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SYSTEM AND DEVICE FOR HIGH THROUGHPUT GENERATION OF
COMBINATORIAL DROPLETS AND METHODS OF USE

Background

Technical Field

[0001] The field of the currently claimed embodiments of this invention relates to microfluidic
systems, devices and methods, and more particularly to microfluidic systems, devices and

methods providing high throughput generation of combinatorial droplets.

Discussion of Related Art

[0002] Recent research in digital microfluidics has burgeoned as droplets can function as
miniaturized reactors in biological and chemical applications. Droplet microfluidic platforms
boast the ability to generate many reactions within short time periods. However, most droplet
platforms digitize samples into discrete droplets and are limited to the analysis of single samples
under homogencous probe conditions1. Such platforms arc incapable of addressing the nceds
of next generation applications which require large libraries of samples and probes. Examples
include single nucleotide polymorphism SNP analysis for crop improvement and genotyping
required for identification of genes associated with common diseases. Therefore, there remains

a need for improved microfluidic systems, devices and methods.
Summa

[0003] Some embodiments of the current invention include a microfluidic system comprising:
a microfluidic chip comprising a chip body defining: a droplet formation section comprising a
sample input channel, a droplet splitting section fluidly connected to said droplet formation
section, and a reagent injection section fluidly connected said droplet splitting section; a first
sample source selectively connected to said sample input channel; a second sample source
selectively connected to said sample input channel; and a rinsing fluid source selectively

connected to said sample input channel.

[0004] Additional embodiments of the current invention include a microfluidic chip comprising
a chip body defining: a droplet formation scction comprising: a main channcl, a sample input
channel having a first end fluidly connected to said main channel and a second end configured

to receive sample and rinsing fluid, an input-channel valve in said input channel to selectively
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allow and block fluid flow from said sample input channel to said main channel, a rinsing
channel fluidly connected to said sample input channel at a position between said input-channel
valve and said second end of said sample input channel, and a rinsing-channel valve in said
rinsing channel to selectively allow and block fluid flow from said input channel to said rinsing
channel, wherein said droplet formation section has a first configuration in which said input-
channel valve is open and said rinsing-channel valve is closed to provide a sample droplet
having a substantially predetermined volume in said main channel suspended in an inert fluid,
and wherein said droplet formation section has a second configuration in which said input-
channel valve is closed and said rinsing-channel valve is open such that rinsing fluid rinses said
sample input channel by a flow of said rinsing fluid through said sample input channel and out
said rinsing channel; a droplet splitting section fluidly connected to said main channel of said
droplet formation section to receive said sample droplet from said main channel and split said
sample droplet into a plurality of daughter droplets to be output from said droplet splitting
section in a respective one of a plurality of secondary channels; and a reagent injection section
fluidly connected to each of said plurality of secondary channels and having a corresponding
plurality of reagent injection channels arranged such that each reagent of a plurality of reagents
is injectable substantially simultaneously into a respective one of said plurality of daughter
droplets while said daughter droplets are in said reagent injection section to provide a plurality
of sample-reagent droplets output in a corresponding one of a plurality of output channels from

said reagent injection section.

[0005] Some additional embodiments of the current invention include a method of performing
a chemical assay, comprising: providing a first droplet in a main channel of a fluidic device
from a first sample through an input channel of said fluidic device; rinsing said input channel
of said fluidic device to remove substantially all remnants of said first sample from said input
channel; immediately subsequent fo said rinsing, providing a second droplet in said main
channel of said fluidic device from a second sample through said input channel of said fluidic
device such that said first droplet and said second droplet are separated by an inert fluid;
dividing said first droplet into a first plurality of subdroplets; dividing said second droplet into
a second plurality of subdroplets; adding a first plurality of reagents to a corresponding one of
said first plurality of subdroplets; adding a second plurality of reagents to a corresponding one
of said second plurality of subdroplets; detecting a physical property of each of said first and
second pluralities of subdroplets to provide assay data; and determining a property of said first

and second samples based on said assay data.

Date Regue/Date Received 2021-08-06



[0006] The present description also discloses the following aspects:

1. A microfluidic system comprising:
a microfluidic chip comprising a chip body defining:

a droplet formation section comprising:

a main channel,

a sample input channel having a first end fluidly connected to said main
channel and a second end configured to receive sample and
rinsing fluid,

an input-channcl valve in said samplc input channcl to sclectively allow
and block fluid flow from said sample input channel to said main
channel,

a rinsing channel fluidly connected to said sample input channel at a
position between said input-channel valve and said second end
of said sample input channel, and

a rinsing-channel valve in said rinsing channel to selectively allow and
block fluid flow from said sample input channel to said rinsing
channel,

wherein said droplet formation section has a first configuration in which

said input-channel valve is open and said rinsing-channel valve is closed to

provide a sample droplet having a predetermined volume in said main channel

suspended in an inert fluid, and wherein said droplet formation section has a

second configuration in which said input-channel valve is closed and said

rinsing-channel valve is open such that rinsing fluid rinses said sample input
channel by a flow of said rinsing fluid through said sample input channel and
out said rinsing channel;

a droplet splitting section fluidly connected to said main channel of said droplet
formation section to receive said sample droplet from said main channel
and split said sample droplet into a plurality of daughter droplets to be
output from said droplet splitting section in a respective one of a plurality
of secondary channels; and

a rcagent injcection scction fluidly connccted to cach of said plurality of
secondary channels and having a corresponding plurality of reagent

ijection channels arranged such that each reagent of a plurality of
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reagents is injectable simultancously into a respective one of said
plurality of daughter droplets while said daughter droplets are in said
plurality of secondary channels to provide a plurality of sample-reagent
droplets output in a corresponding one of a plurality of output channels;
a first sample source selectively connected to said sample input channel;
a second sample source selectively connected to said sample input channel; and
a rinsing fluid source selectively connected to said sample input channel,
wherein the plurality of output channels are fluidly connected to the plurality of
secondary channels and are configured to receive the plurality of sample-reagent droplets, and

wherein said droplet splitting section is a multistage droplet splitter.

