(s). FIG. 4, Panels A-B depict a PCR-based assay to detect oncogenes. In this
assay, one or more primers specific to each oncogene of interest are reacted with the genome of
each cell. These primers have sequences specific to the particular oncogene, so that they will
only hybridize and initiate PCR when they are complimentary to the genome of the cell. If an

oncogene is present and the primer is a match, large many copies of the oncogene are created.
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To determine whether an oncogene is present, the PCR products may be detected through an
assay probing the liquid of the drop, such as by staining the solution with an intercalating dye,
like SybrGreen or ethidium bromide, hybridizing the PCR products to a solid substrate, such as a
bead (e.g., magnetic or fluorescent beads, such as Luminex beads), or detecting them through an
intermolecular reaction, such as FRET. These dyes, beads, and the like are each examples of a
“detection component,” a term that is used broadly and generically herein to refer to any
component that is used to detect the presence or absence of PCR product(s).

[0093] A great number of variations of these basic approaches will now be outlined in

greater detail below.

Detecting Rare Cells (e.g., Tumor Cells)

[0094] Aspects of the subject methods involve detecting the presence of one or more
subset of cells (e.g., tumor cells) in a biological sample. Such a scheme is depicted in FIG. 6.
To use this approach for the detection of tumor cells, a biological sample (e.g., whole blood)
may be recovered from a subject using any convenient means. The biological sample may be
processed to remove components other than cells using, for example, processing steps such as
centrifugation, filtration, and the like.

[0095] Each cell in the biological sample is then encapsulated into a droplet using a
microfluidic device, such as that shown in FIGS. 5 and/or 8. Using the example from FIG. 5,
the cell-containing solution is injected from the left and formed into large drops, which flow into
the serial bisection array and are split into smaller droplets. Other methods of encapsulating
cells into droplets are known in the art. Where desired, the cells may be stained with one or
more antibodies and/or probes prior to encapsulating them into drops. As used herein, the terms
“drop,” “droplet,” and “microdroplet” may be used interchangeably, to refer to tiny spheres
containing an aqueous phase, e.g., water, generally ranging from 0.1 to 1000 um in diameter,
which may be used to encapsulate cells, DNA, enzymes, and other components. Accordingly,
the terms may be used to refer to a droplet produced in, on, or by a microfluidics device.

[0096] One or more lysing agents may also be added to the droplets containing a cell,
under conditions in which the cell(s) may be caused to burst, thereby releasing their genomes.
The lysing agents may be added after the cells are encapsulated into microdroplets. Any
convenient lysing agent may be employed, such as proteinase K or cytotoxins. In particular
embodiments, cells may be co-encapsulated in drops with lysis buffer containing detergents such
as Triton X100 and/or proteinase K. The specific conditions in which the cell(s) may be caused
to burst will vary depending on the specific lysing agent used. For example, if proteinase K is

incorporated as a lysing agent, the microdroplets may be heated to about 37-60°C for about 20
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min to lyse the cells and to allow the proteinase K to digest cellular proteins, after which they
may be heated to about 95°C for about 5-10 min to deactivate the proteinase K.

[0097] In certain aspects, cell lysis may also, or instead, rely on techniques that do not
involve addition of lysing agent. For example, lysis may be achieved by mechanical techniques
that may employ various geometric features to effect piercing, shearing, abrading, etc. of cells.
Other types of mechanical breakage such as acoustic techniques may also be used. Further,
thermal energy can also be used to lyse cells. Any convenient means of effecting cell lysis may
be employed in the methods described herein.

[0098] Primers may be introduced into the droplet, for each of the genes, e.g.,
oncogenes, to be detected. Hence, in certain aspects, primers for all oncogenes may be present
in the droplet at the same time, thereby providing a multiplexed assay. The droplets are
temperature-cycled so that droplets containing cancerous cells, for example, will undergo PCR.
During this time, only the primers corresponding to oncogenes present in the genome will
induce amplification, creating many copies of these oncogenes in the droplet. Detecting the
presence of these PCR products may be achieved by a variety of ways, such as by using FRET,
staining with an intercalating dye, or attaching them to a bead. For more information on the
different options for this, see the section describing variations of the technique. The droplet may
be optically probed to detect the PCR products (FIG. 14). Optically probing the droplet may
involve counting the number of tumor cells present in the initial population, and/or to allow for
the identification the oncogenes present in each tumor cell.

[0099] The subject methods may be used to determine whether a biological sample
contains particular cells of interest, e.g., tumor cells, or not. In certain aspects, the subject
methods may include quantifying the number of cells of interest, e.g., tumor cells, present in a
biological sample. Quantifying the number of cells of interest, e.g., tumor cells, present in a
biological sample may be based at least in part on the number of microdroplets in which PCR
amplification products were detected. For example, microdroplets may be produced under
conditions in which the majority of droplets are expected to contain zero or one cells. Those
droplets that do not contain any cells may be removed, using techniques described more fully
herein. After performing the PCR steps outlined above, the total number of microdroplets that
are detected to contain PCR products may be counted, so as to quantify the number of cells of
interest, e.g., tumor cells, in the biological sample. In certain aspects, the methods may also
include counting the total number of microdroplets, so as to determine the fraction or percentage

of cells from the biological sample that are cells of interest, e.g., tumor cells.
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PCR

[00100] As summarized above, in practicing methods of the invention a PCR-based assay
may be used to detect the presence of certain genes of interest, e.g., oncogene(s), present in cells.
The conditions of such PCR-based assays may vary in one or more ways.

[00101] For instance, the number of PCR primers that may be added to a microdroplet
may vary. The term "primer" may refer to more than one primer and refers to an
oligonucleotide, whether occurring naturally, as in a purified restriction digest, or produced
synthetically, which is capable of acting as a point of initiation of synthesis along a
complementary strand when placed under conditions in which synthesis of a primer extension
product which is complementary to a nucleic acid strand is catalyzed. Such conditions include
the presence of four different deoxyribonucleoside triphosphates and a polymerization-inducing
agent such as DNA polymerase or reverse transcriptase, in a suitable buffer ("buffer" includes
substituents which are cofactors, or which affect pH, ionic strength, etc.), and at a suitable
temperature. The primer is preferably single-stranded for maximum efficiency in amplification.
[00102] The complement of a nucleic acid sequence as used herein refers to an
oligonucleotide which, when aligned with the nucleic acid sequence such that the 5" end of one
sequence is paired with the 3' end of the other, is in "antiparallel association." Complementarity
need not be perfect; stable duplexes may contain mismatched base pairs or unmatched bases.
Those skilled in the art of nucleic acid technology can determine duplex stability empirically
considering a number of variables including, for example, the length of the oligonucleotide,
percent concentration of cytosine and guanine bases in the oligonucleotide, ionic strength, and
incidence of mismatched base pairs.

[00103] The number of PCR primers that may be added to a microdroplet may range from
about 1 to about 500 or more, e.g., about 2 to 100 primers, about 2 to 10 primers, about 10 to 20
primers, about 20 to 30 primers, about 30 to 40 primers, about 40 to 50 primers, about 50 to 60
primers, about 60 to 70 primers, about 70 to 80 primers, about 80 to 90 primers, about 90 to 100
primers, about 100 to 150 primers, about 150 to 200 primers, about 200 to 250 primers, about
250 to 300 primers, about 300 to 350 primers, about 350 to 400 primers, about 400 to 450
primers, about 450 to 500 primers, or about 500 primers or more.

[00104] These primers may contain primers for one or more gene of interest, e.g.
oncogenes. The number of primers for genes of interest that are added may be from about one
to 500, e.g., about 1 to 10 primers, about 10 to 20 primers, about 20 to 30 primers, about 30 to
40 primers, about 40 to 50 primers, about 50 to 60 primers, about 60 to 70 primers, about 70 to
80 primers, about 80 to 90 primers, about 90 to 100 primers, about 100 to 150 primers, about
150 to 200 primers, about 200 to 250 primers, about 250 to 300 primers, about 300 to 350
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primers, about 350 to 400 primers, about 400 to 450 primers, about 450 to 500 primers, or about
500 primers or more. Genes and oncogenes of interest include, but are not limited to, BAX,
BCL2L1, CASPS, CDK4, ELK1, ETS1, HGF, JAK2, JUNB, JUND, KIT, KITLG, MCL1,
MET, MOS, MYB, NFKBIA, EGFR, Myc, EpCAM, NRAS, PIK3CA, PML, PRKCA, RAF1,
RARA, REL, ROS1, RUNX1, SRC, STAT3, CD45, cytokeratins, CEA, CD133, HER2, CD44,
CD49f, CD146, MUC1/2, and ZHX?2.

[00105] Such primers and/or reagents may be added to a microdroplet in one step, or in
more than one step. Por instance, the primers may be added in two or more steps, three or more
steps, four or more steps, or five or more steps. Regardless of whether the primers are added in
one step or in more than one step, they may be added after the addition of a lysing agent, prior to
the addition of a lysing agent, or concomitantly with the addition of a lysing agent. When added
before or after the addition of a lysing agent, the PCR primers may be added in a separate step
from the addition of a lysing agent.

[00106] Once primers have been added to a microdroplet, the microdroplet may be
incubated under conditions allowing for PCR. The microdroplet may be incubated on the same
microfluidic device as was used to add the primer(s), or may be incubated on a separate device.
In certain embodiments, incubating the microdroplet under conditions allowing for PCR
amplification is performed on the same microfluidic device used to encapsulate the cells and
lyse the cells. Incubating the microdroplets may take a variety of forms. In certain aspects, the
drops containing the PCR mix may be flowed through a channel that incubates the droplets
under conditions effective for PCR. Flowing the microdroplets through a channel may involve a
channel that snakes over various temperature zones maintained at temperatures effective for
PCR. Such channels may, for example, cycle over two or more temperature zones, wherein at
least one zone is maintained at about 65°C and at least one zone is maintained at about 95°C. As
the drops move through such zones, their temperature cycles, as needed for PCR. The precise
number of zones, and the respective temperature of each zone, may be readily determined by
those of skill in the art to achieve the desired PCR amplification.

[00107] In other embodiments, incubating the microdroplets may involve the use of a
device of the general types depicted in FIG. 12, Panels A-C, and FIG. 13; a device of this
general type may be referred to herein as a “Megadroplet Array.” In such a device, an array of
hundreds, thousands, or millions of traps indented into a channel (e.g., a PDMS channel) sit
above a thermal system (FIG. 12, Panel A). The channel may be pressurized, thereby preventing
gas from escaping. The height of the microfluidic channel is smaller than the diameter of the
drops, causing drops to adopt a flattened pancake shape. When a drop flows over an unoccupied

indentation, it adopts a lower, more energetically favorable, radius of curvature, leading to a
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force that pulls the drop entirely into the trap (FIG. 12, Panel B). By flowing drops as a close
pack, it is ensured that all traps on the array are occupied, as illustrated in FIG. 12, Panel C. The
entire device may be thermal cycled using a heater.

[00108] In certain aspects, the heater includes a Peltier plate, heat sink, and control
computer. The Peltier plate allows for the heating or cooling of the chip above or below room
temperature by controlling the applied current. To ensure controlled and reproducible
temperature, a computer may monitor the temperature of the array using integrated temperature
probes, and may adjust the applied current to heat and cool as needed. A metallic (e.g2. copper)
plate allows for uniform application of heat and dissipation of excess heat during cooling cycles,
enabling cooling from about 95°C to about 60°C in under about one minute.

[00109] Methods of the invention may also include introducing one or more probes to the
microdroplet. As used herein with respect to nucleic acids, the term "probe™ refers to a labeled
oligonucleotide which forms a duplex structure with a sequence in the target nucleic acid, due to
complementarity of at least one sequence in the probe with a sequence in the target region. The
probe, preferably, does not contain a sequence complementary to sequence(s) used to prime the
polymerase chain reaction. The number of probes that are added may be from about one to 500,
e.g., about 1 to 10 probes, about 10 to 20 probes, about 20 to 30 probes, about 30 to 40 probes,
about 40 to 50 probes, about 50 to 60 probes, about 60 to 70 probes, about 70 to 80 probes,
about 80 to 90 probes, about 90 to 100 probes, about 100 to 150 probes, about 150 to 200
probes, about 200 to 250 probes, about 250 to 300 probes, about 300 to 350 probes, about 350 to
400 probes, about 400 to 450 probes, about 450 to 500 probes, or about 500 probes or more.
The probe(s) may be introduced into the microdroplet prior to, subsequent with, or after the
addition of the one or more primer(s). Probes of interest include, but are not limited to,
TagMan® probes (e.g., as described in Holland, P. M.; Abramson, R. D.; Watson, R.; Gelfand,
D. H. (1991). "Detection of specific polymerase chain reaction product by utilizing the 5'----3'
exonuclease activity of Thermus aquaticus DNA polymerase”. PNAS, 88 (16): 7276-7280).
[00110] In certain embodiments, an RT-PCR based assay may be used to detect the
presence of certain transcripts of interest, e.g., oncogene(s), present in cells. In such
embodiments, reverse transcriptase and any other reagents necessary for cDNA synthesis are
added to the microdroplet in addition to the reagents used to carry out PCR described herein
(collectively referred to as the “RT-PCR reagents™). The RT-PCR reagents are added to the
microdroplet using any of the methods described herein. Once reagents for RT-PCR have been
added to a microdroplet, the microdroplet may be incubated under conditions allowing for
reverse transcription followed by conditions allowing for PCR as described herein. The

microdroplet may be incubated on the same microfluidic device as was used to add the RT-PCR
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reagents, or may be incubated on a separate device. In certain embodiments, incubating the
microdroplet under conditions allowing for RT-PCR is performed on the same microfluidic
device used to encapsulate the cells and lyse the cells.

[00111] In certain embodiments, the reagents added to the microdroplet for RT-PCR or
PCR further includes a fluorescent DNA probe capable of detecting real-time RT-PCR or PCR
products. Any suitable fluorescent DNA probe can be used including, but not limited to SYBR
Green, TagMan®, Molecular Beacons and Scorpion probes. In certain embodiments, the
reagents added to the microdroplet include more than one DNA probe, e.g., two fluorescent
DNA probes, three fluorescent DNA probes, or four fluorescent DNA probes. The use of
multiple fluorescent DNA probes allows for the concurrent measurement of RT-PCR or PCR

products in a single reaction.

Double PCR

[00112] To amplify rare transcripts, a microdroplet that has undergone a first-step R'T-
PCR or PCR reaction as described herein may be further subjected to a second step PCR
reaction. In some embodiments, a portion of a microdroplet that has undergone a first-step RT-
PCR or PCR reaction is extracted from the microdroplet and coalesced with a droplet containing
additional PCR reagents, including, but not limited to enzymes (e.g. DNA polymerase), DNA
probes (e.g. fluorescent DNA probes) and primers. In certain embodiments, the droplet
containing the additional PCR reagents is larger than the microdroplet that has undergone the
first step RT-PCR or PCR reaction. This may be beneficial, for example, because it allows for
the dilution of cellular components that may be inhibitory to the second step PCR. The second
step PCR reaction may be carried out on the same microfluidic device used to carry out the first-
step reaction or on a different microfluidic device.

[00113] In some embodiments, the primers used in the second step PCR reaction are the
same primers used in the first step RT-PCR or PCR reaction. In other embodiments, the primers

used in the second step PCR reaction are different than the primers used in the first step reaction.

Multiplexing

[00114] In certain embodiments of the subject methods, multiple biomarkers may be
detected and analyzed for a particular cell. Biomarkers detected may include, but are not limited
to, one or more proteins, transcripts and/or genetic signatures in the cell’s genome or
combinations thereof. With standard fluorescence based detection, the number of biomarkers
that can be simultaneously interrogated may be limited to the number of fluorescent dyes that

can be independently visualized within each microdrop. In certain embodiments, the number of
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biomarkers that can be individually detected within a particular microdroplet can be increased.
For example, this may be accomplished by segregation of dyes to different parts of the
microdroplet. In particular embodiments, beads (e.g. LUMINEX® beads) conjugated with dyes
and probes (e.g., nucleic acid or antibody probes) may be encapsulated in the microdroplet to
increase the number of biomarkers analyzed. In another embodiment, fluorescence polarization
may be used to achieve a greater number of detectable signals for different biomarkers for a
single cell. For example, fluorescent dyes may be attached to various probes and the
microdroplet may be visualized under different polarization conditions. In this way, the same
colored dye can be utilized to provide a signal for different probe targets for a single cell. The
use of fixed and/or permeabilized cells (as discussed in greater detail below) also allows for
increased levels of multiplexing. For example, labeled antibodies may be used to target protein
targets localized to cellular components while labeled PCR and/or RT-PCR products are free
within a microdroplet. This allows for dyes of the same color to be used for antibodies and for

amplicons produced by RT-PCR.

Types of Microdroplets

[00115] In practicing the methods of the present invention, the composition and nature of
the microdroplets may vary. Dor instance, in certain aspects, a surfactant may be used to
stabilize the microdroplets. Accordingly, a microdroplet may involve a surfactant stabilized
emulsion. Any convenient surfactant that allows for the desired reactions to be performed in the
drops may be used. In other aspects, a microdroplet is not stabilized by surfactants or particles.
[00116] The surfactant used depends on a number of factors such as the oil and aqueous
phases (or other suitable immiscible phases, e.g., any suitable hydrophobic and hydrophilic
phases) used for the emulsions. For example, when using aqueous droplets in a fluorocarbon
oil, the surfactant may have a hydrophilic block (PEG-PPO) and a hydrophobic fluorinated
block (Krytox FSH). If, however, the oil was switched to be a hydrocarbon oil, for example, the
surfactant would instead be chosen so that it had a hydrophobic hydrocarbon block, like the
surfactant ABIL. EM90. In selecting a surfactant, desirable properties that may be considered in
choosing the surfactant may include one or more of the following: (1) the surfactant has low
viscosity; (2) the surfactant is immiscible with the polymer used to construct the device, and
thus it doesn’t swell the device; (3) biocompatibility; (4) the assay reagents are not soluble in the
surfactant; (5) the surfactant exhibits favorable gas solubility, in that it allows gases to come in
and out; (6) the surfactant has a boiling point higher than the temperature used for PCR (e.g.,
95C); (7) the emulsion stability; (8) that the surfactant stabilizes drops of the desired size; (9)

that the surfactant is soluble in the carrier phase and not in the droplet phase; (10) that the
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surfactant has limited fluorescence properties; and (11) that the surfactant remains soluble in the
carrier phase over a range of temperatures.

[00117] Other surfactants can also be envisioned, including ionic surfactants. Other
additives can also be included in the oil to stabilize the drops, including polymers that increase

droplet stability at temperatures above 35 °C.

Adding Reagents to Microdroplets

[00118] In practicing the subject methods, a number of reagents may need to be added to
the microdroplets, in one or more steps (e.g., about 2, about 3, about 4, or about 5 or more
steps). 'The means of adding reagents to the microdroplets may vary in a number of ways.
Approaches of interest include, but are not limited to, those described by Ahn, ez al., Appl. Phys.
Lett. 88, 264105 (2006); Priest, et al., Appl. Phys. Lett. 89, 134101 (2006); Abate, et al., PNAS,
November 9, 2010 vol. 107 no. 45 19163-19166; and Song, et al., Anal. Chem., 2006, 78 (14),
pp 4839-4849; the disclosures of which are incorporated herein by reference.

[00119] For instance, a reagent may be added to a microdroplet by a method involving
merging a microdroplet with a second microdroplet that contains the reagent(s). The reagent(s)
that are contained in the second microdroplet may be added by any convenient means,
specifically including those described herein. 'This droplet may be merged with the first
microdroplet to create a microdroplet that includes the contents of both the first microdroplet
and the second microdroplet.

[00120] One or more reagents may also, or instead, be added using techniques such as
droplet coalescence, or picoinjection. In droplet coalescence, a target drop (i.e., the
microdroplet) may be flowed alongside a microdroplet containing the reagent(s) to be added to
the microdroplet. The two microdroplets may be flowed such that they are in contact with each
other, but not touching other microdroplets. These drops may then be passed through electrodes
or other means of applying an electrical field, wherein the electric field may destabilize the
microdroplets such that they are merged together.

[00121] Reagents may also, or instead, be added using picoinjection. In this approach, a
target drop (i.e., the microdroplet) may be flowed past a channel containing the reagent(s) to be
added, wherein the reagent(s) are at an elevated pressure. Due to the presence of the surfactants,
however, in the absence of an electric field, the microdroplet will flow past without being
injected, because surfactants coating the microdroplet may prevent the fluid(s) from entering.
However, if an electric field is applied to the microdroplet as it passes the injector, fluid
containing the reagent(s) will be injected into the microdroplet. The amount of reagent added to

the microdroplet may be controlled by several different parameters, such as by adjusting the
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injection pressure and the velocity of the flowing drops, by switching the electric field on and
off, and the like.

[00122] In other aspects, one or more reagents may also, or instead, be added to a
microdroplet by a method that does not rely on merging two droplets together or on injecting
liquid into a drop. Rather, one or more reagents may be added to a microdroplet by a method
involving the steps of emulsifying a reagent into a stream of very small drops, and merging these
small drops with a target microdroplet (FIG. 20, Panels A-B). Such methods shall be referred to

ka4

herein as “reagent addition through multiple-drop coalescence.” These methods take advantage
of the fact that due to the small size of the drops to be added compared to that of the target
drops, the small drops will flow faster than the target drops and collect behind them. The
collection can then be merged by, for example, applying an electric field. This approach can
also, or instead, be used to add multiple reagents to a microdroplet by using several co-flowing
streams of small drops of different fluids. To enable effective merger of the tiny and target
drops, it is important to make the tiny drops smaller than the channel containing the target drops,
and also to make the distance between the channel injecting the target drops from the electrodes
applying the electric field sufficiently long so as to give the tiny drops time to “catch up” to the
target drops. If this channel is too short, not all tiny drops will merge with the target drop and
adding less reagent than desired. To a certain degree, this can be compensated for by increasing
the magnitude of the electric field, which tends to allow drops that are farther apart to merge. In
addition to making the tiny drops on the same microfluidic device, as is shown in FIG. 20,
Panels A-B, they can also, or instead, be made offline using another microfluidic drop maker or
through homogenization and then injecting them into the device containing the target drops.

[00123] Accordingly, in certain aspects a reagent is added to a microdroplet by a method
involving emulsifying the reagent into a stream of droplets, wherein the droplets are smaller than
the size of the microdroplet; flowing the droplets together with the microdroplet; and merging a
droplet with the microdroplet. The diameter of the droplets contained in the stream of droplets
may vary ranging from about 75% or less than that of the diameter of the microdroplet, e.g., the
diameter of the flowing droplets is about 75% or less than that of the diameter of the
microdroplet, about 50% or less than that of the diameter of the microdroplet, about 25% or less
than that of the diameter of the microdroplet, about 15% or less than that of the diameter of the
microdroplet, about 10% or less than that of the diameter of the microdroplet, about 5% or less
than that of the diameter of the microdroplet, or about 2% or less than that of the diameter of the
microdroplet. In certain aspects, a plurality of flowing droplets may be merged with the

microdroplet, such as 2 or more droplets, 3 or more, 4 or more, or 5 or more. Such merging may
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be achieved by any convenient means, including but not limited to by applying an electric field,
wherein the electric field is effective to merge the flowing droplet with the microdroplet.

