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ABSTRACT: Herein, we describe the development of a multilayer droplet
microfluidic system for creating concentration gradients and generating
microdroplets of varying composition for high-throughput biochemical and
cell-based screening applications. The 3D droplet-based microfluidic device
consists of multiple PDMS layers, which are used to generate logarithmic
concentration gradient reagent profiles. Parallel flow focusing structures are used

to form picoliter-sized droplets of defined volumes but of varying composition.
As proof of concept, we demonstrate rapid enzymatic activity assays and drug cytotoxicity assays on bacteria. The 3D droplet-
based microfluidic platform has the potential to allow for high-efficiency and high-throughput analysis, overcoming the structural

limitations of single layer microfluidic systems.

ecent advances in genomics, proteomics, cellomics, and

metabolomics have accelerated the creation of libraries of
biological and chemical compounds that can modulate various
biological processes. Such developments have necessitated the
need for high-throughput screening methods where millions of
biochemical, genetic, or pharmacological assays can be
performed and analyzed in a parallel and rapid fashion to
find active compounds against specific biological targets."”
Typically high-throughput screening is performed usin% high-
density microwell plates and robotic dispensing systems.” Here,
rectangular microwell plates are used to contain reagent
volumes ranging from tens of nanoliters to several milliliters
of liquid. However, microwell plate based approaches for high-
throughput screening are compromised due to the high cost of
robotic machinery, evaporation of solvents when sample
volumes are reduced, and the need to use relatively large
volumes of expensive biological reagents.

Microfluidic systems have recently emerged as a promising
experimental platform for performing a diverse range of
biological*"® and chemical”® experiments in high-throughput
manner. Microfluidic-based methods have several advantages
when compared to conventional high-throughput screening
methods. These include the ability to manipulate and process
small assay volumes, minimal consumption of biological
reagents, low fabrication costs, reduced analysis times, and
the ability to integrate various functional components within a
single, monolithic platform.”

In particular, droplet based microfluidic systems present a
promisin6g opportunity for high-throughput biological anal-
ysis.'’"'° In such systems, microdroplets containing nano- to
picoliter volumes can be generated at kilohertz frequencies,
where each droplet serves as an isolated reaction volume.'”
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Since droplet volumes can be reduced down to the femtoliter
scale,'® reactions such as protein—protein interactions'* ™" or
DNA hybridization® can be performed using billion-fold
smaller amounts than conventional biological methods based
on 96 microwell plates or enzyme-linked immunosorbent
assays (ELISA). Moreover, it should be noted that droplet-
based (or segmented flow) microfluidic systems have additional
advantages when compared to continuous-flow microfluidic
systems such as minimal reagent interaction with channel walls
and the absence of residence time distributions. Furthermore,
droplet-based microfluidic formats provide for independent
control over droplet generation, merging, diluting, splitting,
sorting, and analysis on ultrashort time scales. ™

The dilution of one or more reagents is an essential
operation in the majority of chemical or biological assays.”
Surprisingly, the ability to both control and vary the
concentration of reagents remains a critical challenge in
microfluidic research.”* In most droplet-based microfluidic
systems, concentrations are controlled by varying the
volumetric flow rates of reagent streams”’ or by hydrodynamic
dispersion prior to droplet formation.'® However, this approach
is usually limited by flow instabilities and restrictive flow rate
ranges (approximately 2 orders of magnitude) when using
precision syringe pumps.”> Accordingly, dilution normally
requires a series of separate experiments using different
substrate concentrations to access concentration ranges