2. The microfluidic system according to aspect 1, wherein an automated sample loading system

is fluidly connected to said microfluidic chip.

3. The microfluidic system according to aspect 1, wherein an impedance detection system is

fluidly connected to said microfluidic chip.

4. The microfluidic system according to aspect 1, wherein a sample detection system is fluidly

connected to said microfluidic chip.

5. A microfluidic chip comprising a chip body defining:

a droplet formation section comprising:

a main channel,

a sample input channel having a first end fluidly connected to said main channel
and a second end configured to receive sample and rinsing fluid,

an input-channel valve in said sample input channel to selectively allow and
block fluid flow from said sample input channel to said main channel,

a rinsing channel fluidly connected to said sample input channel at a position
between said input-channel valve and said second end of said sample input channel, and

a rinsing-channel valve in said rinsing channel to selectively allow and block
fluid flow from said sample input channel to said rinsing channel,

wherein said droplet formation section has a first configuration in which said
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mput-channel valve is open and said rinsing-channel valve is closed to provide a sample
droplet having a predetermined volume in said main channel suspended in an inert fluid,
and wherein said droplet formation section has a second configuration in which said
mput-channel valve is closed and said rinsing-channel valve is open such that rinsing
fluid rinses said sample input channel by a flow of said rinsing fluid through said sample
mput channel and out said rinsing channel;

a droplet splitting section fluidly connected to said main channel of said droplet
formation section to receive said sample droplet from said main channel and split said sample
droplet into a plurality of daughter droplets to be output from said droplet splitting section in a
respective one of a plurality of secondary channels; and

a reagent injection section fluidly connected to each of said plurality of secondary
channels and having a corresponding plurality of reagent injection channels arranged such that
cach reagent of a plurality of reagents is injectable simultaneously into a respective one of said
plurality of daughter droplets while said daughter droplets are in said reagent injection section
to provide a plurality of sample-reagent droplets output in a corresponding one of a plurality of
output channels,

wherein the plurality of output channels are fluidly connected to the plurality of
secondary channels and are configured to receive the plurality of sample-reagent droplets, and

wherein said droplet splitting section is a multistage droplet splitter.

6. The microfluidic chip according to aspect 5, wherein said droplet formation section
comprises a pressure relief channel to controllably regulate pressure on said sample droplet

while being formed.

7. The microfluidic chip according to aspect 5, wherein said reagent injection section
comprises a pressure relief channel to controllably regulate pressure on said plurality of
daughter droplets while each of said plurality of reagents is being injected into a corresponding

one of said plurality of daughter droplets.

8. The microfluidic chip according to aspect 5, further comprising a sample-reagent droplet
splitting section fluidly connected to each of said plurality of output channels from said reagent
mjection section to receive said plurality of sample-reagent droplets and split each of said
sample-reagent droplets into a plurality of daughter sample-reagent droplets to be output from

said sample-reagent droplet splitting section in a respective one of a plurality of output
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channels.

9. The microfluidic chip according to aspect 8, wherein said sample-reagent droplet splitting

section is a multistage droplet splitter.

10.  The microfluidic chip according to aspect 5, further comprising an incubation section
fluidly connected to each of said plurality of output channels from said sample-reagent droplet
splitting section such that each of said sample-reagent droplets flows into a respective one

incubation channel so as to maintain identifiable sample and reagent information thereof.

11.  The microfluidic chip according to aspect 10, wherein said incubation channels are of

an equal length.

12.  The microfluidic chip according to aspect 5, further comprising a section with detection
channels wherein said detection channels are at least partially transparent for optical

measurements.

13. The microfluidic chip according to aspect 5, wherein said reagent injection section
further comprises:

a reagent injection valve in each of said plurality of reagent injection channels to
selectively allow and block fluid flow from each of said plurality of reagent
injection channels to said plurality of secondary channels,

a rinsing channel fluidly connected to each of said plurality of reagent injection
channels, and

a rinsing-channel valve in said rinsing channel to selectively allow and block fluid flow
from each of said plurality of reagent injection channels to said rinsing channel,

wherein said reagent injection section has a first configuration in which said reagent
injection valve in cach of said plurality of reagent injection channels is open and
said rinsing-channel valve in each of said plurality of reagent injection channels
is closed to provide a reagent in said plurality of secondary channels, and
wherein said reagent injection section has a second configuration in which said
reagent injection valve in each of said plurality of reagent injection channels is
closed and said rinsing-channel valve in each of said plurality of reagent

injection channels is open such that rinsing fluid rinses each of said plurality of
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reagent injection channels by a flow of said rinsing fluid through each of said
plurality of reagent injection channels and out said rinsing channel in each of

said plurality of reagent injection channels.

14.  The microfluidic chip according to aspect 5, wherein said droplet formation section
further comprises:

a second sample input channel having a first end fluidly connected to said main channel
and a second end configured to receive sample and rinsing fluid,

an input-channel valve in said second sample input channel to selectively allow and
block fluid flow from said second sample input channel to said main channel,

a second rinsing channel fluidly connected to said second sample input channel at a
position between said input-channel valve and said second end of said second
sample input channel, and

a rinsing-channel valve in said second rinsing channel to selectively allow and block
fluid flow from said second input channel to said second rinsing channel,

wherein said droplet formation section has a third configuration in which said input-
channel valve of said second sample input channel is open and said rinsing-
channel valve of said second sample input channel is closed to provide a sample
droplet having a predetermined volume in said main channel suspended in an
mert fluid, and wherein said droplet formation section has a fourth configuration
in which said input-channel valve of said second sample input channel is closed
and said rinsing-channel valve of said second sample input channel is open such
that rinsing fluid rinses said second sample input channel by a flow of said
rinsing fluid through said second sample input channel and out said second

rinsing channel.