[00124] As a variation of the above-described methods, the fluids may be jetting. That is,
rather than emulsifying the fluid to be added into flowing droplets, a long jet of this fluid can be
formed and flowed alongside the target microdroplet. These two fluids can then be merged by,
for example, applying an electric field. The result is a jet with bulges where the microdroplets
are, which may naturally break apart into microdroplets of roughly the size of the target
microdroplets before the merger, due to the Rayleigh plateau instability. A number of variants
are contemplated. For instance, one or more agents may be added to the jetting fluid to make it
easier to jet, such as gelling agents and/or surfactants. Moreover, the viscosity of the continuous
fluid could also be adjusted to enable jetting, such as that described by Utada, et al., Phys. Rev.
Lett. 99, 094502 (2007), the disclosure of which is incorporated herein by reference.

[00125] In other aspects, one or more reagents may be added using a method that uses the
injection fluid itself as an electrode, by exploiting dissolved electrolytes in solution (FIGS. 15-
19). Methods of this general type are described more fully herein in Example 3.

[00126] In another aspect, a reagent is added to a drop (e.g., a microdroplet) formed at an
earlier time by enveloping the drop to which the reagent is be added (i.e., the “target drop™)
inside a drop containing the reagent to be added (the “target reagent™). In certain embodiments
such a method is carried out by first encapsulating the target drop in a shell of a suitable
hydrophobic phase, e.g., oil, to form a double emulsion. The double emulsion is then
encapsulated by a drop containing the target reagent to form a triple emulsion. To combine the
target drop with the drop containing the target reagent, the double emulsion is then burst open
using any suitable method, including, but not limited to, applying an electric field, adding
chemicals that destabilizes the droplet interface, flowing the triple emulsion through
constrictions and other microfluidic geometries, applying mechanical agitation or ultrasound,
increasing or reducing temperature, or by encapsulating magnetic particles in the drops that can
rupture the double emulsion interface when pulled by a magnetic field. Methods of making a
triple emulsion and combining a target drop with a target reagent are described in Example 4

provided herein.

Detecting PCR Products

[00127] In practicing the subject methods, the manner in which PCR products may be
detected may vary. For example, if the goal is simply to count the number of a particular cell
type, e.g., tumor cells, present in a population, this may be achieved by using a simple binary

assay in which SybrGreen, or any other stain and/or intercalating stain, is added to each
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microdroplet so that in the event a characterizing gene, e.g., an oncogene, is present and PCR
products are produced, the drop will become fluorescent. The change in fluorescence may be
due to fluorescence polarization. The detection component may include the use of an
intercalating stain (e.g., SybrGreen).

[00128] A variety of different detection components may be used in practicing the subject
methods, including using fluorescent dyes known in the art. Fluorescent dyes may typically be
divided into families, such as fluorescein and its derivatives; rthodamine and its derivatives;
cyanine and its derivatives; coumarin and its derivatives; Cascade Blue and its derivatives;
Lucifer Yellow and its derivatives; BODIPY and its derivatives; and the like. Exemplary
fluorophores include indocarbocyanine (C3), indodicarbocyanine (C5), Cy3, Cy3.5, Cy5, Cy5.5,
Cy7, Texas Red, Pacific Blue, Oregon Green 488, Alexa fluor-355, Alexa Fluor 488, Alexa
Fluor 532, Alexa Fluor 546, Alexa Fluor-555, Alexa Fluor 568, Alexa Fluor 594, Alexa Fluor
647, Alexa Fluor 660, Alexa Fluor 680, JOE, Lissamine, Rhodamine Green, BODIPY,
fluorescein isothiocyanate (FITC), carboxy-fluorescein (FAM), phycoerythrin, rhodamine,
dichlorothodamine (dRhodamine), carboxy tetramethylrhodamine (TAMRA), carboxy-X-
rhodamine (ROX), LIZ, VIC, NED, PET, SYBR, PicoGreen, RiboGreen, and the like.
Descriptions of fluorophores and their use, can be found in, among other places, R. Haugland,
Handbook of Fluorescent Probes and Research Products, 9th ed. (2002), Molecular Probes,
Eugene, Oreg.; M. Schena, Microarray Analysis (2003), John Wiley & Sons, Hoboken, N.J.;
Synthetic Medicinal Chemistry 2003/2004 Catalog, Berry and Associates, Ann Arbor, Mich.; G.
Hermanson, Bioconjugate Techniques, Academic Press (1996); and Glen Research 2002
Catalog, Sterling, VA.

[00129] FIG. 14, Panels A-B depict the use of a one-color flow-cytometer, which can be
used, for example, to detect tumor cell containing drops. Panel A presents a schematic of a
detector, consisting of a 488 nm laser directed into the back of an objective, and focused onto a
microfluidic channel through which the droplets flow. The laser may excite fluorescent dyes
within the drops, and any emitted light is captured by the objective and imaged onto a PMT after
it is filtered through a dichroic mirror and 520 + 5 nm band pass filter. Turning to Panel B,
drops appear as peaks in intensity as a function of time, as shown by the output voltage of a
PMT, which is proportional to the intensity of the emitted light, as a function of time for
detected fluorescent drops.

[00130] FIGS. 3 and 4, Panels A-B further illustrate such a concept. FIG. 3, for example,
is a non-limiting example that depicts digital detection of BRAF using TagMan® PCR assays in
arrayed microdrops. Fluorescent drops indicate amplification of the BRAF gene from human

genomic DNA, while non-fluorescent drops were devoid of the gene. Turning to FIG. 4, Panels
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A-B, this scheme is generalized. In FIG. 4, Panel A, a schematic is presented showing forward
and reverse primers being encapsulated in the microdroplets that target an oncogenic sequence.
If the oncogenic sequence is present, the PCR reaction produces double-stranded PCR products
(Panel A, upper), whereas, if it is not, no products are produced (Panel A, lower). SybrGreen, or
any other type of intercalating stain, is also present in the drop. The results are depicted by the
images in FIG. 4, Panel B, in that if double-stranded products are produced, the dye intercalates
into them, becoming fluorescent, and turning the drop fluorescent (FIG. 4, Panel B, upper); by
contrast, if no double-stranded products are produced, the dye remains non-fluorescent,
producing a dim drop (FIG. 4, Panel B, lower).

[00131] In other aspects, particularly if a goal is to further characterize the oncogenes
present, additional testing may be needed. For instance, in the case of the multiplex assays
described more fully herein (Example 2), this may be achieved by having optical outputs that
relate which of the gene(s) amplified in the drop. An alternative approach would be to use a
binary output, for example, with an intercalated stain, to simply determine which droplets have
any oncogenes. These can then be sorted to recover these drops so that they could be analyzed in
greater detail to determine which oncogenes they contain. To determine the oncogenes present
in such a drop, microfluidic techniques or nonmicrofluidic techniques could be used. Using
non-microfluidic techniques, a droplet identified as containing an oncogene can be placed into a
well on a wellplate where will be diluted into a larger volume, releasing all of the PCR products
that were created during the multiplexed PCR reaction. Samples from this well can then be
transferred into other wells, into each of which would be added primers for one of the
oncogenes. These wells would then be temperature-cycled to initiate PCR, at which point an
intercalating stain would be added to cause wells that have matching oncogenes and primers to
light up.

[00132] In practicing the subject methods, therefore, a component may be detected based
upon, for example, a change in fluorescence. In certain aspects, the change in fluorescence is
due to fluorescence resonance energy transfer (FRET). In this approach, a special set of primers
may be used in which the 5' primer has a quencher dye and the 3' primer has a fluorescent dye.
These dyes can be arranged anywhere on the primers, either on the ends or in the middles.
Because the primers are complementary, they will exist as duplexes in solution, so that the
emission of the fluorescent dye will be quenched by the quencher dye, since they will be in close
proximity to one another, causing the solution to appear dark. After PCR, these primers will be
incorporated into the long PCR products, and will therefore be far apart from one another. This
will allow the fluorescent dye to emit light, causing the solution to become fluorescent. Hence,

to detect if a particular oncogene is present, one may measure the intensity of the droplet at the
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wavelength of the fluorescent dye. To detect if different oncogenes are present, this would be
done with different colored dyes for the different primers. This would cause the droplet to
become fluorescent at all wavelengths corresponding to the primers of the oncogenes present in

the cell.

Sorting

[00133] In practicing the methods of the present disclosure, one or more sorting steps may
be employed. Sorting approaches of interest include, by are not necessarily limited to,
approaches that involve the use of membrane valves, bifurcating channels, surface acoustic
waves, and/or dielectrophoresis. Sorting approaches of interest further include those depicted in
FIGS. 2 and 22, Panels A-B, and those described by Agresti, et al., PNAS vol. 107, no 9, 4004-
4009; the disclosure of which is incorporated herein by reference. A population may be
enriched by sorting, in that a population containing a mix of members having or not having a
desired property may be enriched by removing those members that do not have the desired
property, thereby producing an enriched population having the desired property.

[00134] Sorting may be applied before or after any of the steps described herein.
Moreover, two or more sorting steps may be applied to a population of microdroplets, e.g., about
2 or more sorting steps, about 3 or more, about 4 or more, or about 5 or more, etc. When a
plurality of sorting steps is applied, the steps may be substantially identical or different in one or
more ways (e.g., sorting based upon a different property, sorting using a different technique, and
the like).

[00135] Moreover, droplets may be purified prior to, or after, any sorting step. FIG. 21
presents a schematic of a microfluidic device whereby a microdroplet may be purified. That is,
a majority of the fluid in the drop is replaced it with a purified solution, without removing any
discrete reagents that may be encapsulated in the drop, such a cells or beads. The microdroplet
is first injected with a solution to dilute any impurities within it. The diluted microdroplet is
then flowed through a microfluidic channel on which an electric field is being applied using
electrodes. Due to the dielectrophoretic forces generated by the field, as the cells or other
discrete reagents pass through the field they will be displaced in the flow. The drops are then
split, so that all the objects end up in one microdroplet. Accordingly, the initial microdroplet has
been purified, in that the contaminants may be removed while the presence and/or concentration
of discrete reagents, such as beads or cells, that may be encapsulated within the droplet are
maintained in the resulting microdroplet.

[00136] Microdroplets may be sorted based on one or more properties. Properties of

interest include, but are not limited to, the size, viscosity, mass, buoyancy, surface tension,
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electrical conductivity, charge, magnetism, and/or presence or absence of one or more
components. In certain aspects, sorting may be based at least in part upon the presence or
absence of a cell in the microdroplet. In certain aspects, sorting may be based at least in part
based upon the detection of the presence or absence of PCR amplification products.

[00137] Microdroplet sorting may be employed, for example, to remove microdroplets in
which no cells are present. Encapsulation may result in one or more microdroplets, including a
majority of the microdroplets, in which no cell is present. If such empty drops were left in the
system, they would be processed as any other drop, during which reagents and time would be
wasted. To achieve the highest speed and efficiency, these empty drops may be removed with
droplet sorting. For example, as described in Example 1, a drop maker may operate close to the
dripping-to-jetting transition such that, in the absence of a cell, 8 um drops are formed; by
contrast, when a cell is present the disturbance created in the flow will trigger the breakup of the
jet, forming drops 25 um in diameter. The device may thus produce a bi-disperse population of
empty 8 pm drops and single-cell containing 25 um drops, which may then be sorted by size
using, e.g., a hydrodynamic sorter to recover only the larger, single-cell containing drops.
[00138] Passive sorters of interest include hydrodynamic sorters, which sort
microdroplets into different channels according to size, based on the different ways in which
small and large drops travel through the microfluidic channels. Also of interest are bulk sorters,
a simple example of which is a tube containing drops of different mass in a gravitational field.
By centrifuging, agitating, and/or shaking the tube, lighter drops that are more buoyant will
naturally migrate to the top of the container. Drops that have magnetic properties could be
sorted in a similar process, except by applying a magnetic field to the container, towards which
drops with magnetic properties will naturally migrate according to the magnitude of those
properties. A passive sorter as used in the subject methods may also involve relatively large
channels that will sort large numbers of drops simultaneously based on their flow properties.
[00139] Picoinjection can also be used to change the electrical properties of the drops.
This could be used, for example, to change the conductivity of the drops by adding ions, which
could then be used to sort them, for example, using dielectrophoresis. Alternatively,
picoinjection can also be used to charge the drops. This could be achieved by injecting a fluid
into the drops that is charged, so that after injection, the drops would be charged. This would
produce a collection of drops in which some were charged and others not, and the charged drops
could then be extracted by flowing them through a region of electric field, which will deflect
them based on their charge amount. By injecting different amounts of liquid by modulating the
piocoinjection, or by modulating the voltage to inject different charges for affixed injection

volume, the final charge on the drops could be adjusted, to produce drops with different charge.
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These would then be deflected by different amounts in the electric field region, allowing them to

be sorted into different containers.

Suitable Subjects

[00140] The subject methods may be applied to biological samples taken from a variety of
different subjects. In many embodiments the subjects are “mammals™ or “mammalian”, where
these terms are used broadly to describe organisms which are within the class mammalia,
including the orders carnivore (e.g., dogs and cats), rodentia (e.g., mice, guinea pigs, and rats),
and primates (e.g., humans, chimpanzees, and monkeys). In many embodiments, the subjects are
humans. The subject methods may be applied to human subjects of both genders and at any
stage of development (i.e., neonates, infant, juvenile, adolescent, adult), where in certain
embodiments the human subject is a juvenile, adolescent or adult. While the present invention
may be applied to a human subject, it is to be understood that the subject methods may also be
carried-out on other animal subjects (that is, in “non-human subjects”) such as, but not limited
to, birds, mice, rats, dogs, cats, livestock and horses. Accordingly, it is to be understood that any
subject in need of assessment according to the present disclosure is suitable.

[00141] Moreover, suitable subjects include those who have and those who have not been
diagnosed with a condition, such as cancer. Suitable subjects include those that are and are not
displaying clinical presentations of one or more cancers. In certain aspects, a subject may one
that may be at risk of developing cancer, due to one or more factors such as family history,
chemical and/or environmental exposure, genetic mutation(s) (e.g., BRCA1 and/or BRCA2
mutation), hormones, infectious agents, radiation exposure, lifestyle (e.g., diet and/or smoking),
presence of one or more other disease conditions, and the like.

[00142] As described more fully above, a variety of different types of biological samples
may be obtained from such subjects. In certain embodiments, whole blood is extracted from a
subject. When desired, whole blood may be treated prior to practicing the subject methods, such
as by centrifugation, fractionation, purification, and the like. The volume of the whole blood
sample that is extracted from a subject may be 100mL or less, e.g., about 100 mL or less, about
50mL or less, about 30mL or less, about 15 mL or less, about 10mL or less, about SmL or less,
or about 1mL or less.

[00143] The subject methods and devices provided herein are compatible with both fixed
and live cells. In certain embodiments, the subject methods and devices are practiced with live
cells. In other embodiments, the subject methods and devices are practiced with fixed cells.
Fixing a cellular sample allows for the sample to be washed to extract small molecules and

lipids that may interfere with downstream analysis. Further, fixing and permeabilizing cells
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allows the cells to be stained with antibodies for surface proteins as well as intracellular
proteins. Combined with the RT-PCR methods described herein, such staining can be used to
achieve high levels of multiplexing because the antibodies are localized to the cell sample, while
RT-PCR products are free within a microdroplet. Such a configuration allows for dyes of the
same color to be used for antibodies and for amplicons produced by RT-PCR. Any suitable
method can be used to fix cells, including but not limited to, fixing using formaldehyde,
methanol and/or acetone.

[00144] RT-PCR carried out on a fixed cell encapsulated in a microdroplet can be carried
out by first diluting the microdroplet and performing the RT-PCR reaction on a sample of the
diluted microdroplet. Such dilution of the cellular sample can help to limit any cellular
compounds that would interfere with RT-PCR. In other embodiments, the RT-PCR reagents are
added directly to the microdroplet containing the fixed cell in a “one pot” reaction without any
dilution of sample. In certain embodiments, fixed cells are solubilized prior to the RT-PCR

using proteases and deteregents.

Genotyping Cells

[00145] As summarized above, aspects of the invention also include methods for
genotyping components from biological samples. By “genotyping” it is meant the detection of
two or more oligonucleotides (e.g., oncogenes) in a particular cell. Aspects include methods for
genotyping cells, e.g., tumor cells, including CTCs.

[00146] In certain such aspects, the methods involve encapsulating in a microdroplet a
cell obtained from a subject's blood sample, wherein one cell is present in the microdroplet;
introducing a lysing agent into the microdroplet and incubating the microdroplet under
conditions effective for cell lysis; introducing polymerase chain reaction (PCR) reagents and a
plurality PCR primers into the microdroplet, and incubating the microdroplet under conditions
allowing for PCR amplification to produce PCR amplification products, wherein the plurality of
PCR primers include one or more primers that each hybridize to one or more oncogenes;
introducing a plurality of probes into the microdroplet, wherein the probes hybridize to one or
more mutations of interest and fluoresce at different wavelengths; and detecting the presence or
absence of specific PCR amplification products by detection of fluorescence of a probe, wherein
detection of fluorescence indicates the presence of the PCR amplification products; wherein one
or more of steps are performed under microfluidic control.

[00147] In other aspects, the methods may involve encapsulating in a microdroplet a cell
obtained from a subject's blood sample, wherein one cell is present in the microdroplet;

introducing a lysing agent into the microdroplet and incubating the microdroplet under

35



WO 2014/028378 PCT/US2013/054517

conditions effective for cell lysis; introducing polymerase chain reaction (PCR) reagents and a
plurality PCR primers into the microdroplet, and incubating the microdroplet under conditions
allowing for PCR amplification to produce PCR amplification products, wherein the plurality of
PCR primers include one or more primers that each hybridize to one or more oncogenes, said
primers comprising forward primers comprising a label, and reverse primers comprising a
capture sequence; introducing a fluorescent bead into the microdroplet, wherein the bead
includes a nucleotide sequence complementary to a capture sequence; and detecting the presence
or absence of the PCR amplification products by detection of fluorescence of the bead and
fluorescence of a primer, wherein detection of fluorescence indicates the presence of the PCR
amplification products; wherein one or more of steps are performed under microfluidic control.

[00148] In practicing the methods for genotyping cells, any variants to the general steps
described herein, such as the number of primers that may be added, the manner in which

reagents are added, suitable subjects, and the like, may be made.

Detecting Cancer

[00149] Methods according to the present invention also involve methods for detecting
cancer. Such methods may include encapsulating in a microdroplet oligonucleotides obtained
from a biological sample from the subject, wherein at least one oligonucleotide is present in the
microdroplet; introducing polymerase chain reaction (PCR) reagents, a detection component,
and a plurality of PCR primers into the microdroplet and incubating the microdroplet under
conditions allowing for PCR amplification to produce PCR amplification products, wherein the
plurality of PCR primers include one or more primers that each hybridize to one or more
oncogenes; and detecting the presence or absence of the PCR amplification products by
detection of the detection component, wherein detection of the detection component indicates
the presence of the PCR amplification products.

[00150] Detection of one or more PCR amplification products corresponding to one or
more oncogenes may be indicative that the subject has cancer. The specific oncogenes that are
added to the microdroplet may vary. In certain aspects, the oncogene(s) may be specific for a
particular type of cancer, e.g., breast cancer, colon cancer, and the like.

[00151] Moreover, in practicing the subject methods the biological sample from which
the components are to be detected may vary, and may be based at least in part on the particular
type of cancer for which detection is sought. Tor instance, breast tissue may be used as the
biological sample in certain instances, if it is desired to determine whether the subject has breast

cancer, and the like.
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[00152] In practicing the methods for detecting cancer, any variants to the general steps
described herein, such as the number of primers that may be added, the manner in which

reagents are added, suitable subjects, and the like, may be made.

DEVICES

[00153] As indicated above, embodiments of the invention employ microfluidics devices.
Microfluidics devices of this invention may be characterized in various ways. In certain
embodiments, for example, microfluidics devices have at least one “micro” channel. Such
channels may have at least one cross-sectional dimension on the order of a millimeter or smaller
(e.g., less than or equal to about 1 millimeter). Obviously for certain applications, this
dimension may be adjusted; in some embodiments the at least one cross-sectional dimension is
about 500 micrometers or less. In some embodiments, again as applications permit, the cross-
sectional dimension is about 100 micrometers or less (or even about 10 micrometers or less —
sometimes even about 1 micrometer or less). A cross-sectional dimension is one that is
generally perpendicular to the direction of centerline flow, although it should be understood that
when encountering flow through elbows or other features that tend to change flow direction, the
cross-sectional dimension in play need not be strictly perpendicular to flow. It should also be
understood that in some embodiments, a micro-channel may have two or more cross-sectional
dimensions such as the height and width of a rectangular cross-section or the major and minor
axes of an elliptical cross-section. Fither of these dimensions may be compared against sizes
presented here. Note that micro-channels employed in this invention may have two dimensions
that are grossly disproportionate — e.g., a rectangular cross-section having a height of about 100-
200 micrometers and a width on the order or a centimeter or more. Of course, certain devices
may employ channels in which the two or more axes are very similar or even identical in size
(e.g., channels having a square or circular cross-section).

[00154] In some embodiments, microfluidic devices of this invention are fabricated using
microfabrication technology. Such technology is commonly employed to fabricate integrated
circuits (ICs), microelectromechanical devices (MEMS), display devices, and the like. Among
the types of microfabrication processes that can be employed to produce small dimension
patterns in microfluidic device fabrication are photolithography (including X-ray lithography, e-
beam lithography, etc.), self-aligned deposition and etching technologies, anisotropic deposition
and etching processes, self-assembling mask formation (e.g., forming layers of hydrophobic-
hydrophilic copolymers), etc.

[00155] In view of the above, it should be understood that some of the principles and

design features described herein can be scaled to larger devices and systems including devices
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and systems employing channels reaching the millimeter or even centimeter scale channel cross-
sections. Thus, when describing some devices and systems as “microfluidic,” it is intended that
the description apply equally, in certain embodiments, to some larger scale devices.

[00156] When referring to a microfluidic “device” it is generally intended to represent a
single entity in which one or more channels, reservoirs, stations, etc. share a continuous
substrate, which may or may not be monolithic. A microfluidics “system” may include one or
more microfluidic devices and associated fluidic connections, electrical connections,
control/logic features, etc. Aspects of microfluidic devices include the presence of one or more
fluid flow paths, e.g., channels, having dimensions as discussed herein.

[00157] In certain embodiments, microfluidic devices of this invention provide a
continuous flow of a fluid medium. Fluid flowing through a channel in a microfluidic device
exhibits many interesting properties. Typically, the dimensionless Reynolds number is
extremely low, resulting in flow that always remains laminar. Further, in this regime, two fluids
joining will not easily mix, and diffusion alone may drive the mixing of two compounds.

[00158] Various features and examples of microfluidic device components suitable for

use with this invention will now be described.

Substrate

[00159] Substrates used in microfluidic systems are the supports in which the necessary
elements for fluid transport are provided. The basic structure may be monolithic, laminated, or
otherwise sectioned. Commonly, substrates include one or more microchannels serving as
conduits for molecular libraries and reagents (if necessary). They may also include input ports,
output ports, and/or features to assist in flow control.

[00160] In certain embodiments, the substrate choice may be dependent on the application
and design of the device. Substrate materials are generally chosen for their compatibility with a
variety of operating conditions. Limitations in microfabrication processes for a given material
are also relevant considerations in choosing a suitable substrate. Useful substrate materials
include, e.g., glass, polymers, silicon, metal, and ceramics.

[00161] Polymers are standard materials for microfluidic devices because they are
amenable to both cost effective and high volume production. Polymers can be classified into
three categories according to their molding behavior: thermoplastic polymers, elastomeric
polymers and duroplastic polymers. Thermoplastic polymers can be molded into shapes above
the glass transition temperature, and will retain these shapes after cooling below the glass
transition temperature. Elastomeric polymers can be stretched upon application of an external

force, but will go back to original state once the external force is removed. FElastomers do not
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melt before reaching their decomposition temperatures. Duroplastic polymers have to be cast
into their final shape because they soften a little before the temperature reaches their
decomposition temperature.

[00162] Among the polymers that may be used in microfabricated device of this invention
are polyamide (PA), polybutylenterephthalate (PBT), polycarbonate (PC), polyethylene (PL),
polymethylmethacrylate (PMMA), polyoxymethylene (POM), polypropylene (PP),
polyphenylenether (PPE), polystyrene (PS) and polysulphone (PSU). The chemical and physical
properties of polymers can limit their uses in microfluidics devices. Specifically in comparison
to glass, the lower resistance against chemicals, the aging, the mechanical stability, and the UV
stability can limit the use of polymers for certain applications.

[00163] Glass, which may also be used as the substrate material, has specific advantages
under certain operating conditions. Since glass is chemically inert to most liquids and gases, it
is particularly appropriate for applications employing certain solvents that have a tendency to
dissolve plastics. Additionally, its transparent properties make glass particularly useful for

optical or UV detection.

Surface Treatments and Coatings

[00164] Surface modification may be useful for controlling the functional mechanics
(e.g., flow control) of a microfluidic device. For example, it may be advantageous to keep
fluidic species from adsorbing to channel walls or for attaching antibodies to the surface for
detection of biological components.

[00165] Polymer devices in particular tend to be hydrophobic, and thus loading of the
channels may be difficult. The hydrophobic nature of polymer surfaces also make it difficult to
control electroosmotic flow (EOF). One technique for coating polymer surface is the application
of polyelectrolyte multilayers (PEM) to channel surfaces. PEM involves filling the channel
successively with alternating solutions of positive and negative polyelectrolytes allowing for
multilayers to form electrostatic bonds. Although the layers typically do not bond to the channel
surfaces, they may completely cover the channels even after long-term storage. Another
technique for applying a hydrophilic layer on polymer surfaces involves the UV grafting of
polymers to the surface of the channels. First grafting sites, radicals, are created at the surface
by exposing the surface to UV irradiation while simultaneously exposing the device to a
monomer solution. The monomers react to form a polymer covalently bonded at the reaction
site.

[00166] Glass channels generally have high levels of surface charge, thereby causing

proteins to adsorb and possibly hindering separation processes. In some situations, it may be
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advantageous to apply a polydimethylsiloxane (PDMS) and/or surfactant coating to the glass
channels. Other polymers that may be employed to retard surface adsorption include
polyacrylamide, glycol groups, polysiloxanes, glyceroglycidoxypropyl, poly(ethyleneglycol)
and hydroxyethylated poly(ethyleneimine). Furthermore, for electroosmotic devices it is
advantageous to have a coating bearing a charge that is adjustable in magnitude by manipulating
conditions inside of the device (e.g. pH). The direction of the flow can also be selected based on
the coating since the coating can either be positively or negatively charged.

[00167] Specialized coatings can also be applied to immobilize certain species on the
channel surface — this process is known by those skilled in the art as “functionalizing the
surface.” For example, a polymethylmethacrylate (PMMA) surface may be coated with amines
to facilitate attachment of a variety of functional groups or targets. Alternatively, PMMA

surfaces can be rendered hydrophilic through an oxygen plasma treatment process.

Microfluidic Elements

[00168] Microfluidic systems can contain a number of microchannels, valves, pumps,
reactors, mixers and other components. Some of these components and their general structures
and dimensions are discussed below.

[00169] Various types of valves can be used for flow control in microfluidic devices of
this invention. These include, but are not limited to passive valves and check valves
(membrane, flap, bivalvular, leakage, etc.). Flow rate through these valves are dependent on
various physical features of the valve such as surface area, size of flow channel, valve material,
etc. Valves also have associated operational and manufacturing advantages/disadvantages that
should be taken into consideration during design of a microfluidic device.

[00170] Micropumps as with other microfluidic components are subjected to
manufacturing constraints. Typical considerations in pump design include treatment of bubbles,
clogs, and durability. Micropumps currently available include, but are not limited to electric
equivalent pumps, fixed-stroke microdisplacement, peristaltic micromembrane and pumps with
integrated check valves.

[00171] Macrodevices rely on turbulent forces such as shaking and stirring to mix
reagents. In comparison, such turbulent forces are not practically attainable in microdevices,
mixing in microfluidic devices is generally accomplished through diffusion. Since mixing
through diffusion can be slow and inefficient, microstructures are often designed to enhance the
mixing process. These structures manipulate fluids in a way that increases interfacial surface

area between the fluid regions, thereby speeding up diffusion. In certain embodiments,

40



WO 2014/028378 PCT/US2013/054517

microfluidic mixers are employed. Such mixers may be provide upstream from (and in some
cases integrated with) a microfluidic separation device of this invention.

[00172] Micromixers may be classified into two general categories: active mixers and
passive mixers. Active mixers work by exerting active control over flow regions (e.g. varying
pressure gradients, electric charges, etc.). Passive mixers do not require inputted energy and use
only “fluid dynamics” (e.g. pressure) to drive fluid flow at a constant rate. One example of a
passive mixer involves stacking two flow streams on top of one another separated by a plate.
The flow streams are contacted with each other once the separation plate is removed. The
stacking of the two liquids increases contact area and decreases diffusion length, thereby
enhancing the diffusion process. Mixing and reaction devices can be connected to heat transfer
systems if heat management is needed. As with macro-heat exchangers, micro-heat exchanges
can either have co-current, counter-current, or cross-flow flow schemes. Microfluidic devices
frequently have channel widths and depths between about 10 um and about 10 cm. A common
channel structure includes a long main separation channel, and three shorter “offshoot” side
channels terminating in either a buffer, sample, or waste reservoir. The separation channel can
be several centimeters long, and the three side channels usually are only a few millimeters in
length. Of course, the actual length, cross-sectional area, shape, and branch design of a
microfluidic device depends on the application as well other design considerations such as
throughput (which depends on flow resistance), velocity profile, residence time, etc.

[00173] Microfluidic devices described herein may include electric field generators to
perform certain steps of the methods described herein, including, but not limited to,
picoinjection, droplet coalescence, selective droplet fusion, and droplet sorting. In certain
embodiments, the electric fields are generated using metal electrodes. In particular
embodiments, electric fields are generated using liquid electrodes. In certain embodiments,
liquid electrodes include liquid electrode channels filled with a conducting liquid (e.g. salt water
or buffer) and situated at positions in the microfluidic device where an electric field is desired.
In particular embodiments, the liquid electrodes are energized using a power supply or high
voltage amplifier. In some embodiments, the liquid electrode channel includes an inlet port so
that a conducting liquid can be added to the liquid electrode channel. Such conducting liquid
may be added to the liquid electrode channel, for example, by connecting a tube filled with the
liquid to the inlet port and applying pressure. In particular embodiments, the liquid electrode
channel also includes an outlet port for releasing conducting liquid from the channel. In
particular embodiments, the liquid electrodes are used in picoinjection, droplet coalescence,

selective droplet fusion, and/or droplet sorting aspects of a microfluidic device described herein.
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Liquid electrodes may find use, for example, where a material to be injected via application of
an electric field is not charged.

[00174] Liquid electrodes as described herein also have applicability outside of the
specific microfluidic device applications discussed herein. For example, liquid electrodes may
be utilized in a variety of devices in which metal electrodes are generally used. In addition,
liquid electrodes may be particularly well suited for use in flexible devices, such as devices that
are designed to be worn on the body and/or devices that must flex as a result of their operation.
[00175] In certain embodiments, one or more walls of a microfluidic device channel
immediately down-stream of a junction with one or more of an input microchannel, pairing
microchannel and/or picoinjection microchannel includes one or more ridges. Such ridges in the
walls of the microchannel are configured to trap a layer of a suitable phase, e.g., a suitable
hydrophobic phase (e.g., oil) and thereby prevent an immiscible phase, e.g., an aqueous phase,
from touching the walls of the microchannel, which can cause wetting of the channel walls.

Such wetting may be undesirable as it may lead to unpredictable drop formation and/or allow
fluids to transfer between drops, leading to contamination. In certain embodiments, the ridges
allow for the formation of drops at higher flow rate ratios R (Qag/Qsum)-

[00176] In certain emnbodiments, the width of one or more of the microchannels of the
microfluidic device {(e.g., input microchannel, pairing microchannel, pioinjection microchannel,
and/or a flow chanopel upstream or downstream of one or more of these channels) is 100 microns
ot less, e.g., 90 microns or less, 80 microns or less, 70 microns or less, 60 microns or less, 50
microns or less, e.g., 45 microns or less, 40 microns or less, 39 microns or less, 38 microns or
less, 37 microns or less, 36 microns or less, 35 microns or less, 34 microns or less, 33 microns or
fess, 32 mucrons ot less, 31 microns or less, 30 microns or less, 29 microus or less, 28 microns or

fess, 27 microns or less, 26 microns or less, 25 microns or less, 20 microns or less, 15 microns or

fess, or 10 microns or less. In some embadiments, the width of one or more of the above
microchannels 18 from about 10 microns to about 15 microns, from about 15 microns (o about 20
microns, from about 20 microns o about 25 microns, from about 25 microns (o about 30
microns, from about 30 microns (o about 35 microns, from about 35 microns (0 about 40
merons, from abouwt 40 microns (o abowt 45 mucrons, or {ram about 45 sucrons to about 50
microns, from about 530 microns to about 60 mucrons, from about 60 microns 1o about 70
microns, from about 70 microns to about &0 microns, from about 80 microns to about 90
microns, of from about 90 microns to about 10( microns.

[00177] In certain embodiments, the base of each of the one or more ridges is from about

10 microns to about 20 microns in length, e.g., from about 11 to about 19 microns in length,
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from about 12 to about 18 microns in length, from about 13 to about 17 microns in length, from
about 14 to about 16 microns in length, or about 15 microns in length.

[00178] In certain embodiments, the peak of each of the one or move ridges has a width of
about | to about 10 microns, .2, from about 1 to about % microns, from about 2 to about §

~
7
i

microns, from about 3 to about 7 microns, from about 4 to about 6 microns, or about 5 microns.
In certain embodiments, the peak of each of the one or more ridges has a width of from about |
micron to about 2 microns, from about 2 microns o about 3 microns, from about 3 microns o
about 4 microns, front about 4 microns to about 5 microns, from about 5 microns to about §
nerons, from abowt 6 microns {10 about 7 mucrons, from about 7 microns to about 8 microns,
from about § microns o about © pucrons, or from about § microns o about 10 microns.

[00179] i{n certain emmbodiments, the height of each of the one or more ridges is from
about 5 microns t¢ about 15 microns, £.2., about 6 microns to about 14 microns, about 7 microns
to about 13 microns, about 8 mucrons to about 12 microns, about § microns 1o about 11 microns,
or about 10 microns.

[00180] In certain embodiments, the ratio of the base of each of the one or more ridges to
the height of each of the one or more ridges is from about 1.0:0.75 to about 0.75:1.0. In certain
embodiments, the ratio of the base of each of the one or more ridges to the width of the peak of
each of the one or more ridges is about 1.0:0.5 to about 1.0:0.1, e.g, from about 1.0:0.2, from
about 1.0:0.3, or from about 1.0:0.4.

[00181] in certain embodiments, the ratio of the base of each of the one or more ridges to
the height of each of the one or more ridges to the width of the peak of the one or more ridges is
about 1:0.75:0.5.

[00182] In certain crnbodiments, a channel as described herein is provided with a plurality
of ridges which extend for a distance along the channel wall. This distance may be, for example,
from about 50 microns to about 300 microns, e.g., from about 50 microns (o about 45{) microns,
from about 100 microns to about 400 microns, from about 150 microns to about 350 microns,
from about 200 microns to about 300 microns, or about 250 microns. In certain embodiments, a
plurality of ridges may be provided which extend for a distance along the channei wall, wherein
the ratio between the distance along the channel wall and the width of the channel is from about
10:1 to about 1.2, e.g., about 10:1, about 911, about 811, about 711, about &:1 about 5:1, abowt
4:1, about 3:1, about 2:1, about 1:1, or about 1.2,

[00183] It should be noted that one or more of the various dimensions discussed above
may be scaled up or down as appropriate for a particular application, for example each of the

above dimensions may be scaled up or down by a factor of 2, 5, 10 or more as appropriate.
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[00184] In some embodiments, one or more channel junctions, e.g., one or more droplet
forming junctions, such as a picoinjector junction, include a “step-down” structure. This is
depicted, for example, in FIG. 26, wherein the portion of the flow channel at the picoinjector
junction and downstream of the picoinjector junction is wider than the portion of the flow
channel upstream of the picoinjector junction. This step-down structure facilitates the pinching-
off of droplets and thus facilitates droplet formation. The step size may be chosen based on the
desired size of the droplet to be formed, with larger steps creating larger droplets. Such
structures may also help to avoid dripping of material from the picoinjector following injection
from the picoinjector into a droplet. In some embodiments, the width of the flow channel at the
picoinjector junction and downstream of the picoinjector junction is from about 5% to about
50% wider than the width of the flow channel immediately upstream of the picoinjector
junction, e.g., about 5 to about 10% wider, about 10 to about 20% wider, about 20 to about 30%

wider, about 30 to about 40% wider or about 40 to about 50% wider.

Methods of Fabrication

[00185] Microfabrication processes differ depending on the type of materials used in the
substrate and the desired production volume. For small volume production or prototypes,
fabrication techniques include LIGA, powder blasting, laser ablation, mechanical machining,
electrical discharge machining, photoforming, etc. Technologies for mass production of
microfluidic devices may use either lithographic or master-based replication processes.
Lithographic processes for fabricating substrates from silicon/glass include both wet and dry
etching techniques commonly used in fabrication of semiconductor devices. Injection molding

and hot embossing typically are used for mass production of plastic substrates.

Glass, Silicon and Other “Hard” Materials (Lithography, Etching, Deposition)

[00186] The combination of lithography, etching and deposition techniques may be used
to make microcanals and microcavities out of glass, silicon and other “hard” materials.
Technologies based on the above techniques are commonly applied in for fabrication of devices
in the scale of 0.1 — 500 micrometers.

[00187] Microfabrication techniques based on current semiconductor fabrication
processes are generally carried out in a clean room. The quality of the clean room is classified
by the number of particles < 4 um in size in a cubic inch. Typical clean room classes for MEMS
microfabrication are 1000 to 10000.

[00188] In certain embodiments, photolithography may be used in microfabrication. In

photolithography, a photoresist that has been deposited on a substrate is exposed to a light
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source through an optical mask. Conventional photoresist methods allow structural heights of
up to 10-40 um. If higher structures are needed, thicker photoresists such as SU-8, or
polyimide, which results in heights of up to 1 mm, can be used.

[00189] After transferring the pattern on the mask to the photoresist-covered substrate, the
substrate is then etched using either a wet or dry process. In wet etching, the substrate — area not
protected by the mask — is subjected to chemical attack in the liquid phase. The liquid reagent
used in the etching process depends on whether the etching is isotropic or anisotropic. Isotropic
etching generally uses an acid to form three-dimensional structures such as spherical cavities in
glass or silicon. Anisotropic etching forms flat surfaces such as wells and canals using a highly
basic solvent. Wet anisotropic etching on silicon creates an oblique channel profile.

[00190] Dry etching involves attacking the substrate by ions in either a gaseous or plasma
phase. Dry etching techniques can be used to create rectangular channel cross-sections and
arbitrary channel pathways. Various types of dry etching that may be employed including
physical, chemical, physico-chemical (e.g., RIE), and physico-chemical with inhibitor. Physical
etching uses ions accelerated through an electric field to bombard the substrate’s surface to
“etch” the structures. Chemical etching may employ an electric field to migrate chemical
species to the substrate’s surface. The chemical species then reacts with the substrate’s surface
to produce voids and a volatile species.

[00191] In certain embodiments, deposition is used in microfabrication. Deposition
techniques can be used to create layers of metals, insulators, semiconductors, polymers, proteins
and other organic substances. Most deposition techniques fall into one of two main categories:
physical vapor deposition (PVD) and chemical vapor deposition (CVD). In one approach to
PVD, a substrate target is contacted with a holding gas (which may be produced by evaporation
for example). Certain species in the gas adsorb to the target’s surface, forming a layer
constituting the deposit. In another approach commonly used in the microelectronics fabrication
industry, a target containing the material to be deposited is sputtered with using an argon ion
beam or other appropriately energetic source. The sputtered material then deposits on the
surface of the microfluidic device. In CVD, species in contact with the target react with the
surface, forming components that are chemically bonded to the object. Other deposition
techniques include: spin coating, plasma spraying, plasma polymerization, dip coating, casting
and Langmuir-Blodgett film deposition. In plasma spraying, a fine powder containing particles
of up to 100 um in diameter is suspended in a carrier gas. The mixture containing the particles
is accelerated through a plasma jet and heated. Molten particles splatter onto a substrate and
freeze to form a dense coating. Plasma polymerization produces polymer films (e.g. PMMA)

from plasma containing organic vapors.
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[00192] Once the microchannels, microcavities and other features have been etched into
the glass or silicon substrate, the etched features are usually sealed to ensure that the
microfluidic device is “watertight.” When sealing, adhesion can be applied on all surfaces
brought into contact with one another. The sealing process may involve fusion techniques such
as those developed for bonding between glass-silicon, glass-glass, or silicon-silicon.

[00193] Anodic bonding can be used for bonding glass to silicon. A voltage is applied
between the glass and silicon and the temperature of the system is elevated to induce the sealing
of the surfaces. The electric field and elevated temperature induces the migration of sodium ions
in the glass to the glass-silicon interface. The sodium ions in the glass-silicon interface are
highly reactive with the silicon surface forming a solid chemical bond between the surfaces.

The type of glass used should ideally have a thermal expansion coefficient near that of silicon
(e.g. Pyrex Corning 7740).

[00194] Fusion bonding can be used for glass-glass or silicon-silicon sealing. The
substrates are first forced and aligned together by applying a high contact force. Once in
contact, atomic attraction forces (primarily van der Waals forces) hold the substrates together so
they can be placed into a furnace and annealed at high temperatures. Depending on the material,

temperatures used ranges between about 600 and 1100 °C.

Polymers / Plastics

[00195] A number of techniques may be employed for micromachining plastic substrates
in accordance with embodiments of this invention. Among these are laser ablation,
stereolithography, oxygen plasma etching, particle jet ablation, and microelectro-erosion. Some
of these techniques can be used to shape other materials (glass, silicon, ceramics, etc.) as well.
[00196] To produce multiple copies of a microfluidic device, replication techniques are
employed. Such techniques involve first fabricating a master or mold insert containing the
pattern to be replicated. The master is then used to mass-produce polymer substrates through
polymer replication processes.

[00197] In the replication process, the master pattern contained in a mold is replicated
onto the polymer structure. In certain embodiments, a polymer and curing agent mix is poured
onto a mold under high temperatures. After cooling the mix, the polymer contains the pattern of
the mold, and is then removed from the mold. Alternatively, the plastic can be injected into a
structure containing a mold insert. In microinjection, plastic heated to a liquid state is injected
into a mold. After separation and cooling, the plastic retains the mold’s shape.

[00198] PDMS (polydimethylsiloxane), a silicon-based organic polymer, may be

employed in the molding process to form microfluidic structures. Because of its elastic
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character, PDMS is well suited for microchannels between about 5 and 500 um. Specific
properties of PDMS make it particularly suitable for microfluidic purposes:

1) Itis optically clear which allows for visualization of the flows;

2) PDMS when mixed with a proper amount of reticulating agent has elastomeric qualities
that facilitates keeping microfluidic connections “watertight;”

3) Valves and pumps using membranes can be made with PDMS because of its elasticity;

4) Untreated PDMS is hydrophobic, and becomes temporarily hydrophilic after oxidation of
surface by oxygen plasma or after immersion in strong base; oxidized PDMS adheres by
itself to glass, silicon, or polyethylene, as long as those surfaces were themselves
exposed to an oxygen plasma.

5) PDMS is permeable to gas. TFilling of the channel with liquids is facilitated even when
there are air bubbles in the canal because the air bubbles are forced out of the material.
But it’s also permeable to non polar-organic solvents.

[00199] Microinjection can be used to form plastic substrates employed in a wide range of
microfluidic designs. In this process, a liquid plastic material is first injected into a mold under
vacuum and pressure, at a temperature greater than the glass transition temperature of the plastic.
The plastic is then cooled below the glass transition temperature. After removing the mold, the
resulting plastic structure is the negative of the mold’s pattern.

[00200] Yet another replicating technique is hot embossing, in which a polymer substrate
and a master are heated above the polymer’s glass transition temperature, Tg (which for PMMA
or PC is around 100 — 180 °C). The embossing master is then pressed against the substrate with
a preset compression force. The system is then cooled below Tg and the mold and substrate are
then separated.

[00201] Typically, the polymer is subjected to the highest physical forces upon separation
from the mold tool, particularly when the microstructure contains high aspect ratios and vertical
walls. To avoid damage to the polymer microstructure, material properties of the substrate and
the mold tool may be taken into consideration. These properties include: sidewall roughness,
sidewall angles, chemical interface between embossing master and substrate and temperature
coefficients. High sidewall roughness of the embossing tool can damage the polymer
microstructure since roughness contributes to frictional forces between the tool and the structure
during the separation process. The microstructure may be destroyed if frictional forces are
larger than the local tensile strength of the polymer. Priction between the tool and the substrate
may be important in microstructures with vertical walls. The chemical interface between the
master and substrate could also be of concern. Because the embossing process subjects the

system to elevated temperatures, chemical bonds could form in the master-substrate interface.
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These interfacial bonds could interfere with the separation process. Differences in the thermal
expansion coefficients of the tool and the substrate could create addition frictional forces.
[00202] Various techniques can be employed to form molds, embossing masters, and
other masters containing patterns used to replicate plastic structures through the replication
processes mentioned above. Examples of such techniques include LIGA (described below),
ablation techniques, and various other mechanical machining techniques. Similar techniques
can also be used for creating masks, prototypes and microfluidic structures in small volumes.
Materials used for the mold tool include metals, metal alloys, silicon and other hard materials.
[00203] Laser ablation may be employed to form microstructures either directly on the
substrate or through the use of a mask. This technique uses a precision-guided laser, typically
with wavelength between infrared and ultraviolet. Laser ablation may be performed on glass
and metal substrates, as well as on polymer substrates. Laser ablation can be performed either
through moving the substrate surface relative to a fixed laser beam, or moving the beam relative
to a fixed substrate. Various micro- wells, canals, and high aspect structures can be made with
laser ablation.