15.  The microfluidic chip according to aspect 14, wherein said input channels function in
an alternating manner such that while a first of said input channels is configured to provide a
sample droplet into said main channel, a second of said input channels is simultaneously
configured to rinse, and wherein following sample droplet formation by said first of said input
channels, said first of said sample input channels is configured to rinse and said second of said
sample input channels is simultancously configured to provide a sample droplet into said main

channel.
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16.  The microfluidic chip according to aspect 14, wherein said droplet formation section
comprises a pressure relief channel to controllably regulate pressure on said sample droplet

while being formed.

17.  The microfluidic chip according to aspect 14, wherein said reagent injection section
comprises a pressure relief channel to controllably regulate pressure on said plurality of
daughter droplets while each of said plurality of reagents is being injected into a corresponding

one of said plurality of daughter droplets.

18.  The microfluidic chip according to aspect 14, further comprising a sample-reagent
droplet splitting section fluidly connected to cach of said plurality of output channels from said
reagent injection section to receive said plurality of sample-reagent droplets and split each of
said sample-reagent droplets into a plurality of daughter sample-reagent droplets to be output
from said sample-reagent droplet splitting section in a respective one of a plurality of output

channels.

19.  The microfluidic chip according to aspect 18, wherein said sample-reagent droplet

splitting section is a multistage droplet splitter.

20.  The microfluidic chip according to aspect 14, further comprising an incubation section
fluidly connected to each of said plurality of output channels from said sample-reagent droplet
splitting section such that each of said sample-reagent droplets flows into a respective one

incubation channel so as to maintain identifiable sample and reagent information thereof.

21.  The microfluidic chip according to aspect 20, wherein said incubation channels are of

an equal length.

22. The microfluidic chip according to aspect 14, wherein said reagent injection section
further comprises:
arcagent injection valve in each of said reagent injection channels to selectively
allow and block fluid flow from each of said reagent injection channels to said plurality
of secondary channels,
a rinsing channel fluidly connected to each of said plurality of reagent injection

channels, and
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a rinsing-channel valve in said rinsing channel to selectively allow and block
fluid flow from cach of said plurality of reagent injection channels to said rinsing
channel,

wherein said reagent injection section has a first configuration in which said reagent
injection valve in each of said plurality of reagent injection channels is open and said rinsing-
channel valve in cach of said plurality of reagent injection channels is closed to provide a
reagent in said plurality of secondary channels, and wherein said reagent injection section has
a second configuration in which said reagent injection valve in each of said plurality of reagent
mjection channels is closed and said rinsing-channel valve in each of said plurality of reagent
ijection channels is open such that rinsing fluid rinses each of said plurality of reagent injection
channels by a flow of said rinsing fluid through each of said plurality of reagent injection

channels and out said rinsing channel in each of said plurality of reagent injection channels.
23. The microftuidic chip according to aspect 14, further comprising a section with

detection channels wherein said detection channels are at least partially transparent for optical

measurements.

Brief Description of the Figures

[0007] Figure 1 is a schematic of an embodiment of the invention.

[0008] Figure 2 is a schematic of an embodiment of the invention as compared to fluidic devices

using serial operation.

[0009] Figure 3 is a schematic of a parallelized droplet fission and fusion platform.

[0010] Figure 4 shows the design and architecture of an example microfluidic device.
[0011] Figure 5 shows the design and architecture of another example microfluidic device.

[0012] Figure 6 is a schematic of sample droplet generation and channel rinsing.
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[0013] Figure 7 shows a micrograph of a section of fission and incubation regions of an example
device and plots of sample droplet volume dependence on valve opening time and back

pressurc.

[0014] Figure 8 shows fluorescent micrographs of a microfluidic device indicating the

multiplexing capability of the device.

[0015] Figure 9 shows the uniformity of droplet bifurcation.

[0016] Figure 10 shows uniform reagent droplets.

[0017] Figure 11 shows fused sample-reagent droplets.

[0018] Figure 12 shows imaging-based parallel detection of fused droplets.

[0019] Figure 13 shows a device for automated loading coupled to a microfluidic device.
[0020] Figure 14 shows a device for impedance detection coupled to a microfluidic device.

Detailed Description

[0021] Some embodiments of the current invention are discussed in detail below. In describing
embodiments, specific terminology is employed for the sake of clarity. However, the invention
is not intended to be limited to the specific terminology so selected. A person skilled in the
relevant art will recognize that other equivalent components can be employed and other

mcthods dcevcloped without departing from the broad concepts of the current invention.

[0022] Some embodiments of the cwrent invention provide a parallelized droplet-based

platform for on-demand, combinatorial generation of nano-liter droplets.

[0023] By parallelizing fission and fusion modules, throughput can be increased by two orders
of magnitude. With 32 Hz droplet generation according to an embodiment of the current
invention, the projected throughput of this parallelized design is nearly 3 million sample-probe
droplets per day on a single device (with 4 replicates of 750 thousand different mixtures). This

translates to 240 unique sample-probe mixtures with 4 replicates per minute.

[0024] As seen in Figure 1, an embodiment of the current invention can include a microfluidic

chip 101, with a droplet formation section 102, a droplet splitting section 103 connected to the
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droplet formation section and a reagent injection section 104 fluidly connected the droplet

splitting section.

[0025] Embodiments of the current invention can be microfluidic chips that allow for parallel
processing of sample droplets as seen in Figure 2. Figure 2 contrasts traditional lincar design
microfluidic chips (top panel) with an embodiment of the current invention which allows for
parallel operation, processing and detection of sample droplets (bottom panel). As seen in
Figure 2 bottom panel, sample droplets are subjected to bifurcation steps prior to injection with
a reagent. In this embodiment, bifurcation results in the formation of at least 4 daughter sample
droplets. Then, these daughter droplets arc cach injected with onc of four rcagents (R1, R2, R3,
R4) to form a sample droplet plus reagent (S+R1, S+R2, S+R3, S+R4). Finally, these sample
plus reagent droplets are detected in parallel. This is in contrast to traditional approaches (top
panel) where sample droplets are incubated with reagents (R4, R3, R2 and R1) to create sample

plus reagent droplets (S+R4, S+R3, S+R2 and S+R1) in a linear manner.