[00204] Certain materials such as stainless steel make very durable mold inserts and can
be micromachined to form structures down to the 10-um range. Various other micromachining
techniques for microfabrication exist including u-Electro Discharge Machining (u-EDM), u-
milling, focused ion beam milling. u-EDM allows the fabrication of 3-dimensional structures in
conducting materials. In u-EDM, material is removed by high-frequency electric discharge
generated between an electrode (cathode tool) and a workpiece (anode). Both the workpiece and
the tool are submerged in a dielectric fluid. This technique produces a comparatively rougher
surface but offers flexibility in terms of materials and geometries.

[00205] Electroplating may be employed for making a replication mold tool/master out
of, e.g., a nickel alloy. The process starts with a photolithography step where a photoresist is
used to defined structures for electroplating. Areas to be electroplated are free of resist. For
structures with high aspect ratios and low roughness requirements, LIGA can be used to produce
electroplating forms. LIGA is a German acronym for Lithographic (Lithography),
Galvanoformung (electroplating), Abformung (molding). In one approach to LIGA, thick
PMMA layers are exposed to x-rays from a synchrotron source. Surfaces created by LIGA have
low roughness (around 10 nm RMS) and the resulting nickel tool has good surface chemistry for
most polymers.

[00206] As with glass and silicon devices, polymeric microfluidic devices must be closed
up before they can become functional. Common problems in the bonding process for

microfluidic devices include the blocking of channels and changes in the physical parameters of
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the channels. Lamination is one method used to seal plastic microfluidic devices. In one
lamination process, a PET foil (about 30 pm) coated with a melting adhesive layer (typically 5 —
10 um) is rolled with a heated roller, onto the microstructure. Through this process, the lid foil
is sealed onto the channel plate. Several research groups have reported a bonding by
polymerization at interfaces, whereby the structures are heated and force is applied on opposite
sides to close the channel. But excessive force applied may damage the microstructures. Both
reversible and irreversible bonding techniques exist for plastic-plastic and plastic-glass
interfaces. One method of reversible sealing involves first thoroughly rinsing a PDMS substrate
and a glass plate (or a second piece of PDMS) with methanol and bringing the surfaces into
contact with one another prior to drying. The microstructure is then dried in an oven at 65 °C for
10 min. No clean room is required for this process. Irreversible sealing is accomplished by first
thoroughly rinsing the pieces with methanol and then drying them separately with a nitrogen
stream. The two pieces are then placed in an air plasma cleaner and oxidized at high power for
about 45 seconds. The substrates are then brought into contact with each other and an
irreversible seal forms spontaneously.

[00207] Other available techniques include laser and ultrasonic welding. In laser welding,
polymers are joined together through laser-generated heat. This method has been used in the
fabrication of micropumps. Ultrasonic welding is another bonding technique that may be
employed in some applications.

[00208] The nucleic acid amplification technique described here is a polymerase chain
reaction (PCR). However, in certain embodiments, non-PCR amplification techniques may be
employed such as various isothermal nucleic acid amplification techniques; e.g., real-time strand
displacement amplification (SDA), rolling-circle amplification (RCA) and multiple-
displacement amplification (MDA).

[00209] Regarding PCR amplification modules, it will be necessary to provide to such
modules at least the building blocks for amplifying nucleic acids (e.g., ample concentrations of
four nucleotides), primers, polymerase (e.g., Taq), and appropriate temperature control
programs). The polymerase and nucleotide building blocks may be provided in a buffer solution
provided via an external port to the amplification module or from an upstream source. In certain
embodiments, the buffer stream provided to the sorting module contains some of all the raw
materials for nucleic acid amplification. For PCR in particular, precise temperature control of
the reacting mixture is extremely important in order to achieve high reaction efficiency. One
method of on-chip thermal control is Joule heating in which electrodes are used to heat the fluid
inside the module at defined locations. The fluid conductivity may be used as a temperature

feedback for power control.
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[00210] In certain aspects, the drops containing the PCR mix may be flowed through a
channel that incubates the droplets under conditions effective for PCR. Flowing the
microdroplets through a channel may involve a channel that snakes over various temperature
zones maintained at temperatures effective for PCR. Such channels may, for example, cycle
over two or more temperature zones, wherein at least one zone is maintained at about 65°C and
at least one zone is maintained at about 95°C. As the drops move through such zones, their
temperature cycles, as needed for PCR. The precise number of zones, and the respective
temperature of each zone, may be readily determined by those of skill in the art to achieve the
desired PCR amplification.

[00211] In other embodiments, incubating the microdroplets may involve the use of a
Megadroplet Array. In such a device, an array consists of channels in which the channel ceilings
are indented with millions of circular traps that are about 25 pm in diameter. Drops are
distributed into the trapping channels using distribution plates—large channels connecting the
inlets of the trapping channels (FIG. 12, Panel A). Due to the large size of the distribution
channels compared to the trapping channels—the distribution channels are about 100 x 500 um
in height and width, compared to only about 15 x 100 um for the droplet trapping channels—the
hydrodynamic resistance of the distribution channels is ~1500 times lower than that of the
trapping channels; this ensures that the distribution channel fills with drops before the trapping
channels begin to fill, allowing even distribution of the drops into the trapping channels. When
the drops flow into the trapping channels, they are slightly pancaked in shape because the
vertical height of the channel is 15 um, or 10 um shorter than the drops, as illustrated in FIG. 12,
Panel B. When a drop nears a trap, its interface adopts a larger, more energetically favorable
radius of curvature. To minimize its surface energy, the drop entirely fills the trap, allowing it to
adopt the lowest, most energetically favorable, average radius of curvature. After a trap is
occupied by a drop, no other drops are able to enter because the trap is large enough to fit only
one drop; additional drops are diverted downstream, to occupy the first vacant trap they
encounter. Because the array is filled using a close-packed emulsion, every trap will be occupied
by a drop, since this is the most energetically favorable state under low flow conditions. After
the droplet array is filled, oil is injected to remove excess drops and the array is thermal cycled
and imaged.

[00212] A variety of different ways can be used to fill the traps of the device. For
instance, buoyancy effects and centrifugation can also be used to fill and empty the traps by
flipping the device with respect to the earth’s gravitational field, since the droplet density is 63%
that of the fluorocarbon carrier oil. That is, if the drops were heavier than the oil phase, then the

wells could be imprinted into the “floor” of the device so that when the emulsion was flowed
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over it, the drops would sink into the wells. The flow rate of the emulsion could be adjusted to
optimize this and the drop size would be made to be approximately the same size as the well so
that the well could only fit a single drop at a time. In other aspects, the drops could also, or
instead, be stored in a large chamber with no wells.

[00213] The device may achieve thermal cycling using a heater consisting of a Peltier
plate, heat sink, and control computer (FIG. 12, Panel A; FIG. 13). The Peltier plate allows
heating and/or cooling the chip above or below room temperature by controlling the applied
current. To ensure controlled and reproducible temperature, a computer monitors the
temperature of the array using integrated temperature probes, and adjusts the applied current to
heat and cool as needed. A metallic (e.g., copper) plate allows uniform application of heat and
dissipation of excess heat during cooling cycles, enabling cooling from 95°C to 60°C in under 1
min execution. In order to image microdroplets, certain embodiments may incorporate a scanner
bed. In certain aspects, the scanner bed is a Canoscan 9000F scanner bed.

00214 In order to effectively amplify nucleic acids from target components, the
microfluidics system may include a cell lysing or viral protein coat-disrupting module to free
nucleic acids prior to providing the sample to an amplification module. Cell lysing modules
may rely on chemical, thermal, and/or mechanical means to effect cell lysis. Because the cell
membrane consists of a lipid double-layer, lysis buffers containing surfactants can solubilize the
lipid membranes. Typically, the lysis butfer will be introduced divectly to a lysis chamber via an
external port so that the cells are not prematurely lysed during sorting or other upsirear process,
In cases where organelle integrity is necessary, chemical lysis methods may be inappropriate,
Mechanical breakdown of the cell membrane by shear and wear is appropriaic in certain
applications. Lysis modules relving mechanical techniques may employ various geometric
features to effect picrcing, shearing, abrading, cte, of cells entering the module. Other types of
mechanical breakage such as acoustic technigues may also yield appropriate lysate. Fursther,
thermal energy can also be used to lyse cells such as bacteria, yeasts, and spores.  Heating
disrupts the cell membrane and the infracellular materials are released. In order to enable
sabcelhilar fractionation in microfluidic systems a lysis module may also employ an
electrokinetic technique or electroporation. Hlectroporation creates transient or permanent holes
in the cell membranes by application of an external electric field that induces changes in the
plasma membrane and disrupts the transmernbrane potential.  In microfluidic electroporation
devices, the membrane may be permanently disropted, and holes on the cell membranes

sustained to release desired intraceHular materials released,
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Single cell RT-PCR microfluidic device

[00215] In another aspect, provided herein is a single cell RT-PCR microfluidic device,
described in greater detail below with reference to FIG. 32. In certain embodiments, the single
cell RT-PCR microfluidic device includes an input microchannel, which may be coupled to a
flow focus drop maker, for introducing microdroplets into the microfluidic device, wherein the
flow focus drop maker spaces the microdroplets in the input microchannel, e.g., by a volume of
a suitable hydrophobic phase, e.g., 0il, whereineach microdroplet may include a cell lysate
sample. An exemplary embodiment is shown in FIG. 32 (Panel A).

[00216] The microfluidic device may further include a pairing microchannel in fluidic
communication with the input microchannel and a dilution buffer drop maker in fluidic
communication with the pairing microchannel. In such embodiments, a microdroplet from the
input microchannel flows into the pairing microchannel where the dilution buffer drop maker
produces a drop of dilution buffer that is larger than and paired with each microdroplet. In
certain embodiments, the dilution buffer drop maker is a T-junction drop maker. An exemplary
embodiment is shown in FIG. 32 (Panel B).

[00217] The microfluidic device may also include a merging microchannel in fluidic
communication with the pairing microchannel, the merging microchannel including an electric
field generator positioned in proximity thereto. In such embodiments, the paired microdroplet
and drop of dilution buffer enter the merging microchannel from the pairing microchannel and
are merged upon passing through an electric field produced by the electric field generator to
produce a diluted microdroplet. Any suitable electric field generator can be used to produce the
diluted microdroplet. In certain embodiments, the electric field is created by metal electrodes.
In other embodiments, the electric field is created by liquid electrodes as discussed herein. An
exemplary embodiment is shown in FIG. 32 (Panel C).

[00218] The microfluidic device may also include a series of mixing microchannels in
fluidic communication with the merging microchannel. Such mixing microchannels allow for
the mixing of the contents of the diluted microdroplet.

[00219] The microfluidic device may also include a drop sampler in fluidic
communication with the mixing microchannels. Such a drop sampler is capable of taking a
sample of the diluted microdroplet, e.g., to be used in a subsequent RT-PCR reaction carried out
in the microfluidic device. An exemplary embodiment is shown in FIG. 32 (Panel D).

[00220] The microfluidic may also include a picoinjection microchannel comprising a
picoinjector, wherein the picoinjection microchannel may be a pressurized microchannel capable
of receiving the sample of the diluted microdroplet produced by the drop sampler and allowing

the picoinejctor to picoinject RT-PCR reagents into the sample. In certain embodiments the
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picoinjection is assisted by an electric field applied to the picoinjection microchannel. Any
electric field generator can be used to create an electric field for picoinjection. In certain
embodiments, the electric field is created by metal electrodes. In other embodiments, the
electric field is created by liquid electrodes as discussed herein. An exemplary embodiment is
shown in FIG. 32 (Panel E).

{60221 Samples of the diluted microdroplet that have been picoinjected with RT-PCR
reagents can then be subjected to conditions for RT-PCR using any of the approaches described
herein. The single cell RT-PCR microfluidic device advantageously allows for the dilution of
the cell lysate sample prior to addition of RT-PCR agents. Such dilution helps in prevent
inhibition of RT-PCR that may be caused by components of the cell lysate. In certain
embodiments, the microfluidic device also includes an encapsulating chamber in fluidic
communication with the input microchannel, for encapsulating a cell and lysis regeant into a
microdroplet. In such embodiments, the input raicochannel is capable of receiving the

microdroplet from the encapsulating chamber.

[00222] Certain non-limiting aspects of the disclosure are provided below:

1. A method for the detection of cells, the method including:

encapsulating in a microdroplet a cell obtained from a biological sample
from a subject, wherein at least one cell is present in the microdroplet;

incubating the microdroplet under conditions effective for cell lysis;

introducing polymerase chain reaction (PCR) reagents, a detection
component, and a plurality of PCR primers into the microdroplet and incubating
the microdroplet under conditions allowing for PCR amplification to produce PCR
amplification products, wherein the plurality of PCR primers include one or more
primers that each hybridize to one or more oligonucleotides; and

detecting the presence or absence of the PCR amplification products by
detection of the detection component, wherein detection of the detection
component indicates the presence of PCR amplification products;

wherein one or more steps are performed under microfluidic control.

2. 'The method according to 1, wherein incubating the microdroplet under conditions

effective for cell lysis includes introducing a lysing agent into the microdroplet.

53



WO 2014/028378 PCT/US2013/054517

3.

10.

11.

12.

13.

The method according to 1 or 2, wherein the one or more oligonucleotides are

oncogences.

The method according to any of 1-3, wherein the biological sample is blood and the
method includes determining the number of circulating tumor cells (CTCs) present in the
sample of the subject's blood based at least in part on the number of microdroplets in

which PCR amplification products were detected.

The method according to any of 1-4, wherein all steps are performed under microfluidic

control.

The method according to 5, wherein all steps are performed on the same microfluidic

device.

The method according to any of the above, wherein the plurality of PCR primers

includes 10 or more primers.

The method according to any of the above, wherein the plurality of PCR primers

includes 20 to 100 primers.

The method according to any of the above, wherein the plurality of PCR primers

includes primers for 10 or more oncogenes.

The method according to any of the above, wherein incubating the microdroplet under
conditions allowing for PCR amplification is performed on the same microfluidic device

used to encapsulate the cells and lyse the cells.

The method according to any of the above, wherein the PCR reagents and PCR primers

are added at the same time as the lysing agent.

The method according to any of the above, wherein the PCR reagents are added in two

steps or more.

The method according to any of the above, further including introducing a probe into the

microdroplet.
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14. The method according to 13, wherein the probe is introduced prior to incubating the

microdroplet under conditions allowing for PCR amplification.

15. The method according to 13 or 14, wherein the probe is a TagMan® probe.

16. The method according to any of the above, wherein a reagent is added to the
microdroplet by merging the microdroplet with a second microdroplet including the

reagent.

17. The method according to any of the above, wherein a reagent is added to the

microdroplet using either droplet coalescence or picoinjection.

18. The method according to any of the above, wherein a reagent is added to the
microdroplet by a method including:
a) emulsifying the reagent into a stream of droplets, wherein the droplets are
smaller than the size of the microdroplet;
b) flowing the droplets together with the microdroplet; and

¢) merging a droplet with the microdroplet.

19. The method according to 18, wherein the diameter of the droplets is 25% or less than that
of the diameter of the microdroplet, and a plurality of droplets are merged with the

microdroplet.

20. The method according to 18 or 19, wherein the merging includes applying an electric

field.

21. The method according to any of the above, wherein a reagent is added to the
microdroplet by a method including:
a) jetting the reagent into a fluid jet;
b) flowing the fluid jet alongside the microdroplet; and

¢) merging a droplet with the microdroplet.

22. The method according to 21, wherein merging includes applying an electric field.
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23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

The method according to 21 or 22, wherein jetting the reagent includes adding a

viscosity-increasing agent or surfactant.

The method according to any of the above, wherein a reagent is added to the
microdroplet by a method including using a fluid injected into the microdroplet as an

electrode.

The method according to any of the above, wherein the detection component is detected

based on a change in fluorescence.

The method according to 25, where in the change in fluorescence is due to fluorescence

resonance energy transfer (FRET).

The method according to 25, where in the change in fluorescence is due to fluorescence

polarization.

The method according to 25 or 27, wherein the detection component is an intercalating

stain.

The method according to any of the above, wherein detecting the presence or absence of

the PCR amplification products includes repeatedly imaging the microdroplet.

The method according to 29, wherein the microdroplet is repeatedly imaged while the
microdroplet is subjected to conditions allowing for PCR amplification to produce the

PCR amplification products.

The method according to any of the above, wherein incubating the microdroplet under
conditions allowing for PCR amplification and detecting the presence or absence of the

PCR amplification products are performed on a Megadroplet Array.

The method according to any of the above, including sorting a microdroplet.

The method according to 32, wherein the sorting includes using membrane valves,

bifurcating channels, surface acoustic waves, or dielectrophoresis.
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. The method according to 32 or 33, wherein the microdroplet is sorted based on a
property including size, viscosity, mass, buoyancy, surface tension, electrical

conductivity, charge, or magnetism.

The method according to any of 32-34, including sorting based at least in part based

upon the detection of the presence or absence of PCR amplification products.

The method according to any of 32-35, wherein the microdroplet is sorted prior to the

introduction of a PCR reagent.

The method according to any of 32-36, wherein the microdroplet is sorted prior to the

introduction of a lysing agent.

The method according to any of the above, further including:

injecting a diluent into the microdroplet; and

flowing the microdroplet through a microfluidic channel on which an electric
field is being applied, under conditions in which the microdroplet is split.
The method according to any of the above, wherein the subject is mammalian.

The method according to any of the above, wherein the subject is human.

The method according to any of the above, wherein the subject has been diagnosed with

cancer.

The method according to any of the above, wherein the biological sample is a blood

sample.

The method of 42, wherein the blood sample is whole blood.

The method of 42 or 43, including fractionating the blood sample.

The method of any one of 42-44, including drawing 30mL or less of the subject’s blood.

The method of 45, wherein the blood sample is 15mL or less.
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47. The method of any one of the above, including fixing and/or permeabilizing the cell.

48. The method of any one of the above, including introducing a plurality of different
detection components, and detecting the presence or absence of the PCR amplification
products by detection of the plurality of detection components, wherein detection of the

detection components indicates the presence of PCR amplification products.

49. The method of any one of the above, including contacting the cell or a component

thereof with a detectably labeled antibody.

50. A method for the detection of tumor cells, the method including:

encapsulating a plurality of cells in a plurality of microdroplets under
conditions in which a majority of microdroplets include zero or one cell, wherein
the plurality of cells are obtained from a subject's blood sample suspected of
containing circulating tumor cells (CTCs);

enriching the plurality of microdroplets for microdroplets containing one
cell;

introducing a lysing agent into the plurality of microdroplets and incubating
under conditions effective for cell lysis;

introducing polymerase chain reaction (PCR) reagents, a detection
component, and a plurality of PCR primers into the plurality of microdroplets and
incubating the plurality of microdroplets under conditions allowing for PCR
amplification to produce PCR amplification products, wherein the plurality of PCR
primers include one or more primers that each hybridize to one or more oncogenes;

detecting the presence or absence of the PCR amplification products by
detection of the detection component, wherein detection of the detection
component indicates the presence of the PCR amplification products; and

determining the number of CTCs present in a sample of the subject's blood
based at least in part on the number of microdroplets in which the PCR
amplification products were detected;

wherein one or more steps are performed under microfluidic control.

51. The method according to 50, wherein all steps are all performed under microfluidic

control.
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52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

The method according to 50 or 51, wherein all steps are performed on the same

microfluidic device.

The method according to any of 50-52, wherein the plurality of PCR primers includes 10

Or more primers.

The method according to any of 50-53, wherein the plurality of PCR primers includes

primers for 10 or more oncogenes.

The method according to any of 50-54, wherein the plurality of PCR primers includes a

plurality of probes.

The method according to 55, wherein the probes include TagMan® probes.

The method according to any of 50-56, wherein the PCR reagents are added in two steps

Oor more.

The method according to any of 50-57, further including introducing a probe into the

microdroplet.

The method according to any of 50-58, wherein a reagent is added to the plurality of
microdroplets by merging a microdroplet with a second microdroplet including the

reagent.

The method according to any of 50-59, wherein a reagent is added to the plurality of

microdroplets using either droplet coalescence or picoinjection.

The method according to any of 50-60, wherein a reagent is added to the plurality of
microdroplets by a method including:
a) emulsifying the reagent into a stream of droplets, wherein the droplets are
smaller than the size of a microdroplet;
b) flowing the droplets together with the microdroplet; and

¢) merging a droplet with the microdroplet.

The method according to 58, wherein the merging includes applying an electric field.
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63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

The method according to any of 50-62, wherein a reagent is added to the plurality of
microdroplets by a method including:

a) jetting the reagent into a fluid jet;

b) flowing the fluid jet alongside a microdroplet; and

¢) merging a droplet with the microdroplet.

The method according to any of 50-63, wherein a reagent is added to the microdroplet by

a method including using a fluid injected into the microdroplet as an electrode.

The method according to any of 50-64, including sorting a microdroplet.

The method according to 65, wherein the plurality of microdroplets is sorted based on a
property including size, viscosity, mass, buoyancy, surface tension, electrical

conductivity, charge, or magnetism.

The method according to any of 65-66, wherein the plurality of microdroplets is sorted

prior to the introduction of a PCR reagent.

The method according to any of 50-67, wherein detecting the presence or absence of the

PCR amplification products includes repeatedly imaging the plurality of microdroplets.

The method according to 68, wherein the plurality of microdroplets is repeatedly imaged
while the plurality of microdroplets is subjected to conditions allowing for PCR

amplification to produce the PCR amplification products.

The method according to any of 50-69, wherein incubating the plurality of microdroplets
under conditions allowing for PCR amplification and detecting the presence or absence

of the PCR amplification products are performed on a Megadroplet Array.

The method according to any of 50-70, wherein the subject is mammalian.

The method according to any of 50-71, wherein the subject is human.

The method according to any of 50-72, wherein the subject has been diagnosed with

cancer.
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74. A method for genotyping of cells, the method including:

75.

76.

7.

78.