[0026] Figure 3 details the embodiment described in Figure 2. In this embodiment, the invention
works through a series of steps: Step 1: The droplet platform (or microfluidic chip) is capable
of accepting an unlimited number of samples from a multi-well plate. An unlimited number of
samples can subsequently be loaded and processed; in this case at least 7 samples are
represented by S1, S2, S3, S84, S5, S6 and S7. It can be seen from Figure 3 that samples 1-7 can
be processed in a sequential order as their respective sample droplets (S1, S2, 83, S4, S5, S6
and S7) move through the channels. The droplet platform can be made capable of accepting an
unlimited number of samples from a multi-well plate with a custom-build Serial Sample
Loading (SSL) system. Step 2: Sample droplets are digitized into smaller daughter droplets of
about ~30 nL in size. Once a sample has been processed, the sample inlet is rinsed prior to
injection of new samples to prevent cross-contamination. Volume of sample droplets is
controlled by valve opening time and back pressure on inlets. Pressure relief channels up- and
down-stream (Pressure relief channel 1 and Pressure relief channel 2, respectively) contribute
to droplet monodispersity by reducing downstream resistance. Step 3: Fission occurs as the
daughter droplets flow through 3 serial bifurcating junctions and are split into 8 droplets. Flow
is halted once the daughter droplets reach the reagent injection site by activating the oil valve.
A third downstream pressure relief channel (Pressure relief channel 3) ensures homogeneous
droplet splitting. Step 4: A library of reagents is then injected directly into the 8 sample daughter
droplets simultaneously. In this case, probes (R1, R2, R3, R4, R5, R6, R7 and R8) arc injected

Date Regue/Date Received 2021-08-06
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directly into the droplets. Probe volume is controlled by valve opening time and back pressure
on inlets. Step 5: Post-injection, the 8 sample-recagent drops are mixed in serpentine channels
and flow through 2 additional serial bifurcating junctions, producing a total of 32 droplets of 8
unique compositions. Detection can be performed using imaging or parallel confocal

fluorescence spectroscopy systems3.

[0027] This entire sequence of operations is carried out in less than a second. Furthermore, the
sequence of droplets is maintained on the droplet platform. This permits spatial indexing for
droplet identification. This precludes the need to include barcodes in each droplet to identify its

contents.

[0028] The sample embodiments described above involve regions with two different channel
heights. Positive, shallow channels (25 yum) are incorporated near the sample introduction
region and probe inlets to allow for valve actuation. The rest of the fluidic layer is 45 um high.
We used SPR220-7 (Rohm & Haas, 25 uym) and SU-8 (Microchem, 3000 series, 45 pum)

photoresist as the structural material for fabricating the mold for our device.
Fabrication of Example Microfluidic Chip or Platform

[0029] In addition, microfluidic chips illustrating the sample embodiment described above are
fabricated using multilayer soft lithography techniques with a modified three-layer fabrication
process. Soft lithography is used to make multiple devices from these molds. SYLGARD 184
Silicone Elastomer Kit is used for fabricating microfluidic chips illustrating an embodiment of
the invention. The elastomer and curing agent from the kit is mixed in 10:1 (PDMS supportive
material), 15:1 (fluidic), 7:1 (valve) ratio by weight and degassed for approximately 30 minutes
before pouring on a respective molds. Once the individual PDMS layers have been assembled,
the entire assembly is baked at 80°C for 20 minutes. The solidified polymer is then peeled off
and cut into individual chips. Fluidic access holes are then punched into individual chips and
the chips are bonded with cover glass (No. 1) using O2 plasma. All the devices were treated
with Aquapel to render their surface hydrophobic. The carrier fluid used to maintain the
separation between sample plugs consisted of a perfluorocarbon (FC-3283) and a non-ionic
fluorous-soluble surfactant (1H,1H 2H,2H-perfluoro-1-octanol) mixed in a ratio of 4:1 by

volume.

[0030] Figure 4 and Figure 5 illustrate embodiments of the invention illustrated in Figures 2

and 3 and described above. Figure 4 shows a microfluidic chip capable of performing sample
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droplet generation, droplet splitting, droplet merging with probes and droplet detection on a

single device.

[0031] Figure 4 shows fluidic channels (121), valve layers (V1, V2, V3, V4, V5, V6, V7, V8)
and oil inlet (Oil) connected to a central channel (or main channel) (122) with parallel fusion,
fission and incubation regions (123). There are 2 sample inlets (or sample input channels) (124
and 125) with corresponding rinsing channels (126 and 127). Two pressure relief channels near
the sample inlets ensure that the initial sample droplets are monodisperse by decoupling droplet
size from flow resistance of the incubation channel. A third pressure relief channel after the
fission regions decouples droplet splitting performance from flow resistance of the incubation

channel. Incubation channels are serpentine in design 128.

[0032] Figure 5 shows another embodiment of the microfluidic chip described above. The
microfluidic device of Figure 5 employs a two-layer architecture where the flow of oil, sample
droplets, and reagent droplets in the fluid layer is regulated by designated valves in a valve
layer. The oil is pumped via its inlet into the central channel to drive droplet formation and
flow. The central channel (122) — where the droplet generation, bifurcation, fusion, and
detection occur — undergoes several splits, connects with reagent inlet channels, and
eventually divides into 32 channels with the same length and hence the same fluidic resistance.
There are two sample inlets with corresponding rinsing channels (insert micrograph 1). Two
pressure relief channels near the sample inlets ensure the uniformity of sample droplets by
decoupling droplet gencration from fluidic resistance of the incubation channel. Sample
droplets travel through the first three stages of bifurcating Y-junctions (insert micrograph 2),
producing a total of eight identical daughter droplets. Eight reagents can be injected via reagent
inlets (reagent-injection channels) (R1 - R8) and directly fused with incoming sample daughter
droplets (insert micrograph 3). Fused sample-reagent droplets go through two additional
bifurcating Y-junctions such that each injection of sample and reagents results in a total of 32
droplets (four replicates of ecight different compositions). Each daughter droplet then flows
through its serpentine incubation channel and arrives with all other daughter droplets in the
same group simultancously at the detection area, where all 32 channels become parallel and fit
within a microscope viewing area, thus facilitating parallel detection via microscopy (insert

micrograph 4).