79.

encapsulating in a microdroplet a cell obtained from a biological sample
from a subject, wherein one cell is present in the microdroplet;

introducing a lysing agent into the microdroplet and incubating the
microdroplet under conditions effective for cell lysis;

introducing polymerase chain reaction (PCR) reagents and a plurality PCR
primers into the microdroplet, and incubating the microdroplet under conditions
allowing for PCR amplification to produce PCR amplification products, wherein
the plurality of PCR primers include one or more primers that each hybridize to one
Or more oncogenes;

introducing a plurality of probes into the microdroplet, wherein the probes
hybridize to one or more mutations of interest and fluoresce at different
wavelengths; and

detecting the presence or absence of specific PCR amplification products by
detection of fluorescence of a probe, wherein detection of fluorescence indicates
the presence of the PCR amplification products;

wherein one or more of steps are performed under microfluidic control.

The method according to 74, wherein the probes include TagMan® probes.

The method according to 74 or 75, wherein detecting the presence or absence of specific
PCR amplification products by detection of fluorescence of a probe includes repeatedly
imaging the microdroplet while the microdroplet is subjected to conditions allowing for

PCR amplification to produce PCR amplification products.

The method according to 76, including obtaining time-dependent fluorescence

information.

The method according to any of 74-77, wherein a reagent is added to the microdroplet by

merging the microdroplet with a second microdroplet including the reagent.

The method according to any of 74-78, wherein a reagent is added to the microdroplet

using either droplet coalescence or picoinjection.
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80.

81.

82.

83.

84.

85.

86.

87.

88.

The method according to any of 74-79, wherein a reagent is added to the microdroplet by
a method including:
a) emulsifying the reagent into a stream of droplets, wherein the droplets are
smaller than the size of the microdroplet;
b) flowing the droplets together with the microdroplet; and

¢) merging a droplet with the microdroplet.

The method according to any of 74-80, wherein a reagent is added to the microdroplet by
a method including:

a) jetting the reagent into a fluid jet;

b) flowing the fluid jet alongside the microdroplet; and

¢) merging a droplet with the microdroplet.

The method according to any of 74-81, wherein a reagent is added to the microdroplet by

a method including using a fluid injected into the microdroplet as an electrode.

The method according to any of 74-82, including sorting a microdroplet.

The method according to 83, wherein the microdroplet is sorted based on a property
including size, viscosity, mass, buoyancy, surface tension, electrical conductivity,

charge, or magnetism.

The method according to any of 74-84, wherein the subject is mammalian.

The method according to any of 74-85, wherein the subject is human.

The method according to any of 74-86, wherein the subject has been diagnosed with

cancer.

A method for the detection of cancer in a subject, the method including:
encapsulating in a microdroplet oligonucleotides obtained from a biological
sample from the subject, wherein at least one oligonucleotide is present in the
microdroplet;
introducing polymerase chain reaction (PCR) reagents, a detection

component, and a plurality of PCR primers into the microdroplet and incubating
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the microdroplet under conditions allowing for PCR amplification to produce PCR
amplification products, wherein the plurality of PCR primers include one or more
primers that each hybridize to one or more oncogenes;

detecting the presence or absence of the PCR amplification products by
detection of the detection component, wherein detection of the detection
component indicates the presence of the PCR amplification products; and

diagnosing the subject as having cancer or not based at least in part on the
presence or absence of the PCR amplification products;

wherein one or more steps are performed under microfluidic control.

89. The method according to 88, wherein the plurality of PCR primers includes 10 or more

primers.

90. The method according to any of 88-89, wherein the plurality of PCR primers includes

primers for 10 or more oncogenes.

91. The method according to any of 88-90, further including introducing a probe into the

microdroplet.

92. The method according to 91, wherein the probe is introduced prior to incubating the

microdroplet under conditions allowing for PCR amplification.

93. The method according to 91 or 92, wherein the probe is a TagMan® probe.

94. The method according to any of 88-93, wherein a reagent is added to the microdroplet by

merging the microdroplet with a second microdroplet including the reagent.

95. The method according to any of 88-94, wherein a reagent is added to the microdroplet

using either droplet coalescence or picoinjection.

96. The method according to any of 88-95, wherein a reagent is added to the microdroplet by
a method including:
a) emulsifying the reagent into a stream of droplets, wherein the droplets are
smaller than the size of the microdroplet;

b) flowing the droplets together with the microdroplet; and
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¢) merging a droplet with the microdroplet.

97. The method according to any of 88-96, wherein a reagent is added to the microdroplet by
a method including:
a) jetting the reagent into a fluid jet;
b) flowing the fluid jet alongside the microdroplet; and

¢) merging a droplet with the microdroplet.

98. The method according to any of 88-97, wherein a reagent is added to the microdroplet by

a method including using a fluid injected into the microdroplet as an electrode.

99. The method according to any of 88-98, wherein the detection component is detected

based on a change in fluorescence.

100. The method according to any of 88-99, wherein detecting the presence or absence

of the PCR amplification products includes repeatedly imaging the microdroplet.

101. The method according to 100, wherein the microdroplet is repeatedly imaged
while the microdroplet is subjected to conditions allowing for PCR amplification to

produce the PCR amplification products.

102. The method according to any of 88-101, including sorting a microdroplet.

103. The method according to 102, wherein the microdroplet is sorted based on a
property including size, viscosity, mass, buoyancy, surface tension, electrical

conductivity, charge, or magnetism.

104. The method according to any of 88-103, including sorting based at least in part

based upon the detection of the presence or absence of PCR amplification products.

105. The method according to any of 88-104, further including:
injecting a diluent into the microdroplet; and
flowing the microdroplet through a microfluidic channel on which an electric

field is being applied, under conditions in which the microdroplet is split.

106. The method according to any of 88-105, wherein the subject is mammalian.
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107. The method according to any of 88-106, wherein the subject is human.

108. The method according to any of 88-107, wherein the subject has been diagnosed

with cancer.

109. A microfluidic device including:

a cell encapsulation device for encapsulating a cell obtained from a
subject’s blood sample in a microdroplet;

a first chamber in fluidic communication with the cell encapsulation device,
the first chamber including a first reagent injector element for adding a first reagent
to the microdroplet, and a heating element;

a second chamber in fluidic communication with the first chamber, the
second chamber including a second reagent injector element for adding a second
reagent to the microdroplet, and a heating element, wherein the heating element is
configured to heat the microdroplet at two or more temperatures; and

a detection region, in fluidic communication with the second chamber,
which detects the presence or absence of reaction products from the second

chamber.

110. The microfluidic device as set forth in 109, wherein the heating element of the

second chamber includes a Peltier plate, heat sink, and control computer.

111. The microfluidic device as set forth in 109, wherein the microfluidic device

includes one or more liquid electrodes.

112. A single cell RT-PCR microfluidic device including:
an input microchannel coupled to a drop maker for introducing microdroplets into
the microfluidic device;
a pairing microchannel in fluidic communication with the input microchannel;
a dilution buffer drop maker in fluidic communication with the pairing
microchannel, for producing drops of dilution buffer that are larger in volume than the

microdroplets and for pairing a single drop of dilution buffer with a single microdroplet;
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113.

114.

115.

116.

a merging microchannel in fluidic communication with the pairing microchannel,
for accepting a paired drop of dilution buffer and microdroplet from the pairing
microchannel;

a first electric field generator positioned along the merging microchannel for
producing an electric field that is capable of merging a paired drop of dilution buffer and
microdroplet in the merging microchannel to form a diluted microdroplet;

a mixing microchannel in fluidic communication with the merging microchannel,
for receiving the diluted microdroplet from the merging channel and mixing the contents
of the diluted microdroplet;

a drop sampler in fluidic communication with the mixing microchannel, for
extracting a sample of the diluted microdroplet,

a picoinjection microchannel in fluidic communication with the drop sampler,
wherein the picoinjection microchannel includes a picoinjector and is for receiving the
sample of the diluted microdroplet and picoinjecting RT-PCR reagents into the sample;

a second electric field generator, wherein the second electric field generator is
positioned along the picoinjection microchannel to create an electric field sufficient to
allow for the picoinjection of the RT-PCR reagents into the sample;

a thermocycler heating element in fluidic communication with the picoinjection
microchannel for carrying out an RT-PCR reaction on the sample picoinjected with the

RT-PCR reagents.

The microfluidic device of 112, further including an encapsulating chamber in
fluidic communication with the input microchannel, for encapsulating a cell and lysis

regeant into a microdroplet.

The microfluidic device of 112, wherein the first and/or second electric field

generators are liquid electrodes connected to a power supply or high voltage amplifier.

The microfluidic device of 112, including ridges in one or more walls of a
microfluidic flow channel downstream of the input microchannel, wherein the ridges are
configured to trap a layer of oil and prevent wetting of the one or more walls of the flow

channel.

The microfluidic device of 112, including ridges in one or more walls of a

microfluidic flow channel downstream of the pairing microchannel, wherein the ridges
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are configured to trap a layer of 0il and prevent wetting of the one or more walls of the

flow channel.

117. The microfluidic device of 112, including ridges in one or more walls of a
microfluidic flow channel downstream of the picoinjection microchannel, wherein the
ridges are configured to trap a layer of oil and prevent wetting of the one or more walls

of the flow channel.

118. The microfluidic device of 112, wherein the pioinjection microchannel is
configured to receive a sample that has undergone an RT-PCR reaction in the sampler

and picoinject the sample with PCR reagents.

119. The microfluidic device of 118, wherein the thermocycler is configured for

performing a PCR reaction on a sample picoinjected with the PCR reagents.

120. The microfluidic device of 118, wherein the PCR reagents and the RT-PCR

reagents include the same primers.

121. The microfluidic device of 118, wherein the PCR reagents and the RT-PCR

reagents include different primers.

122. The microfluidic device of 112, wherein the RT-PCR reagents includes a bead

conjugated with a fluorescent dye and a nucleic acid probe.

123. The microfluidic device of 112, wherein the RT-PCR reagents includes a
fluorescent DNA probe.
124. A single cell RT-PCR microfluidic device including:

an input microchannel coupled to a flow focus drop maker for introducing
microdroplets into the microfluidic device, wherein the flow focus drop maker spaces the
microdroplets in the input microchannel by a volume of oil and wherein each
microdroplet including a cell lysate sample;

a pairing microchannel in fluidic communication with the input microchannel;
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a dilution buffer drop maker in fluidic communication with the pairing
microchannel, for producing a drop of dilution buffer that is larger in volume than a
microdroplet and for pairing a single drop of dilution buffer with a single microdroplet;

a merging microchannel in fluidic communication with the pairing microchannel,
for accepting a paired drop of dilution buffer and microdroplet from the pairing
microchannel;

a first electric field generator positioned along the merging microchannel for
producing an electric field across the merging channel that is capable of merging a paired
drop of dilution buffer and microdroplet in the merging microchannel to form a diluted
microdroplet;

a mixing microchannel in fluidic communication with the merging microchannel,
for receiving the diluted microdroplet from the merging channel and mixing the contents
of the diluted microdroplet;

a drop sampler in fluidic communication with the mixing microchannel, for
extracting a sample of the diluted microdroplet,

a picoinjection microchannel in fluidic communication with the drop sampler,
wherein the picoinjection microchannel includes a picoinjector and is for receiving the
sample of the diluted microdroplet and picoinjecting RT-PCR reagents into the sample;

a second electric field generator, wherein the second electric field generator is
positioned along the picoinjection microchannel to create an electric field across the
picoinjection microchannel sufficient to allow for the picoinjection of the RT-PCR
reagents into the sample;

a thermocycler heating element in fluidic communication with the picoinjection
microchannel for carrying out an RT-PCR reaction on the sample picoinjected with the

RT-PCR reagents.

125. The microfluidic device of 124, further including an encapsulating chamber in
fluidic communication with the input microchannel, for encapsulating a cell and lysis

regeant into a microdroplet.

126. The microfluidic device of 124, wherein the first and/or second electric field

generators are liquid electrodes connected to a power supply or high voltage amplifier.

127. The microfluidic device of 124, including ridges in one or more walls of a

microfluidic flow channel downstream of the input microchannel, wherein the ridges are
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configured to trap a layer of oil and prevent wetting of the one or more walls of the flow

channel.

128. The microfluidic device of 124, including ridges in one or more walls of a
microfluidic flow channel downstream of the pairing microchannel, wherein the ridges
are configured to trap a layer of 0il and prevent wetting of the one or more walls of the

flow channel.

129. The microfluidic device of 124, including ridges in one or more walls of a
microfluidic flow channel downstream of the picoinjection microchannel, wherein the
ridges are configured to trap a layer of oil and prevent wetting of the one or more walls

of the flow channel.

130. The microfluidic device of 124, wherein the pioinjection microchannel is
configured to receive a sample that has undergone an RT-PCR reaction in the sampler

and picoinject the sample with PCR reagents.

131. The microfluidic device of 130, wherein the thermocycler is configured for

performing a PCR reaction on a sample picoinjected with the PCR reagents.

132. The microfluidic device of 130, wherein the PCR reagents and the RT-PCR

reagents include the same primers.

133. The microfluidic device of 130, wherein the PCR reagents and the RT-PCR

reagents include different primers.

134. The microfluidic device of 124, wherein the RT-PCR reagents includes a bead

conjugated with a fluorescent dye and a nucleic acid probe.

135. The microfluidic device of 124, wherein the RT-PCR reagents includes a
fluorescent DNA probe.

136. The method of any one of 1-20, wherein a reagent is added to the microdroplet
by:
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contacting the microdroplet with oil so that the oil encapsulates the microdroplet
to form a double emulsion;

contacting the double emulsion with a drop containing the reagent so that the
drop containing the reagent encapsulates the double emulsion to form a triple emulsion;

applying an electrical field to the triple emulsion so that the fluid interfaces of the

triple emulsion are ruptured and allow the microdroplet and reagent to mix.

137. The method of 136, wherein the electric field is applied by one or more liquid
electrodes.
138. A microfluidic device including: a flow channel, a microfluidic junction

fluidically connected to the flow channel, and ridges in one or more walls of the

microfluidic flow channel immediately downstream of the microfluidic junction.

139. The microfluidic device of 138, wherein the ridges trap a layer of oil and prevent

wetting of the one or more walls of the flow channel.

140. The microfluidic device of 138, wherein the base of each of the one or more

ridges is from about 10 microns to about 20 microns in length.

141. The microfluidic device of 138, wherein, the peak of each of the one or more

ridges has a width of about 1 to about 10 microns.

142. The microfluidic device of 138, wherein the height of each of the one or more

ridges is from about 3 microns to about 15 microns.

143. The microfluidic device of 138, wherein the ratio of the base of each of the one or
more ridges to the height of each of the one or more ridges is from about 1.0:0.75 to

about 0.75:1.0.
144. The microfluidic device of 138, wherein the base of each of the one or more

ridges to the height of each of the one or more ridges to the width of the peak of the one

or more ridges is about 1:0.75:0.5.
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145. The microfluidic device of 138, wherein the ridges extend for a distance along

the channel wall of from about 50 microns to about SO0 microns.

146. The microfluidic device of 138, wherein the ridges extend for a distance along
the channel wall, wherein the ratic between the distance along the channel wall and the

width of the channel is from about 1(:1 to about 1:2.

EXAMPLES
[00223] As can be appreciated from the disclosure provided above, the present disclosure
has a wide variety of applications. Accordingly, the following examples are put forth so as to
provide those of ordinary skill in the art with a complete disclosure and description of how to
make and use the present invention, and are not intended to limit the scope of what the inventors
regard as their invention nor are they intended to represent that the experiments below are all or
the only experiments performed. Those of skill in the art will readily recognize a variety of
noncritical parameters that could be changed or modified to yield essentially similar results.
Thus, the following examples are put forth so as to provide those of ordinary skill in the art with
a complete disclosure and description of how to make and use the present invention, and are not
intended to limit the scope of what the inventors regard as their invention nor are they intended
to represent that the experiments below are all or the only experiments performed. Efforts have
been made to ensure accuracy with respect to numbers used (e.g. amounts, temperature, etc.) but

some experimental errors and deviations should be accounted for.

EXAMPLE 1: MICROFLUIDIC SYSTEM FOR PERFORMING SINGLE-CELL PCR REACTIONS

[00224] Device manufacturing: The chips were made using the same photolithographic
processes in polydimethylsiloxane as the other devices described above. A general schematic of
the chips is shown in FIG. 1. The general approach carried out by such chips is depicted in FIG.
6.

[00225] Sample preparation: 5-25ml. whole blood samples were extracted from a subject
via syringe. Nucleated cells were separated using on-chip pinched-flow fractionation, as
generally described in Lab on a Chip, 2005, 5, 778-784; the disclosure of which is incorporated
herein by reference. Nucleated cells were collected for subsequent analysis.

[00226] PCR Reactions: The assay requires the execution of an RT-PCR reaction in
drops containing concentrated cell lysates; however, cell lysates inhibit RT-PCR (FIG. 7). To
overcome this inhibition, a protocol has been developed that utilizes proteinase K to digest
inhibitory proteins in cell lysates. Using proteinase K allows efficient amplification in lysates at
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concentrations as high as 1 cell in 50 pL, with optimal amplification occurring at 1 cell in 200
pL (FIG. 7). Thus, the system operates at this concentration.

[00227] Cell encapsulation, lysis, and proteinase K digestion are accomplished using an
integrated microfluidic system (FIG. 8, Panels 1-3). Cells are co-encapsulated in 70 pm drops
(200 pL) with lysis buffer containing non-ionic detergents and proteinase K using a 30 x 30 pm
flow focus device. Importantly, the cells are not exposed to lysis buffer until they are
encapsulated in drops, ensuring that no lysis occurs prior to encapsulation. This is enabled by the
laminar flow conditions in the microfluidic channels, which ensure that diffusive mixing is
negligible compared to the convection of the fluids. Following encapsulation, the close-packed
drops move through a 55°C incubation channel for 20 min, to allow the cells to lyse and the
proteinase K to digest inhibitory proteins. The drops are then split into equally-sized drops using
a hierarchical splitter (FIG. 5; FIG. 8, Panel 3), producing drops of the ideal small size for
picoinjection and Megadroplet Array imaging (FIGS. 12-13).

[00228] Prior to injection of the RT-PCR reagents and enzymes, the proteinase K is
inactivated by heating the drops to 95°C for 10 min. The drops are then injected with an equal
volume of 2X primers and RT-PCR reagents (FIG. 9, Panel A). After picoinjection, the
emulsion is collected into a PCR tube and thermal cycled. To determine whether a drop contains
a cancer cell, TagMan® probes are also included that hybridize to the EpCAM amplicons; this
allows the probes to be hydrolyzed by the 5°-3’ nuclease activity of Taq DNA polymerase,
liberating the 5° fluorophore from the quenching 3’ end modification making the drop
fluorescent. By contrast, drops not containing cancer cells do not have EpCAM amplicons, so
that the TagMan® probes remain quenched and non-fluorescent (FIG. 4, Panels A-B). Hence, a
bright drop relates the presence of an EpCAM positive cancer cell (FIG. 9, Panels B-C; FIG.
10). The thermocycled drops are injected into a flow cell 30 um in height and 54 cm’ in area; the
narrow vertical gap of the flow cell forces the emulsion into a monolayer, allowing unobstructed
epi-fluorescence visualization of every drop. For the fluorescence imaging, an automated
microscope captures a mosaic of the entire flow cell and stores the images on a hard drive. The
images are processed with custom Matlab code to identify fluorescent drops and measure their

brightness. All data is stored digitally and analyzed using custom algorithms.

EXAMPLE 2: QUANTITATIVE MULTIPLEXED ASSAY

[00229] To screen more than one gene simultaneously, a multiplexed gPCR reaction may
be utilized. Reactions were initially performed in bulk with PCR tubes to optimize reaction
conditions. Using these methods, successful multiplexing was achieved during digital droplet

RT-PCR for three TagMan® probes, EpCAM, CD44 and CD45. An example of this
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multiplexing is shown in FIG. 11, where EpCAM and CD44 probes were multiplexed in drops
containing both target transcripts. All PCR primer sets were designed to span large introns,
making these larger genomic PCR products highly unlikely in multiplex reactions. Additionally,
all TagMan® probes are designed to hybridize to exon-exon junctions. The current probe sets do
not recognize gDNA.

[00230] Single-cell gPCR with Megadroplet Arrays: To perform qPCR analysis on single
cells, the drops are imaged as they are thermal cycled. This requires that the drops be held at
fixed positions during thermal cycling so they can be repeatedly imaged. The microfluidic
system used to prepare the drops was prepared as described above and in Example 1. After the
drops are formed and loaded with cells and qPCR reagents, they are introduced into a
Megadroplet Array (FIG. 12, Panels A-C; FIG. 13). The array consists of channels in which the
channel ceilings are indented with millions of circular traps 25 um in diameter. When the drops
flow into the array, they are slightly pancaked in shape because the vertical height of the flow
channel is 15 pm, or 10 mm shorter than the drops. When a drop nears a trap, its interface adopts
a larger, more energetically favorable radius of curvature. To minimize its surface energy, the
drop will entirely fill the trap, allowing it to adopt the lowest, most energetically favorable,
average radius of curvature. The capillary pressure of the drop is several orders of magnitude
larger than the shear exerted by the flow, ensuring that the drops remain intact and confined in
the traps. After a trap is occupied by a drop, no other drops are able to enter because the trap will
be large enough to fit only one drop; additional drops are diverted downstream, to occupy the
first vacant trap they encounter. The array is filled using a close-packed emulsion, and thus
every trap is occupied by a drop. After the droplet array is filled, oil is injected to remove excess
drops and the array is thermal cycled and imaged.

[00231] Thermal system for temperature cycling and imaging: Once the array is filled
with drops and cells, the device is thermal cycled while simultaneously imaging the drops, to
obtain the time-dependent information necessary for qgPCR. The thermal cycling is
accomplished using a custom heater consisting of a Peltier plate, heat sink, and control computer
(FIG. 13). The Peltier plate permits heating or cooling the chip above or below room
temperature by controlling the applied current. To ensure controlled and reproducible
temperature, a computer monitors the temperature of the array using integrated temperature
probes, and adjusts the applied current to heat and cool as needed. A copper-plate allows
uniform application of heat and dissipation of excess heat during cooling cycles, enabling
cooling from 95°C to 60°C in under 1 min execution of the gPCR assay in under two hours. To
image the droplets during temperature cycling, a customized Canoscan 9000F scanner bed

having a resolution of 9600 dpi by 9600 dpi is utilized. For 10 million hexagonally-packed 25
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um drops (54 cm?), 800 million pixels are required at highest resolution. With a resolution of 20
pixels per drop, the full image may be captured in 3s. The array is imaged several times per
cycle with different excitation and emission filters to visualize the different dyes for the

multiplexed TagMan® probes.