[0033] In an embodiment of the invention, sample droplets are formed in a series of steps as

illustrated in Figure 6. In Figure 6, Step 1: a sample input channel 161 and a rinse channel 162
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remain empty while valve 1 (rinsing channel valve) (163) and valve 2 (input channel valve)
(164) remain closed. In step 2: sample is loaded into the sample inlet white valve 1 remains in
a closed configuration and valve 2 is in an open configuration. In Step 3: the sample loading
phase is completed and both valves are closed. In Step 4: valve 1 is opened and a droplet is
formed into the main channel 165. In Step 5, valve 1 is closed and valve 2 is opened to allow
for a rinse fluid to rinse the sample input channel. Used rinse fluid exits through the rinse
channel. The process of Steps 2-4 is repeated in Steps 6-8 with either the same sample or a

different sample.

[0034] Microfluidic chips illustrated in Figurc 4 and Figurc 5 and dcscribed above were then
used for sample droplet preparation and processing. All the inputs on the devices were kept
under constant pressure, with independent input pressures for 1) carrier fluid input, 2) both
sample inlets and 3) all 8 probe inputs. The pressure applied to the sample inlets was directly
controlled by the pressure controller used for the SSL system. All the valves on the device were
controlled by an array of off-chip solenoid valves, as has been demonstrated earlier. We
developed Matlab (Mathworks, Natick MA) software for computer control of the valve array.
This software allowed us to execute a predetermined sequence of valve actuation with
independent time control for cach actuation. The opening of a valve corresponding to an input
on the device led to the release of a sample droplet of fluid from that inlet into a central channel
on the device. The volume of this droplet could be controlled through variation of the opening

time of the valve as well as the back pressure.

[0035] Regarding reagents: the volume of sample and probe droplets generated using the
microfluidic device were estimated. This volume estimation was performed by processing the
images of these droplets using the software ImagelJ. For sample droplet volume estimation, we
generated droplets made of blue food dye using one of the four reagent inlets on the microfluidic
devices, until the whole incubation region on the devices were full of droplets. The whole
device was then imaged using a DSLR camera. The image was imported in Imagel and cropped
to obtain an image of the incubation region on the device. This image was then converted to a
binary image using color thresholding to identify droplets over the background image. An
estimate of the droplet arca for each droplet in the image was then obtained using the “Analyze
Particles' function. This analysis was limited to particle areas larger than a lower threshold to

exclude any particles and occasional satellite droplets from the analysis. The droplet arcas thus
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estimated were then converted to droplet volume using the known depth of the incubation

channel region (200 pm).

[0036] The devices exhibit excellent sample droplet uniformity for identical droplet generation
and fission conditions. The fine control of droplet size gencrated on the device from an
individual sample inlet through variation of pressure and valve opening time is demonstrated
in Figure 7. For these measurements, final droplet size after fission was measured. A unique
feature of the device is 3 pressure relief channels. The pressure relief channels decouple both
1) the dependence of initial droplet size generated as well as 2) fission of droplets on the device
from the flow resistance of the incubation channcl. In Figurc 7, the lcft pancl shows a
micrograph of a section of fission and incubation regions of the device and shows sample
droplets containing green food dye being split and incubated. The top middle graph of Figure
7 is a plot of sample droplet volume dependence on valve opening time and back pressure.
Droplet volume was measured after droplet fission. Droplet volume varies linearly with the
valve opening time. Small error bars indicate monodispersity. The bottom middle panel is a
histogram of sample droplet volumes (valve opening time .05 seconds). Histograms are
overlayed with Kemel density plots. Three datasets are visible: droplet volumes for 2 PSI, 3
PSI and 4 PSI. All populations of droplets have a narrow distribution indicating monodispersity
and arc well-separated (no overlap in droplet volumes). The top right graph is a plot of probe
droplet volume dependence on valve opening time and back pressure. Droplet volume was
measured after droplet fission. Droplet volume varies linearly with the valve opening time.
Small error bars indicate monodispersity. The bottom right graph is an example of histogram
of probe droplet volumes (valve opening time .05 seconds). Histograms are overlayed with
Kemel density plots. Four datasets are visible: droplet volumes for 2 PSI, 3PSI, 4 PSI and 5
PSI. All populations of droplets have a narrow distribution indicating monodispersity and are

well-separated (no overlap in droplet volumes).

[0037] Generation of 8 combinatorial mixtures of sample plugs and probes on the device is
shown in Figure 8. In Figure 8, different fluorophores with varying concentrations were used
(FITC, Cy5, DI H20) to simulate different samples and probes. In Figure 4, the top left panel
shows reagent injection: Fluorescent micrograph of sample droplet (green: FITC - 1 uM) at
reagent (Cy5 - 5 uM) injection inlet. The top right panel displays merged sample-reagent
droplets in incubation region. Top 4 rows of droplets were injected with Reagent 8 (Cy5 - 10
uM). Bottom 4 rows were injected with Reagent 7 (Cy5 - 5 uM). The bottom panel shows
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fluorescent micrographs of combinatorial droplets: the upper row displays droplets containing
only reagents (R1-R8) and the bottom panel displays merged sample (1 uM FITC) and reagent
(R1-R8) droplets.

[0038] The uniformity of droplet bifurcation can be seen in Figure 9. Droplets are able to split
into equal halves - as indicated by the ~50% bifurcation efficiency across all five bifurcation
stages. Insert micrographs show droplets, which are colored with black food dye for enhanced
visualization, about to split into equal halves at the five bifurcation stages. The scale bar below

each micrograph represents 500 pm.