EXAMPLE 3: ELECTRODE-FREE PICOINJECTION OF DROPS OF MICROFLUIDIC DROPS

[00232] Microfluidic devices were fabricated in poly(dimethylsiloxane) (PDMS) using
soft photolithographic techniques. The devices had channel heights of 30 pm, optimal for the
picoinjection of water-in-oil droplets that are 50 pm in diameter. The device design is similar to
those described previously by Abate, ef al. Proc.Natl. Acad. Sci. U.S.A., 2010, 107, 19163;
the disclosure of which is incorporated herein by reference. An important difference, however,
is that the channels for the metal solder electrodes are removed. Further, a “Faraday Mote™” — an
empty channel filled with a conducting aqueous solution — is implemented that runs between the
injection site and the droplet spacer, as shown in FIG. 15, Panel B. The mote electrically
isolates re-injected drops upstream of the picoinjection site from electric fields emanating from
the picoinjector, preventing unintended merging. The emulsion that was picoinjected consists of
monodisperse droplets of 3.8 mM fluorescein sodium salt (CyoH;9Na,Os) dissolved in Milli-Q
H,O. The droplets are suspended in a carrier oil of Novec HFE-7500 fluorinated oil with 2%
(wt/wt) dissolved biocompatible surfactant. The picoinjection fluids consist of a dilution series
of NaCl ranging from 0 to 500 mM, each containing 3.8 mM fluorescein sodium salt. This
range of concentrations reflects the molarities of dissolved ions present in most biological
buffers and reagents. Thus, since in most applications the fluids will already contain the
requisite ions, the technique can be used without adding additional reagents to the solutions.
[00233] Droplets and carrier oil were introduced via syringe pumps (New Era) and spaced
using the same carrier oil and surfactant mixture described above (FIG. 15, Panels A- B). The
picoinjection fluid was contained in a BD Falcon tube. Through the cap of the Falcon tube was
submerged a wire electrode into the fluid, as illustrated in FIG. 15, Panel A. Gaps in the cap
were sealed with LocTite UV-cured epoxy. The picoinjection fluid was charged using a
function generator outputting a 10 kHz sinusoidal signal ranging from O to 5 volts. This output
was amplified 1000X by a Trek 609E-6 model HV amplifier. The positive output of the
amplifier was attached via an alligator clip to the wire submerged in the picoinjection fluid. The
ground electrode of the amplifier was attached to the metal needle of a syringe containing a 1 M
solution of NaCl, introduced into the Faraday Mote (FIG. 15, Panel A). The two electrodes
were never in electrical contact and the emulsions exiting the device were collected into

separate, electrically isolated containers to avoid a closed circuit and prevent current flow.
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[00234] The picoinjected reagent was infused into the device through PE-2 tubing
(Scientific Commodities) using an air pressure pump (ControlAir Inc.) controlled by custom
LabVIEW software. The injection fluid was pressurized such that the oil/water interface at the
picoinjection orifice is in mechanical equilibrium with the droplet channel; the pressure
difference across the interface is equal to the Laplace pressure, causing the injection fluid to
bulge into the droplet channel without budding off and forming its own drops (FIG. 15, Panel
C). For this device, drops and spacer oil were injected the at flow rates of 200 and 400 uL hr™,
respectively. At these flow rates, the picoinjection fluid interface is in mechanical equilibrium
for an applied pressure of ~13 psi. The lengths of the tubing carrying the injection fluid and
solution serving as a Faraday mote was controlled, since longer tubes have higher electrical
resistance and may attenuate the AC signal applied to trigger picoinjection.

[00235] To picoinject drops with reagent, the previously formed monodisperse emulsion
was re-injected into the picoinjection device. The emulsion was introduced at a high volume-
fraction such that there is little carrier oil and the drops are packed together. The packed drops
traveled through a narrowing channel that forced them single file. Additional oil with surfactant
is added from two perpendicular channels, spacing the drops evenly, as shown in FIG. 15, Panel
B. A simple T-junction spacer was also found to work. The droplets then passed the
picoinjector, a narrow channel containing the reagent to be added. To trigger picoinjection, the
voltage signal was applied to the electrode submerged in the injection fluid, generating an
electric field at the picoinjector as the drops pass the injection site. This caused the drops to
coalesce with the injection fluid. As they traveled past, fluid was injected into them through a
liquid bridge formed after the two fluids coalesce. The applied signal must have zero offset to
prevent electrophoretic migration of charged particles in the solutions. Additionally, the
frequency of the signal must be high enough to ensure that during the act of injecting, the sign of
the field switches many times between positive and negative, so that the net charge of the fluid
added to the droplets is approximately zero. This ensured that the droplets leaving the injector
have zero net charge, which was important for ensuring that they remain stable. A 10 kHz
signal was applied.

[00236] To analyze the behavior of the picoinjector, the injection site was observed under
a microscope. In the absence of an electric field, a distinct boundary was observed between the
droplet and the injection fluid, as shown in FIG. 16, Panel A. When a 250 V signal was applied
to the picoinjector, the boundary vanishes and droplet coalescence is visible, as demonstrated in
FIG. 16, Panel B. Thus, electrification of the injection fluid is adequate to trigger picoinjection,

demonstrating that electrically-isolated electrodes are not needed.
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[00237] To determine if it were possible to vary the injection volume using the applied
voltage, voltage was varied between 0-5000V and the volume change of the resulting droplets
was measured. Injection volume was quantified with an optical fluorescence detection setup.

As the drops passed a 472 nm wavelength laser focused on the droplet channel ~1 cm
downstream of the picoinjector, the emitted fluorescence signal from the dissolved fluorescein
contained within the drops was amplified by a photomultiplier tube (PMT) and converted to a
voltage signal analyzed with LabVIEW FPGA. As the drops passed the laser, their fluorescence
signals resembled square waves as a function of time, with amplitudes and widths that
corresponded to the drop intensity and length, respectively. The drops had a spherical diameter
larger than the dimensions of the channel, causing them to be cylindrical in shape. Thus, the
drop volume is approximately linear as a function of length. To calculate the volume fractional
(Vf) increase, the ratio of the drop length before and after picoinjection was measured. These
measurements were repeated for a range of applied voltages and molarities of NaCl in the
injection fluid.

[00238] The increase in volume was plotted as a function of applied voltage for three
representative molarities of injection fluid in FIG. 17, Panels A-C. In all cases the injection
volume increased with the applied voltage, though this effect is most prominent for the 100 mM
injection solution shown in FIG. 17, Panel A. The dependence of the droplet volume on the
applied voltage may be attributed to the observation that the droplets are not perfect cylinders as
they travel past the picoinjector; instead they have a “bullet” shape, with the leading edge having
a smaller radius of curvature than the trailing edge. Consequently, as the drops pass the
picoinjector, the thickness of the oil layer separating their interface from the bulge of the
picoinjection fluid decreases. For an electrically-induced thin-film instability, the threshold
voltage required to rupture the interface depends on the thickness of the film, decreasing as the
film gets thinner. Hence, because the film thickness decreases as the drops pass the picoinjector,
the moment of coalescence depends on electric field magnitude: for higher fields it is possible to
rupture thicker films, leading to picoinjection at an earlier point; conversely, for lower fields
thinner films are ruptured, causing picoinjection to start at a later point. Because the volume
injected depends on the duration of picoinjection, it therefore also depends on applied voltage.
This is supported by data which shows a dependence on applied voltage for all molarities (FIG.
17, Panels A-C). It was also observed that the curves relating volume injected to applied voltage
are lower for lower molarities, as shown for the 50 mM and 25 mM data in FIG. 17, Panels B
and C, respectively. This may be attributable to the fact that lower molarity solutions have a
lower conductivity, and can thus attenuate the AC signals used to trigger injection, reducing the

volume injected for a particular applied voltage.
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[00239] Above 3000V and 100 mM, the injected volume begins to decrease and the
variability in drop size increases. In images of these systems at these voltages, it was observed
that the picoinjection fluid is no longer held at equilibrium in the picoinjection orifice, but
instead wets the channel walls and buds off small drops into the flow channel.

[00240] To characterize the behavior of the electrode-free picoinjector for all parameters,
injection volume was measured as a function of molarity and applied voltage and the resulting
data was plotted on a 2D heat-map (FIG. 18). This data demonstrates that the technique should
allow controlled picoinjection for most biological buffers, which commonly have molarities
within the tested range.

[00241] To investigate whether the electric fields and currents generated by the high-
voltage signal may disrupt biomolecules needed for downstream assays, the picoinjector was
used to prepare droplets for an RT-PCR reaction. Drops containing total RNA isolated from an
MCF7 human cell line were picoinjected with an RT- PCR reaction mixture containing the
enzymes reverse transcriptase (RT) and Taq DNA polymerase. Negative-control drops were
injected with a mixture containing no enzymes. Additional non-emulsified positive and negative
control reactions were performed in parallel with the same RT-PCR mixture. Following
thermocycling, the emulsions were broken and the amplification products visualized on an
ethidium bromide-stained 2% agarose gel. The positive control and picoinjected drops showed
PCR bands of comparable intensity for the expected 100 bp amplicon length, as visible in FIG.
19. In contrast, the negative controls showed no amplification, demonstrating that applying the
triggering signal to the picoinjection fluid is sufficiently biocompatible so as to allow

downstream RT-PCR reactions in drops.

EXAMPLE 4: COALESCING TRIPLE-EMULSIONS TO ADD REAGENT TO DROPLETS

[00242] One step, which may be important in running a droplet reaction, is the ability to
add reagents to pre-existing drops. As an example, drop addition might be beneficial if a final
drop reaction requires a reagent that could be denatured in a prior heating step. If no drop-
stabilizing surfactants are used, adding reagent can be as simple as bringing a drop in contact
with a second reagent-filled one. Standard drop processing and storage often require surfactant-
stabilized drops, however, and localized electric fields have been utilized to selectively disrupt
and merge pairs of drops. Merging involves timing the flow of original and reagent drops so
that they pair up and are in contact. A second strategy uses electric fields to destabilize a
passing drop so it can be injected with reagent from a side channel. This avoids the issue of

synchronization, but has the disadvantage that each drop is potentially cross-contaminated when
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joined with the side channel. Furthermore, only a volume less than or equal to the passing drop
can be injected.

[00243] Rather than merging or injecting reagents with a drop, presented here is a
different scheme where the original drop is enveloped within a larger reagent droplet and then
both are coalesced via application of an electric field. In some embodiments, this enveloping
facilitates the pairing of one original drop with one reagent envelope. The contained nature of
the mixing may also limit cross-contamination and facilitate the addition of arbitrary volumes as
compared with a droplet injector.

[00244] The drop-envelope pairing is made possible with surface chemistry. To reduce
interfacial energy, a hydrophilic channel encapsulates an oil-coated drop in aqueous reagent if
available. A subsequent hydrophobic channel then encapsulates it in oil, creating a stable water-
in-oil drop in a water-in oil drop, or triple emulsion (E3). This technique of alternating channel
hydrophobicity has each low-order emulsion triggering the formation of the next higher one,
with reliable quintuple emulsions even possible. The triggering leads to the proper pairing of
one original drop per envelope. Once there, the original drop surface is in maximal contact with
the inner surface of the reagent envelope, facilitating later electro-coalescence. This contact
means that any volume of reagent could be added to the original drop, from a thin-shelled
reagent envelope of fractional volume to an envelope 10%, 10°, 10* or more times larger.

[00245] A detailed schematic of the E3 scheme is shown in FIG. 23. First, a premade,
water-in-oil emulsion (E1) was reinjected into the device through a hydrophilic channel (FIG.
23, top left). The drops met a junction where co-flowing reagent pinched them off individually,
surrounding them to reduce surface repulsion. The oil of the E1 formed thin, stable shells that
housed each original drop. The channel immediately after the junction was designed to include
ridges as described herein to traps pockets of aqueous fluid. This prevented oil from contacting
the walls during budding and potentially altering their hydrophobicity. The water-in-oil-in water
double emulsion (E2) then traveled to a second junction where it met a hydrophobic channel
carrying oil (FIG. 23, bottom left) (Additional description and characterization of double
emulsions and their formation are provided in the descriptions of FIGs. 38-51). Here, the
aqueous reagents were repelled from the walls, and formed an E3 drop. In the figure, the E2 is
shown in the process of seeding the E3 by weakening the adhesion of the reagent fluid to the
hydrophilic channel. The volume ratio of reagent to the original E1 drops was determined by
the flow rates at the first junction.

[00246] After formation, the E3 was passed into a narrow constriction and coalesced with
an electric field. The electric field was generated between two salt-solution containing channels,

an electrode carrying a high, alternating voltage and a grounded moat (FIG. 23, bottom). The
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constriction may have facilitated application of the electric field to the drops because the reagent
envelope likely contained mobile ions that could screen the interior from the electric field. As
seen in the figure, constricting the E3 forces the inner drop to the channel wall. After
coalescing, the oil shell collapsed and became the innermost phase of an inverted oil-water-oil
double emulsion (E2’).

[00247] The device itself was constructed using conventional PDMS fabrication
techniques. First, a master was made by spinning layers of SU-§ resist onto a silicon wafer and
sequentially exposing them with UV light (Blakray) and a patterned mylar mask (Fineline
Imaging). After developing in CD-30, the SU-8 master was covered in PDMS (PDMS
manufacturer) with a 10:1 polymer to cross-linker mix, placed in vacuum to remove trapped air,
and baked for 1 hour at 75°C. The device was then extricated and given access holes with a 0.75
mm biopsy punch. Next, the device was bonded to a 1 mm-thick glass slide by exposing both to
1 mbar O, in a 300W plasma cleaner for 20s, attaching, and then baking for 10 min at 75°C.
[00248] The final processing steps created the hydrophilic and hydrophobic channels.
First, Aquapel® was flowed backwards through the device, into the drop outlet and out the
carrier oil inlet. At the same time, the drop reinjector inlet was pressurized with 15 psi air to
prevent the Aquapel® from entering the double-emulsion, hydrophilic section of the device.
Next, the same inlets exposed to Aquapel® were plugged with PEEK tubing (Resolution
Systems, TPK.515-5M) and the device was re-exposed to 1 mbar O, plasma in the same cleaner
for 1 min. The plasma made exposed channels hydrophilic, while the plugs kept the
hydrophobic channels as they were. This hydrophilic treatment was only semi-permanent, and
other methods not used here are capable of creating robust hydrophilic channels.

[00249] To operate, syringes filled with the appropriate fluids were connected to the
finished device via PE-2 tubing (Scientific Commodities, #BB31695) and the same PEEK
tubing and pressurized using syringe pumps (New Era). The reinjected drops consisted of Milli-
Q water in a fluorinated oil (Novec HFE 7500) with a 1% w/w biocompatiable surfactant. The
drops were flowed at a relatively slow flow rate of 20ulL/hr, and a snaking channel was used
(FIG. 23, top left) to add flow resistance and filter any pressure fluctuations. The test reagent
was PBS buffer (model#) with 0.1% pluronic surfactant (model #), and the carrier oil was the
same as with the reinjected drops. These were flowed at equal rates between 200 pl/hr and
1200 ulL/hr . The electrodes and moat were filled with 3.0 NaCl solution. The electrode, which
was a dead end, was pressurized with a solution-filled syringe until air in the channel was
absorbed by the PDMS. It was connected to a 20 kHz high voltage oscillator (JKL. Components
Corp, BXA-12579) running at 500 V. Such large voltages applied to merge or inject drops have

been shown to be biologically compatible.
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[00250] FIG. 24 shows microscope images of the running E3 device. The reinjected E1
travelling from the top of FIG. 24, Panel A, are starkly outlined because the disparate oil and
water indices of refraction bent the back lighting. After the E1 was encapsulated at the junction
by reagent flowing from the sides and became an E2, the inner and outer indices of refraction
matched and the borders became much fainter. This is an indication of the thinness of the oil
shell, which did not appreciably refract. In FIG. 24, Panel A, the E1 consisted of 30 pm-
diameter drops (15 pL.), and all channels here were hydrophilic and square, 30 pm to a side.
[00251] At the next junction, seen in FIG. 24, Panel B, the E2 exited the hydrophilic
channel as an F3 in a large square, hydrophobic channel, 60 um to a side. As with the initial
emulsion, the edges of these E3 drops were clearly visible due to refractive mismatch.
Conceivably, this step could have caused timing issues because the inner E1 needed to
synchronize with the large drop formation. However, this problem was avoided because the
arrival of the E1 at the junction weakened the adhesion of the reagent phase to the hydrophilic
channel and induced budding. The process is shown in the inset of FIG. 24, Panel B, and caused
a very regular loading of E1 into the E3.

[00252] The coalescence of the E3 is shown in FIG. 24, Panel C. The 60 um-wide
channel narrowed to 15 pm, squeezing the E1 against the walls where the electric field from the
electrode could penetrate. The new E2’ product of coalescing can be seen on the right. The
collapsed oil remnants appear in high contrast and have a volume of roughly 2 pL.,
corresponding to an original oil shell that was 1 pm thick. The remnants could conceivably have
merged with the carrier oil during coalescence except for the fact that the E3 was squeezed
against the channel wall where there is no oil. In the inset, the constriction is shown without
electric field. No coalescence occurred and the constriction moved the inner phases to the rear.
The regularity of coalescence is demonstrated in FIG. 24, Panel D, the top of which shows a
mixing channel for homogenizing the aqueous contents of the drop.

[00253] The precise dynamics of E3 coalescing were determined using a fast camera.
Two time series are shown in FIG. 25, with the oil shell of the inner E1 highlighted in blue
(indicated by arrows in FIG. 25). Each starts out at a time t = -0.7 ms where the inner E1 was not
yet constricted and was spherical. Time t= 0.0 ms was set immediately before rupturing when
the E1 was pinned against the constriction walls and slightly flattened. By next frame, t = 0.1
ms, the E1 ruptured. In FIG. 25, Panel A, the rupturing ejected contents of the E1 to the back of
the drop, whereas in FIG. 25, Panel B, the contents were ejected forward. In high-order
emulsions, the unconstrained surface of an inner phase will be tangent somewhere with the
surface of the next outermost phase to reduce interfacial energy (i.e. the phases are never

perfectly concentric). This randomly positioned contact point helps merging and may determine
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where the drop ruptures. After rupturing, the oil shells collapsed as shown in the frame at t = 1.1
ms.

[00254] The robustness of this process depends on the appropriate channels being
hydrophilic or hydrophobic. If the first section of the device is not sufficiently hydrophilic, the
oil of E1 may wet the channel walls immediately after the junction. Instead of travelling as
spheres down the center of the channel as in FIG. 24, Panel A, they may travel as hemispheres
down the side and slip into the carrier fluid at the next junction as a single emulsion rather than
enveloped. If the second section of the device is not sufficiently hydrophobic, there may be
electro-wetting at the constriction and small satellite drops will buff off at the tail of the passing
E3. As s, this scheme produces aqueous drops with oil in them (1E2’) as opposed to the pure
aqueous drops (E1) of the merger and injector strategies mentioned previously. Depending on
the desired product, this might be acceptable; otherwise, various techniques like microfluidic
centrifuges or drop splitting can be employed to remove the oil.

[00255] From the study described, a triple emulsion coalescence strategy was
demonstrated to be a robust method for adding a reagent to a collection of drops. Such triple
emulsion coalescence was carried out without loss of drops or drop mixing, owing to the surface

chemistry of the channels rather than careful synchronization.

EXAMPLE 5: PICOINJECTION ENABLES DIGITAL DETECTION OF RNA MOLECULES WITH
DROPLET RT-PCR

[00256] Most biological assays require the stepwise addition of reagents at different
times. For microfluidic techniques to be most widely useful, a robust procedure for adding
reagents to drops is therefore important. One technique for accomplishing this is
electrocoalescence of drops, in which the reagent is added by merging the drop with a drop of
the reagent using an electric field. Another technique is picoinjection, which injects the reagent
directly into the drops by flowing them past a pressurized channel and applying an electric field.
An advantage of picoinjection is that it does not require the synchronization of two streams of
drops, making it easier to implement and more robust in operation. However, variability in the
volume injected from drop to drop and the potential degradation of reagents by the electric field
may interfere with assays. In addition, during picoinjection, the drops temporarily merge with
the reagent fluid, potentially allowing transfer of material between drops, and cross-
contamination.

[00257] This study investigated the impact of picoinjection on biological assays
performed in drops and the extent of material transfer between drops. Using sensitive digital RT-

PCR assays, it is shown that picoinjection is a robust method for adding reagents to drops,
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allowing the detection of RNA transcripts at rates comparable to reactions not incorporating
picoinjection. It was also determined that there is negligible transfer of material between drops.
The benefit of workflows incorporating picoinjection over those that do not is that picoinjection
allows reagents to be added in a stepwise fashion, opening up new possibilities for applying

digital RT-PCR to the analysis of heterogeneous populations of nucleic acids, viruses, and cells.

MATERIALS AND METHODS

Microfluidic device fabrication
[00258] The microfluidic devices consisted of polydimethylsiloxane (PDMS) channels
bonded to a glass slide. To make the PDMS mold, a device master was first created by spinning
a 30 mm-thick layer of photoresist (SU-8 3025) onto a silicon wafer, followed by a patterned
UV exposure and resist development. Next, an uncured mix of polymer and crosslinker (10:1)
was poured over the master and baked at 80°C for 1 hour. After peeling off the cured mold,
access holes were punched in the PDMS slab with a 0.75 mm biopsy coring needle. The device
was washed with isopropanol, dried with air, and then bonded to a glass slide following a 20 s
treatment of 1 mbar O, plasma in a 300 W plasma cleaner. To make the devices hydrophobic,
the channels were flushed with Aquapel® and baked at 80°C for 10 min.

RNA isolation
[00259] Human PC3 prostate cancer or Raji B-lymphocyte cell lines were cultured in
appropriate growth medium supplemented with 10% FBS, penicillin and streptomycin at 37°C
with 5% CQO,. Prior to RNA isolation, Raji cells were pelleted and washed once in phosphate
buffered saline (PBS). Confluent and adhered PC3 cells were first trypsinized prior to pelleting
and washing. Total RNA was isolated from cell pellets using an RNeasy Mini Kit (Qiagen).
Total RNA was quantified using a spectrophotometer and the indicated amounts (between 150
and 1000 ng) of RNA were used in subsequent 25 ml RT-PCR reactions.

TagMan® RT-PCR reactions
[00260] The sequence of amplification primers used for the RT-PCR reactions were as
follows: EpCAM Forward 5'-CCTATGCATCTCACCCATCTC-3', EpCAM Reverse 5'-
AGTTGTTGCTGGAATTGTTGTG-3'; CD44 Forward 5'-
ACGGTTAACAATAGTTATGGTAATTGG-3', CD44 Reverse 5'-
CAACACCTCCCAGTATGACAC-3"; PTPRC/CDA45 Forward 5'-
CCATATGTTTGCTTTCCTTCTCC-3', PTPRC/CD45 Reverse 5'-
TGGTGACTTTTGGCAGATGA-3'. All PCR primers were validated prior to use in
microfluidic droplet experiments with tube-based RT-PCR reactions. Products from these

reactions were run on agarose gels and single bands of the predicted amplicon size were
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observed for each primer set. The sequence of the TagMan® probes was as follows: EpCAM 5'-
16-FAM/ATCTCAGCC/ZEN/TTCTCATACTTTGCCATTCTC/TABKEQ/-3"; CD44 5'-
[CySITGCTTCAATGCTTCAGCTCCACCT/IAbRQSp/-3"; PTPRC/CDA45 5'-
/HEX/CCTGGTCTC/ZEN/CATGTTTCAGTTCTGTCA/MTABKFQ/-3'. Pre-mixed amplification
primers and TagMan® probes were ordered as a PrimeTime Standard qPCR assay from
Integrated DNA Technologies (IDT) and were used at the suggested 1X working concentration.
Superscript III reverse transcriptase (Invitrogen) was added directly to PCR reactions to enable
first stand cDNA synthesis. Following emulsification or picoinjection of RT-PCR reagents,
drops were collected in PCR tubes and transferred to a T100 Thermal Cycler (BioRad).
Reactions were incubated at 50 °C for 15 min followed by 93 °C for 2 min and 41 cycles of: 92
°C, 15 s and 60 °C, 1 min.