[0039] Parallel, Eight-Plex Injection of Uniform Reagent Droplets can be seen in Figure 10.
Simultaneous actuation of the eight reagent inlets result in reagent droplets with uniform sizes

across all inlets.

[0040] Parallel, Eight-Plex Fusion of Sample Droplets with Reagent Droplets can be seen in
Figure 11. In figure 8, simultancous injection of the eight reagents directly into eight incoming

sample daughter droplets results in eight fused sample-reagent droplets.

[0041] Imaging-Based Parallel Detection of Fused Droplets is shown in Figure 12. Each of the
cight fused sample-reagent droplets undergoes two additional bifurcations, which results in four
replicates of fused daughter droplets. After incubation, these droplets are detected in parallel in

the detection zone. The scale bar represents 500 um.

[0042] In other embodiments of the platform described above, each of the reagent inlet channels
are outfitted with individual rinse channels and valves (as described for the sample inlet
channels above and in Figures 3-6) so that the reagent inlet channels can be rinsed prior to

subsequent uses.

[0043] In other embodiments of the platform described above, multiple sample input channels
are incorporated such that multiple samples are processed simultancously. In such
embodiments, the sample inlet channels work in an alternating manner such that while a first
sample input channel is providing a sample droplet, an alternative sample input channel is
rinsed and subsequently loaded with either an additional aliquot of the sample or an aliquot of
a different sample. Once the first sample input channel has provided a sample droplet, it is
rinsed while the second sample input channel provides a sample droplet. The process is

repeated.
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[0044] In other embodiments of the platform described above, additional sections for creating

chaotic mixes are also included so as to mix sample and/or sample-reagent droplets.
Example Devices

[0045] Other embodiments of the current invention can provide a parallel microfluidic
emulsification device, which increases throughput while maintaining the ability to generate
combinatorial mixtures, In such an embodiment, a microftuidic chip as described above in
previous embodiments is connected to additional systems. In such an embodiment, the device
works through a series of steps (as illustrated in Figure 3): Step 1: The droplet platform can be
made capable of accepting an unlimited number of samples from a multi-well plate with a
custom-build Serial Sample Loading (SSL) system (also described in Figure 14 and Figure 15,
top panel). Step 2: Sample droplets are digitized into smaller daughter droplets (~30 nL.). Once
a sample has been processed, the sample inlet is rinsed with buffer solution prior to injection of
new samples to prevent cross-contamination. Step 3: Fission occurs as the daughter droplets
flow through 3 serial bifurcating junctions and are split into 8 droplets. Flow is halted once the
daughter droplets reach the probe injection site by activating the oil valve. Step 4: A library of
probes is then injected directly into the 8 sample daughter droplets simultancously. Step 5: Post-
injection, the 8 sample-probe drops are mixed in serpentine channels and flow through 2
additional secrial bifurcating junctions, producing a total of 32 droplets of 8 unmique
compositions. This entire sequence of operations is carried out in less than a second.
Furthermore, the sequence of droplets is maintained on the device. This permits spatial indexing
for droplet identification. This precludes the need to include barcodes2 in each droplet to

identify its contents.

[0046] In another embodiment of the device described above, an automated sample loading
system (such as an autosampler or robotic pipetter) is connected to the sample input channels
as is seen in Figure 13. This can allow for an unlimited number of samples to be processed as
well as automation of the device. After each sample, channels are rinsed using rinsing channels
built into the device to prevent cross-contamination (Figure 14, top panel). In Figure 14 (top
panel), sample is loaded from a sample reservoir (240) to an input channel (241). Once a sample
droplet is generated in a main channel (242), the input channel is rinsed with rinse liquid from
a rinsc liquid reservoir (243) and the rinse fluid cxits the input channel from a waste channel
(244). The autosampler or robotic pipetter can also fitted with a capillary, a capillary adapter

and a rubber sealing ring to facilitate sample loading and input channel rinsing.
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[0047] In another embodiment of the device described above, pressure relief channels are
coupled to the invention. These pressure relief channels are opened when droplets are being
generated, which in turn Ieads to monodisperse droplets. Size analysis based on the arca of the

droplets indicates that droplets exhibit excellent monodispersity.

[0048] In another embodiment of the device described above, a novel combination of droplet
splitting and post-splitting reagent injection is coupled to the invention. This can allow the
droplet generation process to be highly parallelized. In the embodiment of the device of the
examples described below, a single sample plug is split into 8 daughter droplets. 8 different
rcagents arc injected in parallel dircctly into the droplets. Additional splitting after rcagent
injection creates four replicate droplets from reach unique combination, 32 droplets total. It is
important to note that the particular device describe here is one embodiment of a concept that
can be varied to fit a wide range of needs by changing the number or arrangement of channels,

ports, valves, number of stages of splitting, ctc.

[0049] In another embodiment of the device described above, sample-probe droplets are
maintained in a single file configuration, thus precluding the need for a barcoding mechanism

to identify the contents of each individual droplet.

[0050] In another embodiment of the device described above as seen in Figure 14, an impedance
detection system is connected to the sample input channels. In such an embodiment, the
impedance detection system functions by optically monitoring the contents of the sample input
channels and the rinsing channels for automated detection of sample or rinsing fluid. If the
channels contain sample, the impedance system feedbacks to a controller to direct the release
of the sample fluid into the main channel for generation of a sample droplet. Alternatively, if
rinse fluid is contained in the channels, the impedance system feedbacks to the controller to
direct the release of the rinse fluid through the rinse channel. The impedance system provides
readout of the contents of the channels while the device is in use as can be seen in Figure 14,
bottom panel. Such an impedance system can also be added to the reagent injection channels to

determine the contents of these channels and direct either their rinsing or reagent mjection.

[0051] The examples described above of on-demand, parallelized nano-liter droplet-based
platforms and devices that accept an unlimited number of sample plugs from a multi-well plate,
digitizes these plugs into smaller daughter droplets, performs droplet splitting and robust

synchronization-free fusion with a library of probes in parallel are sample embodiments of the
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current invention. In the examples described above, the sequence of sample-probe droplets on
the device is maintained, permitting spatial indexing to identify droplet contents. The devices
described above combine the precision of valve-based devices while featuring increased
throughput. The on-demand platform described above meets the demand for flexible and cost-

effective tools that can perform high throughput screening for next generation applications.

[0052] In view of the example embodiments described above, the following claims are thus to
be understood to include what is specifically illustrated and described above, what is
conceptually equivalent, what can be obviously substituted and also what essentially
incorporates the cssential idca of the invention. Thosc skilled in the art will appreciate that
various adaptations and modifications of the just-described preferred embodiment can be
configured without departing from the scope of the invention. The illustrated embodiment has
been set forth only for the purposes of example and that should not be taken as limiting the
invention. Therefore, it is to be understood that, within the scope of the appended claims, the

invention may be practiced other than as specifically described herein.
[0053] References
1. Huebner A, Srisa-Art M, Holt D, et al. Chem Commun (Camb). 2007;(12)(12):1218-1220.

2. Brouzes E, Medkova M, Savenelli N, et al. Proc Natl Acad Sci U S A. 2009;106(34):14195-
14200.

3. Puleo CM, Yeh HC, Liu KJ, Wang TH. Lab Chi!). 2008;8(5):822-825.
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1. A microfluidic system comprising:

a microfluidic chip comprising a chip body defining:

a droplet formation section comprising:

a main channel,

a sample input channel having a first end fluidly connected to said main
channel and a second end configured to receive sample and rinsing
fluid,

an input-channel valve in said sample input channel to selectively allow
and block fluid flow from said sample input channel to said main
channel,

a rinsing channel fluidly connected to said sample input channel at a
position between said input-channel valve and said second end of
said sample input channel, and

a rinsing-channel valve in said rinsing channel to selectively allow and
block fluid flow from said sample input channel to said rinsing
channel,

wherein said droplet formation section has a first configuration in which

said input-channel valve is open and said rinsing-channel valve is closed to
provide a sample droplet having a predetermined volume in said main channel
suspended in an inert fluid, and wherein said droplet formation section has a
second configuration in which said input-channel valve is closed and said rinsing-
channel valve is open such that rinsing fluid rinses said sample input channel by
a flow of said rinsing fluid through said sample input channel and out said rinsing
channel;

a droplet splitting section fluidly connected to said main channel of said droplet

formation section to receive said sample droplet from said main channel
and split said sample droplet into a plurality of daughter droplets to be
output from said droplet splitting section in a respective one of a plurality

of secondary channels; and

areagent injection section fluidly connected to each of said plurality of secondary

channels and having a corresponding plurality of reagent injection
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channels arranged such that each reagent of a plurality of reagents is
injectable simultancously into a respective one of said plurality of
daughter droplets while said daughter droplets are in said plurality of
secondary channels to provide a plurality of sample-reagent droplets
output in a corresponding one of a plurality of output channels;

a first sample source selectively connected to said sample input channel;

a second sample source selectively connected to said sample input channel; and

a rinsing fluid source selectively connected to said sample input channel,

wherein the plurality of output channels are fluidly connected to the plurality of secondary

channels and are configured to receive the plurality of sample-reagent droplets, and

wherein said droplet splitting section is a multistage droplet splitter.

2. The microfluidic system according to claim 1, wherein an automated sample loading

system is fluidly connected to said microfluidic chip.

3. The microfluidic system according to claim 1, wherein an impedance detection system is

fluidly connected to said microfluidic chip.

4. The microfluidic system according to claim 1, wherein a sample detection system is

fluidly connected to said microfluidic chip.

5. A microfluidic chip comprising a chip body defining:

a droplet formation section comprising:

a main channel,

a sample input channel having a first end fluidly connected to said main channel
and a second end configured to receive sample and rinsing fluid,

an input-channel valve in said sample input channel to selectively allow and block
fluid flow from said sample input channel to said main channel,

a rinsing channel fluidly connected to said sample input channel at a position
between said input-channel valve and said second end of said sample input channel, and

arinsing-channel valve in said rinsing channel to selectively allow and block fluid
flow from said sample input channel to said rinsing channel,

wherein said droplet formation section has a first configuration in which said

input-channel valve is open and said rinsing-channel valve is closed to provide a sample
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droplet having a predetermined volume in said main channel suspended in an inert fluid,

and wherein said droplet formation section has a second configuration in which said

input-channel valve is closed and said rinsing-channel valve is open such that rinsing
fluid rinses said sample input channel by a flow of said rinsing fluid through said sample
mput channel and out said rinsing channel;

a droplet splitting section fluidly connected to said main channel of said droplet formation
section to receive said sample droplet from said main channel and split said sample droplet into
a plurality of daughter droplets to be output from said droplet splitting section in a respective one
of a plurality of secondary channels; and

a reagent injection section fluidly connected to each of said plurality of secondary
channels and having a corresponding plurality of reagent injection channels arranged such that
cach reagent of a plurality of reagents is injectable simultancously into a respective one of said
plurality of daughter droplets while said daughter droplets are in said reagent injection section to
provide a plurality of sample-reagent droplets output in a corresponding one of a plurality of
output channels,

wherein the plurality of output channels are fluidly connected to the plurality of
secondary channels and are configured to receive the plurality of sample-reagent droplets, and

wherein said droplet splitting section is a multistage droplet splitter.

6. The microfluidic chip according to claim 5, wherein said droplet formation section
comprises a pressure relief channel to controllably regulate pressure on said sample droplet while

being formed.

7. The microfluidic chip according to claim 5, wherein said reagent injection section
comprises a pressure relief channel to controllably regulate pressure on said plurality of daughter
droplets while each of said plurality of reagents is being injected into a corresponding one of said

plurality of daughter droplets.