Emulsion generation and picoinjection
[00261] The reaction mixtures were loaded into 1 mL syringes and injected into
microfluidic T junction drop makers using syringe pumps (New Era) controlled with custom
LabVIEW software. The dimensions of the device and flow rates of the reagents were adjusted
to obtain the desired 30 mm drop size. To apply the electric field for picoinjection, the electrode
and surrounding moat channels were filled with a 3M Na(l solution, having a conductivity of
~0.1 S/cm. The electrode was energized using 20kHz, 300 VAC signals generated by a
fluorescent light inverter (JKL. Components Corp) attached via an alligator clip to the syringe
needle.

Immunofluorescence imaging
[00262] To image the thermocycled droplets, 10 ml. of emulsion were pipetted into
Countess chambered coverglass slides (Invitrogen). The slides were imaged on a Nikon Eclipse
Ti inverted microscope using conventional widefield epifluorescence and a 4x objective.
Fluorescence filters were chosen to optimize the signal intensity and to mitigate background
fluorescence due to spectral overlapping of the dyes used in the multiplexed reactions. The
images were captured using NIS Flements imaging software from Nikon.

Data analysis
[00263] The droplet images were analyzed using custom MATLAB software. For each
field of view, brightfield and fluorescence images were captured. The software first located all
drops in the brightfield image by fitting circles to the drop interfaces. Next, the light background
in the fluorescence images was subtracted using a smooth polynomial surface constrained to
vary over size scales much larger than the drops. The software then measured the average
fluorescence intensity within each droplet’s circular boundary. The resultant intensity values

were offset so that the cluster of lowest intensity (empty) had an average of zero. Drops were
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determined to be “positive” or “negative” based on whether their intensity fell above or below,

respectively, a defined threshold.

RESULTS

Detection of RNA transcripts in picoinjected drops.
[00264] A potential concern when using picoinjection for RT-PCR assays is the
possibility that it may interfere with reactions in the drops; for example, the process may result
in variability in the amount of reagents between the drops or degradation of key components
upon exposure to the electric field. To investigate these issues, the detection of two cancer-
relevant human transcripts, EpCAM and CD44, was compared in picoinjected and non-
picoinjected drops using TagMan® RT-PCR, (FIG. 26). The TagMan® probe for detecting
EpCAM was conjugated to the fluorophore 6 carboxyfuoroscein (IFAM) and the probe for CD44
to the dye Cy5. The probe mix also contained primers that flank the TagMan® probes and yield
~150 base amplicons from these genes.
[00265] To prepare the non-picoinjected control drops, the probe mix was added to a 25
ml RT-PCR master mix reaction containing 150 ng of total RNA isolated from the human PC3
prostate cancer cell line. The RT-PCR solution was the emulsified into monodisperse 30 mm
(14 pL) drops with a T-junction drop maker, and the drops were collected into PCR tubes and
thermocycled (FIGs. 26, Panel A and 26, Panel C). During thermocycling, drops containing at
least one EpCAM or CD44 transcript were amplified, becoming fluorescent at the wavelengths
of the associated FAM and Cy5 dyes. By contrast, drops without a molecule did not undergo
amplification and remained dim, as in standard TagMan®-based digital droplet RT-PCR.
Following thermocycling, the drops were pipetted into chambered slides and imaged with a
fluorescence microscope. To measure the concentrations of EpCAM and CD44 in the original
solution, the number of drops with FAM or Cy5 fluorescence were counted. The reactions
showed a digital fluorescent signal for both the EpCAM and CD44 probes, indicating that these
transcripts were present at limiting concentrations in the drops, as shown in FIG. 27, Panel A.
Control reactions where reverse transcriptase was omitted failed to produce a fluorescent signal,
indicating that the TagMan® assays were specific and not the result of non-specific cleavage of
TaqMan® probes caused by the emulsification process.
[00266] To test the impact of picoinjection on TagMan® RT-PCR, a similar experiment
as above was performed, but the RT-PCR reagents were separated into two solutions added at
different times. Total RNA, RT-PCR buffer, primers, probes, and DNA polymerase were
emulsified into 30 mm diameter drops; these drops were not capable of RT-PCR, since they

lacked reverse transcriptase. Using picoinjection, an equal volume of 2X reverse transcriptase
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was introduced in PCR buffer and the drops were thermocycled. Just as with the non-
picoinjected control, this emulsion showed a robust digital signal and had an equivalent ratio of
fluorescent-to-non-fluorescent drops, as shown in FIG. 27, Panels A and B. To confirm that the
fluorescence was not due to background hydrolysis of the TagqMan® probes, disruption of the
probes by the electric field, or some other factor, additional reactions were performed where a
picoinjection fluid lacking reverse transcriptase was added to RNA-containing drops. In these
drops, no fluorescence was evident following thermocycling (FIG. 27, Panel C), demonstrating
that the signal was indeed a result of digital detection of RNA molecules, and that these assays

were specific.

Quantification of RT-PCR detection rates in picoinjected drops
[00267] To precisely quantify the impact of picoinjection on TagMan® RT-PCR
transcript detection, four independent replicates of the picoinjected and non-picoinjected drops
were collected. To automate data analysis, a custom MATLAB software was used to locate the
drops in the images and measure their fluorescence intensities. For a particular channel (FAM or
Cy5), the fluorescence intensity within each drop was averaged; all drop values were
subsequently offset so that the cluster of empty drops had an average of zero (See Materials and
Methods). Using one threshold for both channels, each drop was labeled as positive or negative
for EpCAM and CD44 based on whether it was above or below the threshold, respectively, as
shown in FIG. 28, Panel A. In total, 16,216 control drops and 14,254 picoinjected drops were
analyzed from the four experimental replicates. To determine the TagMan® detection rate of
picoinjected drops relative to non-picoinjected controls, the total number of CD44 (Cy5) and
EpCAM (FAM) positive control drops in each replicate was normalized. Following
picoinjection of reverse transcriptase, 92% (+/- 26%) of CD44 positive drops and 87% (+/- 34%)
of EpCAM positive drops were detected relative to the control drops (FIG. 28, Panel B).
Although the average transcript detection rate for picoinjected drops was slightly lower than that
of control drops for a given RNA concentration, the difference was not statistically significant,
and some experimental replicates had detection rates for picoinjected drops higher than for the
controls. Based on these results, it was conclude that picoinjection affords transcript detection
rates equivalent to that of digital RT-PCR, with the benefit of allowing the reaction components

to be added at different times.

Discrete populations of drops can be picoinjected with minimal cross-contamination
[00268] An important feature when adding reagents to drops is maintaining the unique

contents of each drop and preventing the transfer of material between drops. Unlike the merger
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of two discrete drops, the contents of a picoinjected drop become momentarily connected with
the fluid being added, as illustrated in FIG. 26, Panel B. After the drop disconnects from the
fluid, it may leave material behind that, in turn, may be added to the drops that follow. This
could lead to transfer of material between drops, and cross-contamination. To examine the
extent to which picoinjection results in cross-contamination, TagMan® RT-PCR reactions were
again used because they are extremely sensitive and capable of detecting the transfer of just a
single RNA molecule. A FAM-conjugated TagMan® probe was used for targeting the EpCAM
transcript and a hexachlorofluorescein (HEX) conjugated TagMan® probe was used for
recognizing the B-lymphocyte-specific transcript PTPRC. Total RNA was isolated from PC3
cells expressing EpCAM but not PTPRC, and a B-lymphocyte derived cell line (Raji) expressing
PTPRC but not EpCAM. For a control set of drops, the RNA from both cell types was mixed,
TagMan® probes and RT-PCR reagents were added, and the solutions were emulsified into 30
mm drops. The drops were collected into a tube, thermocycled, and imaged, FIG. 29A. In the
images, a large number of drops displayed FAM and HEX fluorescence, indicative of
multiplexed TagMan® detection of PI'PRC and EpCAM transcripts. A smaller fraction had pure
green or red fluorescence, indicating that they originally contained just one of these molecules,
while even fewer were dim and were thus devoid of these transcripts.

[00269] To observe the rate of picoinjector cross-contamination, a microfluidic device
was used that synchronously produced two populations of drops from opposing T-junctions,
pictured in FIG. 29, Panel B. One population contained only Raji cell RNA and PTPRC
transcripts; the other, only PC3 cell RNA and EpCAM transcripts, as illustrated in FIG. 29,
Panel B. Both populations contained primers and TagMan® probes for EpCAM and PTPRC
and were therefore capable of signalling the presence of either transcript. Immediately after
formation, the drops were picoinjected with the 2X reverse transcriptase, thereby enabling first
strand cDNA template synthesis for the TagMan® assay, and an opportunity for contamination.
If RNA was transferred between drops, some of the drops should have displayed a multiplexed
TagMan® signal, whereas in the absence of contamination, there should have been two distinct
populations and no multiplexing. In the fluorescence images, two distinct populations were
observed, one positive for EpCAM (FAM) and the other for PTPRC (HEX), with almost no
yellow multiplexed drops that would be indicative of a multiplexed signal, as shown in FIG. 29,
Panel B. This demonstrated that cross-contamination during picoinjection is rare.

[00270] To measure the precise rate of cross-contamination, automated droplet detection
software was used to analyze thousands of drops, FIG. 30, Panel A, and the results were plotted
as a percentage of the total number of TagMan® positive drops, FIG. 30, Panel B. A total of
5771 TagMan® positive control drops and 7329 TagMan® positive picoinjected drops were
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analyzed from three independent experimental replicates. or the control drops, in which the
Raji and PC3 RNA were combined, a multiplexing rate 44% (+/- 9.26) was observed. By
contrast, for the picoinjected drops, only 0.31% (+/- 0.14) multiplexed drops were observed, as
shown in FIG. 30, Panel B. Hence, with picoinjection, there was some multiplexing, although
the rate was so low it cannot be ruled out as resulting from other sources of RNA transfer, such
as merger of drops during thermocycling or transport of RNA between droplet interfaces.
[00271] The dual population experiments in which the drops were picoinjected
immediately after being formed allowed for the estimation of the precise amount of cross-
contamination, but in most actual implementations of picoinjection for biological assays, the
drops will be formed on one device, removed offline for incubation or thermocycling, and then
reinjected into another device for picoinjection. To demonstrate that picoinjection is effective for
digital RT-PCR reactions performed under these conditions, and to estimate the rate of cross
contamination, a dual population of drops was again created, but this time the drops were pulled
offline and stored in a 1 mL syringe before reinjecting and picoinjecting them. Just as before, it
was observed that nearly all drops were pure green or red, indicating minimal cross
contamination, as shown in FIG. 31. However, some drops with a multiplexed signal were also
observed, as shown by the rare yellow drops in the image. In this experiment, the multiplexing
rate was 1%, higher than with the drops that were picoinjected immediately after formation.
While cross-contamination at the picoinjector cannot be ruled out, it is suspected that the higher
multiplexing rate was the result of merger of drops during offline storage and reinjection, during
which the drops may be subjected to dust, air, and shear forces that can increase the chances for
merger. This is supported by the observation that during reinjection of the emulsion there were
occasional large merged drops, and also that the picoinjected emulsion was somewhat
polydisperse, as shown in FIG. 31. Nevertheless, even under these rough conditions, the vast
majority of drops displayed no multiplexing, indicating that they retained their integrity as
distinct reactors.

[00272] From these studies, it was demonstrated that picoinjection is compatible with
droplet digital RT-PCR and affords single RNA molecule detection rates equivalent to
workflows not incorporating picoinjection. This showed that picoinjection is compatible with
reactions involving common biological components, like nucleic acids, enzymes, buffers, and
dyes. It was also observed that there was negligible transfer of material between drops during
picoinjection. These results support picoinjection as a powerful and robust technique for adding

reagents to drops for ultrahigh-throughput biological assays.
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EXAMPLE 6: SINGLE CELL RT-PCR MICROFLUIDIC DEVICE

[00273] FIG. 32 shows one embodiment of a single cell RT-PCR microfluidic device as
provided herein. The cells of interested were first encapsulated in drops with lysis reagent
including proteases and detergents and incubated offline. These drops were then introduced into
this device and spaced by oil using an input microchannel and a flow focus drop maker for
introducing microdroplets (Panel A). In a pairing microchannel, the spaced drops were then
paired with large drops containing a dilution buffer that were created by a dilution buffer drop
maker in fluidic communication with the pairing microchannel (Panel B). The big and small
drops were then merged in a merging microchannel with an electric field (Panel C), adding the
contents of the small drop to the large drop. The merged drops passed through mixing
microchannels and then a small portion was sampled from them by a drop sampler (Panel D).
The small portion was then passeed by a picoinjection microchannel where the small portion
was then picoinjected with the RT-PCR reagent (Panel E). The drops were then thermocycled
for the RT-PCR reaction.

[00274] This system facilitated single cell RT-PCR because it allowed for the
performance of the cell lysis and protein digestion in one step (not shown) and subsequent
dilution of the lysate in the drop prior to addition of the RT-PCR reagent. Without the dilution,
the lysate could have inhibited the RT-PCR reaction.

[00275] The device worked robustly, at least in part, because the timing of each
microfluidic component was set by the periodicity of the large drop maker making the dilution
drops. Without this periodic drop formation, the device might operate less stably and potentially

produce polydisperse drops.

EXAMPLE 7: TESTING OF MICROFLUIDIC DROPLET FORMING DEVICES UTILIZING CHANNELS
INCLUDING RIDGES

[00276] T-junction drop makers with and without channel ridges positioned downstream
of the T-junction were tested to determine the effect of including such ridges on droplet
formation performance. The channel widths were about 30 microns and the width of the ridge
peaks were from about 5 to about 10 microns. See FIG. 33.

[00277] PDMS microfluidic devices were prepared generally as described herein and
plasma treated for 10 seconds. The flow rate ratio was monitored, wherein the sum (Qgy,) of
individual flow rates (Qq;) + (Qaq) was approximately 1000 ul/hr, and the ratio (R) = Qag/Qgums
and droplet formation was visualized.

[00278] As the flow rate ratio was increased for the device lacking ridges, the drop maker

stopped forming drops and instead formed a long jet. Without intending to be bound by any
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particular theory, it is believe that this was due to the jet wetting the channel walls and adhering,
preventing the formation of drops. See FIG. 33, left side. For the device which included the
ridges, the ridges successfully trapped oil near the walls, making it difficult for the aqueous
phase to wet. This allowed the device to form drops at much higher flow rate ratios before it
eventually wet at R=0.9. This demonstrated that the ridges allow the drop maker to function over
a much wider range than would be possible without the ridges. The top and bottom sets of
images in FIG. 33 correspond to experiments performs with different devices. When the
experiment was performed with the first pair of devices, a 21-fold increase in maximum Q.q/Qoil
was achieved. When the same experiment was performed with a second set of devices, an 8-fold
increase in maximum Q,e/Q.i was achieved. This discrepancy may be attributed to experimental
variability because the wetting properties that lead to jetting are somewhat unpredictable,

hysteretic, and prone to variability.

EXAMPLE 8: FABRICATION AND TESTING OF L1QUID ELECTRODES

[00279] Many microfluidic devices utilize metal electrodes to create electric fields when
such fields are called for in a particular microfluidic device application. However, there may be
disadvantages to using such metal electrodes including an increased number of fabrication steps
and the potential for failure of the electrodes.

[00280] Advantageously, the present disclosure describes the fabrication and use of liquid
electrodes, which simplify the fabrication process and provide similar and/or improved
capabilities relative to metal electrodes.

[00281] FIG. 34 provides an overview of an exemplary liquid electrode fabrication
method. Initially, an SU-8 photoresist master was fabricated on an Si wafer (A). PDMS was then
cast, degassed and cured (B). Inlet ports were punched in the PDMS, and the PDMS was bonded
to a glass slide (C). Finally, the channel was filled with a NaCl solution. FIG. 35 provides a
sequence of three images taken at different times as an electrode channel was being filled with
salt water (time course proceeds from left to right). The salt water was introduced into the inlet
of the channel and pressurized, causing it to slowly fill the channel. The air that was originally in
the channel was pushed into the PDMS so that, by the end, it was entirely filled with liquid.
[00282] Electric field lines for various liquid electrode configurations were simulated as
shown in FIG. 36. The simulations are of positive and ground electrodes showing equipotential
lines for three different geometries.

[00283] The liquid electrodes were capable of merging drops through application of an
electric field as shown in FIG. 37, which provides two images of a droplet merger device that

merges large drops with small drops utilizing liquid electrodes. To merge the drops, an electric
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field was applied using a salt-water electrode. When the field was off, no merger occured (right)

and when it was on, the drops merged (left).

EXAMPLE 9: PCR ANALYSIS AND FACS SORTING OF AZOPIRA/E. COLI MIXTURE

[00284] Two different species of microbes, Azospira and E. coli. Were encapsulated in
microdrops. In-droplet PCR was performed using TagMan® and primers for Azospira and/or E.
coli. FIG. 52 provides images showing drops in which a TagMan® PCR reaction was performed
with encapsulated Azospira. The upper images correspond to a reaction in which a 110 bp
amplicon was produced, whereas the lower images to a 147 bp amplicon. FIG. 53 shows a
picture of a gel testing 16S primers for Azospira and E. coli. The gel shows the bands
corresponding to the amplicons of two TagMan® PCR reactions, one for a 464 bp amplicon and
one for a 550 bp amplicon. FIG. 54 provides a picture of a gel validating that the in-droplet PCR
reactions can be multiplexed by adding multiple primer sets to a sample containing bacteria.
FIG. 55 shows results for an experiment where the TagMan® reaction had primers and probes
only for Azospira, so only the drops containing one of these microbes underwent amplification
and became fluorescent, while the empty drops or the ones with E. coli remained dim. The
emulsion was then encapsulated into double emulsions using a microfluidic device and sorted on
FACS. The plots to the right in FIG. 55 show the FACS data. The upper plot shows the
scattering cross section plotted as a function of the drop fluorescence. Based on this, a
population was gated out by drawing boundaries (shown above), and this population was sorted
based on the drop intensity. The gating allowed erroneous events due to small oil drops or dust
to be discarded. When looking at only the double emulsions, the population had two distinct
peaks which corresponded to the fluorescent and non-fluorescent drops, shown in the lower
histogram. An attempt to re-amplify the amplicons created during the in-droplet PCRs was
unsuccessful, potentially due to their chemical structure since they may contain analogue bases

or due to an inhibitory effect of the carrier oil.

[00285] Although the foregoing invention has been described in some detail by way of
illustration and example for purposes of clarity of understanding, it is readily apparent to those
of ordinary skill in the art in light of the teachings of this disclosure that certain changes and
modifications may be made thereto without departing from the spirit or scope of the appended
claims.

[00286] Accordingly, the preceding merely illustrates the principles of the invention. It
will be appreciated that those skilled in the art will be able to devise various arrangements

which, although not explicitly described or shown herein, embody the principles of the invention
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and are included within its spirit and scope. Furthermore, all examples and conditional language
recited herein are principally intended to aid the reader in understanding the principles of the
invention being without limitation to such specifically recited examples and conditions.
Moreover, all statements herein reciting principles, aspects, and embodiments of the invention as
well as specific examples thereof, are intended to encompass both structural and functional
equivalents thereof. Additionally, it is intended that such equivalents include both currently
known equivalents and equivalents developed in the future, i.e., any elements developed that
perform the same function, regardless of structure. The scope of the present invention, therefore,
is not intended to be limited to the exemplary embodiments shown and described herein. Rather,

the scope and spirit of present invention is embodied by the appended claims.
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CLAIMS

What Is Claimed Is:

1. A method for the detection of cells, the method comprising:

encapsulating in a microdroplet a cell obtained from a biological sample
from a subject, wherein at least one cell is present in the microdroplet;

incubating the microdroplet under conditions effective for cell lysis;

introducing polymerase chain reaction (PCR) reagents, a detection
component, and a plurality of PCR primers into the microdroplet and incubating
the microdroplet under conditions allowing for PCR amplification to produce PCR
amplification products, wherein the plurality of PCR primers comprise one or more
primers that each hybridize to one or more oligonucleotides; and

detecting the presence or absence of the PCR amplification products by
detection of the detection component, wherein detection of the detection
component indicates the presence of PCR amplification products;

wherein one or more steps are performed under microfluidic control.

2. 'The method according to claim 1, wherein incubating the microdroplet under conditions

effective for cell lysis comprises introducing a lysing agent into the microdroplet.

3. The method according to claim 1 or 2, wherein the one or more oligonucleotides are

oncogencs.

4. The method according to any of claims 1-3, wherein the biological sample is blood and
the method comprises determining the number of circulating tumor cells (C'TCs) present
in the sample of the subject's blood based at least in part on the number of microdroplets

in which PCR amplification products were detected.

5. The method according to any of claims 1-4, wherein all steps are performed under

microfluidic control.

6. The method according to claim 5, wherein all steps are performed on the same

microfluidic device.
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7.

10.

11.

12.

13.

14.

15.

16.

17.

PCT/US2013/054517

The method according to any of the above claims, wherein the plurality of PCR primers

comprises 10 or more primers.

The method according to any of the above claims, wherein the plurality of PCR primers

comprises 20 to 100 primers.

The method according to any of the above claims, wherein the plurality of PCR primers

comprises primers for 10 or more oncogenes.

The method according to any of the above claims, wherein incubating the microdroplet
under conditions allowing for PCR amplification is performed on the same microfluidic

device used to encapsulate the cells and lyse the cells.

The method according to any of the above claims, wherein the PCR reagents and PCR

primers are added at the same time as the lysing agent.

The method according to any of the above claims, wherein the PCR reagents are added

in two steps or more.

The method according to any of the above claims, further comprising introducing a

probe into the microdroplet.

The method according to claim 13, wherein the probe is introduced prior to incubating

the microdroplet under conditions allowing for PCR amplification.

The method according to claim 13 or 14, wherein the probe is a TagMan® probe.

The method according to any of the above claims, wherein a reagent is added to the
microdroplet by merging the microdroplet with a second microdroplet comprising the

reagent.

The method according to any of the above claims, wherein a reagent is added to the

microdroplet using either droplet coalescence or picoinjection.
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18.

19.

20.

21.

22.

23.

24.

25.

26.

The method according to any of the above claims, wherein a reagent is added to the
microdroplet by a method comprising:
d) emulsifying the reagent into a stream of droplets, wherein the droplets are
smaller than the size of the microdroplet;
e) flowing the droplets together with the microdroplet; and

f) merging a droplet with the microdroplet.

The method according to claim 18, wherein the diameter of the droplets is 25% or less
than that of the diameter of the microdroplet, and a plurality of droplets are merged with

the microdroplet.