8. The microfluidic chip according to claim 5, further comprising a sample-reagent droplet
splitting section fluidly connected to each of said plurality of output channels from said reagent
injection section to receive said plurality of sample-reagent droplets and split each of said
sample-reagent droplets into a plurality of daughter sample-reagent droplets to be output from

said sample-reagent droplet splitting section in a respective one of a plurality of output channels.
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9. The microfluidic chip according to claim 8, wherein said sample-reagent droplet splitting

section is a multistage droplet splitter.

10.  The microfluidic chip according to claim 5, further comprising an incubation section
fluidly connected to each of said plurality of output channels from said sample-reagent droplet
splitting section such that each of said sample-reagent droplets flows into a respective one

incubation channel so as to maintain identifiable sample and reagent information thereof.

11.  The microfluidic chip according to claim 10, wherein said incubation channels are of an
equal length.
12. The microfluidic chip according to claim 5, further comprising a section with detection

channels wherein said detection channels are at least partially transparent for optical

measurements.

13. The microfluidic chip according to claim 5, wherein said reagent injection section
further comprises:

a reagent injection valve in ecach of said plurality of rcagent injection channels to
selectively allow and block fluid flow from each of said plurality of reagent
mjection channels to said plurality of secondary channels,

a rinsing channel fluidly connected to each of said plurality of reagent injection channels,
and

a rinsing-channel valve in said rinsing channel to selectively allow and block fluid flow
from each of said plurality of reagent injection channels to said rinsing channel,

wherein said reagent injection section has a first configuration in which said reagent
imjection valve in each of said plurality of reagent injection channels is open and
said rinsing-channel valve in each of said plurality of reagent injection channels
is closed to provide a reagent in said plurality of secondary channels, and wherein
said reagent injection section has a second configuration in which said reagent
injection valve in each of said plurality of reagent injection channels is closed and
said rinsing-channel valve in each of said plurality of reagent injection channels
is open such that rinsing fluid rinses each of said plurality of reagent injection
channels by a flow of said rinsing fluid through each of said plurality of reagent

injection channels and out said rinsing channel in each of said plurality of reagent
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injection channels.

14.  The microfluidic chip according to claim 5, wherein said droplet formation section further
comprises:

a second sample input channel having a first end fluidly connected to said main channel
and a second end configured to receive sample and rinsing fluid,

an input-channel valve in said second sample input channel to selectively allow and block
fluid flow from said second sample input channel to said main channel,

a second rinsing channel fluidly connected to said second sample mput channel at a
position between said input-channel valve and said second end of said second
sample input channel, and

arinsing-channel valve in said second rinsing channel to selectively allow and block fluid
flow from said second input channel to said second rinsing channel,

wherein said droplet formation section has a third configuration in which said input-
channel valve of said second sample input channel is open and said rinsing-
channel valve of said second sample input channel is closed to provide a sample
droplet having a predetermined volume in said main channel suspended in an inert
fluid, and wherein said droplet formation section has a fourth configuration in
which said input-channel valve of said second sample input channel is closed and
said rinsing-channel valve of said second sample input channel is open such that
rinsing fluid rinses said second sample input channel by a flow of said rinsing
fluid through said second sample input channel and out said second rinsing

channel.

15.  The microfluidic chip according to claim 14, wherein said input channels function in an
alternating manner such that while a first of said input channels is configured to provide a sample
droplet into said main channel, a second of said input channels is simultancously configured to
rinse, and wherein following sample droplet formation by said first of said input channels, said
first of said sample input channels is configured to rinse and said second of said sample input

channels is simultancously configured to provide a sample droplet into said main channel.
16.  The microfluidic chip according to claim 14, wherein said droplet formation section

comprises a pressure relief channel to controllably regulate pressure on said sample droplet while

being formed.
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17.  The microfluidic chip according to claim 14, wherein said reagent injection section
comprises a pressure relief channel to controllably regulate pressure on said plurality of daughter
droplets while each of said plurality of reagents is being injected into a corresponding one of said

plurality of daughter droplets.

18.  The microfluidic chip according to claim 14, further comprising a sample-reagent droplet
splitting section fluidly connected to each of said plurality of output channels from said reagent
mjection section to receive said plurality of sample-reagent droplets and split each of said
sample-reagent droplets into a plurality of daughter sample-reagent droplets to be output from

said sample-reagent droplet splitting section in a respective one of a plurality of output channels.

19.  The microfluidic chip according to claim 18, wherein said sample-reagent droplet

splitting section is a multistage droplet splitter.

20.  The microfluidic chip according to claim 14, further comprising an incubation section
fluidly connected to each of said plurality of output channels from said sample-reagent droplet
splitting section such that each of said sample-reagent droplets flows into a respective one

incubation channel so as to maintain identifiable sample and reagent information thereof.

21.  The microfluidic chip according to claim 20, wherein said incubation channels are of an
equal length.
22. The microfluidic chip according to claim 14, wherein said reagent injection section

further comprises:

areagent injection valve in each of said reagent injection channels to selectively
allow and block fluid flow from each of said reagent injection channels to said plurality
of secondary channels,

a rinsing channel fluidly connected to each of said plurality of reagent injection
channels, and

a rinsing-channel valve in said rinsing channel to selectively allow and block
fluid flow from each of said plurality of reagent injection channels to said rinsing
channel,

wherein said reagent injection section has a first configuration in which said reagent
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injection valve in each of said plurality of reagent injection channels is open and said rinsing-
channel valve in each of said plurality of reagent injection channels is closed to provide a reagent
in said plurality of secondary channels, and wherein said reagent injection section has a second
configuration in which said reagent injection valve in each of said plurality of reagent injection
channels is closed and said rinsing-channel valve in each of said plurality of reagent injection
channels is open such that rinsing fluid rinses each of said plurality of reagent injection channels
by a flow of said rinsing fluid through cach of said plurality of reagent injection channels and

out said rinsing channel in each of said plurality of reagent injection channels.
23. The microfluidic chip according to claim 14, further comprising a section with detection

channels wherein said detection channels are at least partially transparent for optical

measurements.
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