The method according to claim 18 or 19, wherein the merging comprises applying an

electric field.

The method according to any of the above claims, wherein a reagent is added to the
microdroplet by a method comprising:

d) jetting the reagent into a fluid jet;

e) flowing the fluid jet alongside the microdroplet; and

f) merging a droplet with the microdroplet.

The method according to claim 21, wherein merging comprises applying an electric

field.

The method according to claim 21 or 22, wherein jetting the reagent comprises adding a

viscosity-increasing agent or surfactant.

The method according to any of the above claims, wherein a reagent is added to the
microdroplet by a method comprising using a fluid injected into the microdroplet as an

electrode.

The method according to any of the above claims, wherein the detection component is

detected based on a change in fluorescence.

The method according to claim 25, where in the change in fluorescence is due to

fluorescence resonance energy transfer (FRET).
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27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

The method according to claim 25, where in the change in fluorescence is due to

fluorescence polarization.

The method according to claim 25 or 27, wherein the detection component is an

intercalating stain.

The method according to any of the above claims, wherein detecting the presence or
absence of the PCR amplification products comprises repeatedly imaging the

microdroplet.

The method according to claim 29, wherein the microdroplet is repeatedly imaged while
the microdroplet is subjected to conditions allowing for PCR amplification to produce

the PCR amplification products.

The method according to any of the above claims, wherein incubating the microdroplet
under conditions allowing for PCR amplification and detecting the presence or absence

of the PCR amplification products are performed on a Megadroplet Array.

The method according to any of the above claims, comprising sorting a microdroplet.

The method according to claim 32, wherein the sorting comprises using membrane

valves, bifurcating channels, surface acoustic waves, or dielectrophoresis.
The method according to claim 32 or 33, wherein the microdroplet is sorted based on a
property comprising size, viscosity, mass, buoyancy, surface tension, electrical

conductivity, charge, or magnetism.

The method according to any of claims 32-34, comprising sorting based at least in part

based upon the detection of the presence or absence of PCR amplification products.

The method according to any of claims 32-35, wherein the microdroplet is sorted prior to

the introduction of a PCR reagent.

The method according to any of claims 32-36, wherein the microdroplet is sorted prior to

the introduction of a lysing agent.
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38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

The method according to any of the above claims, further comprising:
injecting a diluent into the microdroplet; and
flowing the microdroplet through a microfluidic channel on which an electric

field is being applied, under conditions in which the microdroplet is split.

The method according to any of the above claims, wherein the subject is mammalian.

The method according to any of the above claims, wherein the subject is human.

The method according to any of the above claims, wherein the subject has been

diagnosed with cancer.

The method according to any of the above claims, wherein the biological sample is a

blood sample.

The method of claim 42, wherein the blood sample is whole blood.

The method of claim 42 or 43, comprising fractionating the blood sample.

The method of any one of claims 42-44, comprising drawing 30mL or less of the

subject's blood.

The method of claim 45, wherein the blood sample is 15mL or less.

The method of any one of the above claims, comprising fixing and/or permeabilizing the

cell.

The method of any one of the above claims, comprising introducing a plurality of
different detection components, and detecting the presence or absence of the PCR
amplification products by detection of the plurality of detection components, wherein
detection of the detection components indicates the presence of PCR amplification

products.

The method of any one of the above claims, comprising contacting the cell or a

component thereof with a detectably labeled antibody.
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50. A method for the detection of tumor cells, the method comprising:

51.

52.

53.

54.

encapsulating a plurality of cells in a plurality of microdroplets under
conditions in which a majority of microdroplets comprise zero or one cell, wherein
the plurality of cells are obtained from a subject's blood sample suspected of
containing circulating tumor cells (CTCs);

enriching the plurality of microdroplets for microdroplets containing one
cell;

introducing a lysing agent into the plurality of microdroplets and incubating
under conditions effective for cell lysis;

introducing polymerase chain reaction (PCR) reagents, a detection
component, and a plurality of PCR primers into the plurality of microdroplets and
incubating the plurality of microdroplets under conditions allowing for PCR
amplification to produce PCR amplification products, wherein the plurality of PCR
primers comprise one or more primers that each hybridize to one or more
oncogenes;

detecting the presence or absence of the PCR amplification products by
detection of the detection component, wherein detection of the detection
component indicates the presence of the PCR amplification products; and

determining the number of CTCs present in a sample of the subject's blood
based at least in part on the number of microdroplets in which the PCR
amplification products were detected;

wherein one or more steps are performed under microfluidic control.

The method according to claim 50, wherein all steps are all performed under microfluidic

control.

The method according to claim 50 or 51, wherein all steps are performed on the same

microfluidic device.

The method according to any of claims 50-52, wherein the plurality of PCR primers

comprises 10 or more primers.

The method according to any of claims 50-53, wherein the plurality of PCR primers

comprises primers for 10 or more oncogenes.
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55.

56.

57.

58.

59.

60.

61.

62.

63.

The method according to any of claims 50-54, wherein the plurality of PCR primers

comprises a plurality of probes.

The method according to claim 55, wherein the probes comprise TagMan® probes.

The method according to any of claims 50-56, wherein the PCR reagents are added in

two steps or more.

The method according to any of claims 50-57, further comprising introducing a probe

into the microdroplet.

The method according to any of claims 50-58, wherein a reagent is added to the plurality
of microdroplets by merging a microdroplet with a second microdroplet comprising the

reagent.

The method according to any of claims 50-59, wherein a reagent is added to the plurality

of microdroplets using either droplet coalescence or picoinjection.

The method according to any of claims 50-60, wherein a reagent is added to the plurality
of microdroplets by a method comprising:
d) emulsifying the reagent into a stream of droplets, wherein the droplets are
smaller than the size of a microdroplet;
e) flowing the droplets together with the microdroplet; and

f) merging a droplet with the microdroplet.

The method according to claim 58, wherein the merging comprises applying an electric

field.

The method according to any of claims 50-62, wherein a reagent is added to the plurality
of microdroplets by a method comprising:

d) jetting the reagent into a fluid jet;

e) flowing the fluid jet alongside a microdroplet; and

f) merging a droplet with the microdroplet.
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64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

The method according to any of claims 50-63, wherein a reagent is added to the
microdroplet by a method comprising using a fluid injected into the microdroplet as an

electrode.

The method according to any of claims 50-64, comprising sorting a microdroplet.

The method according to claim 65, wherein the plurality of microdroplets is sorted based
on a property comprising size, viscosity, mass, buoyancy, surface tension, electrical

conductivity, charge, or magnetism.

The method according to any of claims 65-66, wherein the plurality of microdroplets is

sorted prior to the introduction of a PCR reagent.

The method according to any of claims 50-67, wherein detecting the presence or absence
of the PCR amplification products comprises repeatedly imaging the plurality of

microdroplets.

The method according to claim 68, wherein the plurality of microdroplets is repeatedly
imaged while the plurality of microdroplets is subjected to conditions allowing for PCR

amplification to produce the PCR amplification products.

The method according to any of claims 50-69, wherein incubating the plurality of
microdroplets under conditions allowing for PCR amplification and detecting the
presence or absence of the PCR amplification products are performed on a Megadroplet

Array.

The method according to any of claims 50-70, wherein the subject is mammalian.

The method according to any of claims 50-71, wherein the subject is human.

The method according to any of claims 50-72, wherein the subject has been diagnosed

with cancer.

A method for genotyping of cells, the method comprising:
encapsulating in a microdroplet a cell obtained from a biological sample
from a subject, wherein one cell is present in the microdroplet;
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75.

76.

7.

78.

79.

80.

introducing a lysing agent into the microdroplet and incubating the
microdroplet under conditions effective for cell lysis;

introducing polymerase chain reaction (PCR) reagents and a plurality PCR
primers into the microdroplet, and incubating the microdroplet under conditions
allowing for PCR amplification to produce PCR amplification products, wherein
the plurality of PCR primers comprise one or more primers that each hybridize to
one Or more oncogenes;

introducing a plurality of probes into the microdroplet, wherein the probes
hybridize to one or more mutations of interest and fluoresce at different
wavelengths; and

detecting the presence or absence of specific PCR amplification products by
detection of fluorescence of a probe, wherein detection of fluorescence indicates
the presence of the PCR amplification products;

wherein one or more of steps are performed under microfluidic control.

The method according to claim 74, wherein the probes comprise TagMan® probes.

The method according to claim 74 or 75, wherein detecting the presence or absence of
specific PCR amplification products by detection of fluorescence of a probe comprises
repeatedly imaging the microdroplet while the microdroplet is subjected to conditions

allowing for PCR amplification to produce PCR amplification products.

The method according to claim 76, comprising obtaining time-dependent fluorescence

information.

The method according to any of claims 74-77, wherein a reagent is added to the
microdroplet by merging the microdroplet with a second microdroplet comprising the

reagent.

The method according to any of claims 74-78, wherein a reagent is added to the

microdroplet using either droplet coalescence or picoinjection.

The method according to any of claims 74-79, wherein a reagent is added to the
microdroplet by a method comprising:
d) emulsifying the reagent into a stream of droplets, wherein the droplets are

smaller than the size of the microdroplet;
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81.

82.

83.

84.

85.

86.

87.

88.

e) flowing the droplets together with the microdroplet; and

f) merging a droplet with the microdroplet.

The method according to any of claims 74-80, wherein a reagent is added to the
microdroplet by a method comprising:

d) jetting the reagent into a fluid jet;

e) flowing the fluid jet alongside the microdroplet; and

f) merging a droplet with the microdroplet.

The method according to any of claims 74-81, wherein a reagent is added to the
microdroplet by a method comprising using a fluid injected into the microdroplet as an

electrode.

The method according to any of claims 74-82, comprising sorting a microdroplet.

The method according to claim 83, wherein the microdroplet is sorted based on a
property comprising size, viscosity, mass, buoyancy, surface tension, electrical

conductivity, charge, or magnetism.

The method according to any of claims 74-84, wherein the subject is mammalian.

The method according to any of claims 74-85, wherein the subject is human.

The method according to any of claims 74-86, wherein the subject has been diagnosed

with cancer.

A method for the detection of cancer in a subject, the method comprising:

encapsulating in a microdroplet oligonucleotides obtained from a biological
sample from the subject, wherein at least one oligonucleotide is present in the
microdroplet;

introducing polymerase chain reaction (PCR) reagents, a detection
component, and a plurality of PCR primers into the microdroplet and incubating
the microdroplet under conditions allowing for PCR amplification to produce PCR
amplification products, wherein the plurality of PCR primers comprise one or more

primers that each hybridize to one or more oncogenes;
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detecting the presence or absence of the PCR amplification products by
detection of the detection component, wherein detection of the detection
component indicates the presence of the PCR amplification products; and

diagnosing the subject as having cancer or not based at least in part on the
presence or absence of the PCR amplification products;

wherein one or more steps are performed under microfluidic control.

89. The method according to claim 88, wherein the plurality of PCR primers comprises 10 or

more primers.

90. The method according to any of claims 88-89, wherein the plurality of PCR primers

comprises primers for 10 or more oncogenes.

91. The method according to any of claims 88-90, further comprising introducing a probe

into the microdroplet.

92. The method according to claim 91, wherein the probe is introduced prior to incubating

the microdroplet under conditions allowing for PCR amplification.

93. The method according to claim 91 or 92, wherein the probe is a TagMan® probe.

94. The method according to any of claims 88-93, wherein a reagent is added to the
microdroplet by merging the microdroplet with a second microdroplet comprising the

reagent.

95. The method according to any of claims 88-94, wherein a reagent is added to the

microdroplet using either droplet coalescence or picoinjection.

96. The method according to any of claims 88-95, wherein a reagent is added to the
microdroplet by a method comprising:
d) emulsifying the reagent into a stream of droplets, wherein the droplets are
smaller than the size of the microdroplet;
e) flowing the droplets together with the microdroplet; and

f) merging a droplet with the microdroplet.
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97. The method according to any of claims 88-96, wherein a reagent is added to the
microdroplet by a method comprising:
d) jetting the reagent into a fluid jet;
e) flowing the fluid jet alongside the microdroplet; and

f) merging a droplet with the microdroplet.

98. The method according to any of claims 88-97, wherein a reagent is added to the
microdroplet by a method comprising using a fluid injected into the microdroplet as an

electrode.

99. The method according to any of claims 88-98, wherein the detection component is

detected based on a change in fluorescence.

100. The method according to any of claims 88-99, wherein detecting the presence or
absence of the PCR amplification products comprises repeatedly imaging the

microdroplet.

101. The method according to claim 100, wherein the microdroplet is repeatedly
imaged while the microdroplet is subjected to conditions allowing for PCR amplification

to produce the PCR amplification products.

102. The method according to any of claims 88-101, comprising sorting a
microdroplet.
103. The method according to claim 102, wherein the microdroplet is sorted based on

a property comprising size, viscosity, mass, buoyancy, surface tension, electrical

conductivity, charge, or magnetism.

104. The method according to any of claims 88-103, comprising sorting based at least
in part based upon the detection of the presence or absence of PCR amplification

products.

105. The method according to any of claims 88-104, further comprising:
injecting a diluent into the microdroplet; and
flowing the microdroplet through a microfluidic channel on which an electric

field is being applied, under conditions in which the microdroplet is split.
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106. The method according to any of claims 88-105, wherein the subject is
mammalian.

107. The method according to any of claims 88-106, wherein the subject is human.

108. The method according to any of claims 88-107, wherein the subject has been

diagnosed with cancer.

109. A microfluidic device comprising:

a cell encapsulation device for encapsulating a cell obtained from a
subject’s blood sample in a microdroplet;

a first chamber in fluidic communication with the cell encapsulation device,
the first chamber comprising a first reagent injector element for adding a first
reagent to the microdroplet, and a heating element;

a second chamber in fluidic communication with the first chamber, the
second chamber comprising a second reagent injector element for adding a second
reagent to the microdroplet, and a heating element, wherein the heating element is
configured to heat the microdroplet at two or more temperatures; and

a detection region, in fluidic communication with the second chamber,
which detects the presence or absence of reaction products from the second

chamber.

110. The microfluidic device as set forth in claim 109, wherein the heating element of

the second chamber comprises a Peltier plate, heat sink, and control computer.

111. The microfluidic device as set forth in claim 109, wherein the microfluidic device

comprises one or more liquid electrodes.

112. A single cell RT-PCR microfluidic device comprising:
an input microchannel coupled to a drop maker for introducing microdroplets into
the microfluidic device;

a pairing microchannel in fluidic communication with the input microchannel;
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a dilution buffer drop maker in fluidic communication with the pairing
microchannel, for producing drops of dilution buffer that are larger in volume than the
microdroplets and for pairing a single drop of dilution buffer with a single microdroplet;

a merging microchannel in fluidic communication with the pairing microchannel,
for accepting a paired drop of dilution buffer and microdroplet from the pairing
microchannel;

a first electric field generator positioned along the merging microchannel for
producing an electric field that is capable of merging a paired drop of dilution buffer and
microdroplet in the merging microchannel to form a diluted microdroplet;

a mixing microchannel in fluidic communication with the merging microchannel,
for receiving the diluted microdroplet from the merging channel and mixing the contents
of the diluted microdroplet;

a drop sampler in fluidic communication with the mixing microchannel, for
extracting a sample of the diluted microdroplet,

a picoinjection microchannel in fluidic communication with the drop sampler,
wherein the picoinjection microchannel comprises a picoinjector and is for receiving the
sample of the diluted microdroplet and picoinjecting RT-PCR reagents into the sample;

a second electric field generator, wherein the second electric field generator is
positioned along the picoinjection microchannel to create an electric field sufficient to
allow for the picoinjection of the RT-PCR reagents into the sample;

a thermocycler heating element in fluidic communication with the picoinjection
microchannel for carrying out an RT-PCR reaction on the sample picoinjected with the

RT-PCR reagents.

113. The microfluidic device of claim 112, further comprising an encapsulating
chamber in fluidic communication with the input microchannel, for encapsulating a cell

and lysis regeant into a microdroplet.
114. The microfluidic device of claim 112, wherein the first and/or second electric
field generators are liquid electrodes connected to a power supply or high voltage

amplifier.

115. The microfluidic device of claim 112, comprising ridges in one or more walls of

a microfluidic flow channel downstream of the input microchannel, wherein the ridges
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are configured to trap a layer of 0il and prevent wetting of the one or more walls of the

flow channel.

116. The microfluidic device of claim 112, comprising ridges in one or more walls of
a microfluidic flow channel downstream of the pairing microchannel, wherein the ridges
are configured to trap a layer of 0il and prevent wetting of the one or more walls of the

flow channel.

117. The microfluidic device of claim 112, comprising ridges in one or more walls of
a microfluidic flow channel downstream of the picoinjection microchannel, wherein the
ridges are configured to trap a layer of oil and prevent wetting of the one or more walls

of the flow channel.

118. The microfluidic device of claim 112, wherein the pioinjection microchannel is
configured to receive a sample that has undergone an RT-PCR reaction in the sampler

and picoinject the sample with PCR reagents.

119. The microfluidic device of claim 118, wherein the thermocycler is configured for

performing a PCR reaction on a sample picoinjected with the PCR reagents.

120. The microfluidic device of claim 118, wherein the PCR reagents and the RT-PCR

reagents comprise the same primers.

121. The microfluidic device of claim 118, wherein the PCR reagents and the RT-PCR

reagents comprise different primers.

122. The microfluidic device of claim 112, wherein the RT-PCR reagents comprises a

bead conjugated with a fluorescent dye and a nucleic acid probe.

123. The microfluidic device of claim 112, wherein the RT-PCR reagents comprises a
fluorescent DNA probe.
124. A single cell RT-PCR microfluidic device comprising:

an input microchannel coupled to a flow focus drop maker for introducing

microdroplets into the microfluidic device, wherein the flow focus drop maker spaces the
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microdroplets in the input microchannel by a volume of oil and wherein each
microdroplet comprising a cell lysate sample;

a pairing microchannel in fluidic communication with the input microchannel;

a dilution buffer drop maker in fluidic communication with the pairing
microchannel, for producing a drop of dilution buffer that is larger in volume than a
microdroplet and for pairing a single drop of dilution buffer with a single microdroplet;

a merging microchannel in fluidic communication with the pairing microchannel,
for accepting a paired drop of dilution buffer and microdroplet from the pairing
microchannel;

a first electric field generator positioned along the merging microchannel for
producing an electric field across the merging channel that is capable of merging a paired
drop of dilution buffer and microdroplet in the merging microchannel to form a diluted
microdroplet;

a mixing microchannel in fluidic communication with the merging microchannel,
for receiving the diluted microdroplet from the merging channel and mixing the contents
of the diluted microdroplet;

a drop sampler in fluidic communication with the mixing microchannel, for
extracting a sample of the diluted microdroplet,

a picoinjection microchannel in fluidic communication with the drop sampler,
wherein the picoinjection microchannel comprises a picoinjector and is for receiving the
sample of the diluted microdroplet and picoinjecting RT-PCR reagents into the sample;

a second electric field generator, wherein the second electric field generator is
positioned along the picoinjection microchannel to create an electric field across the
picoinjection microchannel sufficient to allow for the picoinjection of the RT-PCR
reagents into the sample;

a thermocycler heating element in fluidic communication with the picoinjection
microchannel for carrying out an RT-PCR reaction on the sample picoinjected with the

RT-PCR reagents.
125. The microfluidic device of claim 124, further comprising an encapsulating

chamber in fluidic communication with the input microchannel, for encapsulating a cell

and lysis regeant into a microdroplet.
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126. The microfluidic device of claim 124, wherein the first and/or second electric
field generators are liquid electrodes connected to a power supply or high voltage

amplifier.

127. The microfluidic device of claim 124, comprising ridges in one or more walls of
a microfluidic flow channel downstream of the input microchannel, wherein the ridges
are configured to trap a layer of 0il and prevent wetting of the one or more walls of the

flow channel.

128. The microfluidic device of claim 124, comprising ridges in one or more walls of
a microfluidic flow channel downstream of the pairing microchannel, wherein the ridges
are configured to trap a layer of 0il and prevent wetting of the one or more walls of the

flow channel.

129. The microfluidic device of claim 124, comprising ridges in one or more walls of
a microfluidic flow channel downstream of the picoinjection microchannel, wherein the
ridges are configured to trap a layer of oil and prevent wetting of the one or more walls

of the flow channel.

130. The microfluidic device of claim 124, wherein the pioinjection microchannel is
configured to receive a sample that has undergone an RT-PCR reaction in the sampler

and picoinject the sample with PCR reagents.

131. The microfluidic device of claim 130, wherein the thermocycler is configured for

performing a PCR reaction on a sample picoinjected with the PCR reagents.

132. The microfluidic device of claim 130, wherein the PCR reagents and the RT-PCR

reagents comprise the same primers.

133. The microfluidic device of claim 130, wherein the PCR reagents and the RT-PCR

reagents comprise different primers.

134. The microfluidic device of claim 124, wherein the RT-PCR reagents comprises a

bead conjugated with a fluorescent dye and a nucleic acid probe.
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135. The microfluidic device of claim 124, wherein the RT-PCR reagents comprises a
fluorescent DNA probe.
136. The method of any one of claims 1-20, wherein a reagent is added to the

microdroplet by:

contacting the microdroplet with oil so that the oil encapsulates the microdroplet
to form a double emulsion;

contacting the double emulsion with a drop containing the reagent so that the
drop containing the reagent encapsulates the double emulsion to form a triple emulsion;

applying an electrical field to the triple emulsion so that the fluid interfaces of the

triple emulsion are ruptured and allow the microdroplet and reagent to mix.

137. The method of claim 136, wherein the electric field is applied by one or more

liquid electrodes.

138. A microfluidic device comprising: a flow channel, a microfluidic junction
fluidically connected to the flow channel, and ridges in one or more walls of the

microfluidic flow channel immediately downstream of the microfluidic junction.

139. The microfluidic device of claim 138, wherein the ridges trap a layer of oil and

prevent wetting of the one or more walls of the flow channel.

140. The microfluidic device of claim 138, wherein the base of each of the one or

more ridges is from about 10 microns to about 20 microns in length.

141. The microfluidic device of claim 138, wherein, the peak of each of the one or

more ridges has a widih of about 1 to about 10 microns.

142. The microfluidic device of claim 138, wherein the height of cach of the one or

more ridges s from about 5 microns to about 15 microns.
143. The microfluidic device of claim 138, wherein the ratic of the base of each of the

one or more ridges to the height of each of the one or more ridges is from about 1.0:0.75

to about 0.75:1.0.
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144. The microfluidic device of claim 138, wherein the base of each of the one or
more ridges to the height of each of the one or more ridges to the width of the peak of the

one or more ridges is about 1:0.75:0.5.

145. The microfluidic device of claim 138, wherein the ridges extend for a distance

along the chanoel wall of from about 50 microns to about SO0 microns.

146. The microfluidic device of claim 138, wherein the ridges extend for a distance
along the channel wall, wherein the ratio between the distance along the channel wall

and the width of the channel is from about 1(3:1 to about 1:2.
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