typically required for high-throughput screening experiments.
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To address this problem, we recently developed a droplet-based
dilution device.”* Briefly, a concentrated droplet trapped within
an asymmetric chamber is exposed to a sequence of smaller
buffer droplets within a segmented flow. Through a series of
water—oil hydrodynamic interactions, serially diluted droplets
of uniform size and spacing could be generated in high-
throughput, defining concentration variations in excess of 4
orders of magnitude. More recently, Gielen et al. introduced an
open microwell-based gradient concentration droplet gener-
ator.”® Despite its undoubted utility from previous develop-
ments, it is difficult to perform and analyze multiple
experiments simultaneously using such a component, since
the concentration variation is defined by the characteristics of
the original trapped droplet, which must be periodically
replaced. In addition, Lim and co-workers introduced a
parallelized, high-throughput microfluidic emulsifier that can
encapsulate nine different substrate concentrations and one
reference in parallel for multiplex kinetic assays.”” Although this
device can provide pipet-and-play-based analysis, it lacks
control over sample mixing, with all mixing occurring prior to
sample addition. For simultaneous analysis of various
concentrations, Damean et al. also described a two-layer
microfluidic device that contains gradient formation, fluidic
mixing, and droplet generation on the bottom layer,”® with the
upper layer containing two chambers that connect to sample
inlet/outlet holes for sample injection and effluence. Despite
the undoubted utility of such an approach, it is not amenable
for complex sample manipulation operations, which are often
required for biological experiments such as enzyme inhibitor
screening or cell-based biological assays. Since all functional
microstructures are located in one fluidic layer (bottom layer)
with the other layer only being used to introduce inlet/outlet
vias, this type of device could not be used for modular-based
devices, where each layer serves specific functions or
operations. For example, only two reactant streams are
introduced prior to droplet formation, with integration of
supplementary channels (to provide additional reagents) before
or after droplet formation being difficult, since there are too
many microfluidic channels in this fluidic layer. In addition, the
formed droplets had to be analyzed within 10 s. Although,
sufficient for the stated application, many biological experi-
ments (such as those involving enzymatic reactions and protein
interactions) require significantly extended incubation periods.

Recent advances in cellular analysis, genomics, proteomics,
and metabolomics, immunoassays, and point of care (POC)
diagnostics require multifunctional analytical devices to probe
and elucidate biological processes.”” Droplet-based micro-
fluidics have developed to meet these demands but often rely
on the use of single-layered microfluidic devices for a given set
of experiments, where each device is used for a specific sample
manipulation, such as droplet splitting, merging, trapping,
thermal-cycling and sorting.” > To this end, and given the
demand for multifunctional droplet-based microfluidic oper-
ations, we sought to develop a multilayered, droplet-based
microfluidic system by integrating functional microstructures
into distinct layers.

Herein, we propose a novel strategy that integrates both
concentration gradient generation and parallel droplet gen-
eration within a multilayered microfluidic device to generate
parallel streams of droplets containing analytes of varying
concentration. Specifically, we design a multilayer 3D device
that has various functions in each layer such as parallel dilution,
sample mixing, droplet generation, and extended time
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incubation. By adopting a 3D fluidic architecture, it is possible
to isolate the droplet generation process from concentration
gradient generation, which in turn facilitates the introduction of
reagents before and after droplet formation. Using this
approach, concentration gradients spanning 2 orders of
magnitude can be generated in a direct manner, allowing the
efficient screening of enzyme inhibition kinetics and cytotox-
icity assays in bacteria.

B RESULTS AND DISCUSSION

Gradient Droplet Generation. The generation of
concentration gradients relies on appropriately designed
networks of microchannels that can generate a range of
gradient shapes.””** These systems exploit laminar flows and
controlled diffusive mixing of reagents flowing in parallel fluid
streams to generate concentration gradients. Linear, logarith-
mic, and parabolic gradient concentration profiles have all been
created by altering channel geometries and concentrations at
the inlet channels.””*> Recently, Wegrzyn et al. developed a
multilayer polycarbonate chip that can generate concentration
gradients in a linear profile.’® Despite its clear utility, the
defined approach required complex simulation to generate the
desired combination of concentrations. Accordingly, we chose a
simple “Christmas tree structure” for our gradient-generating
microfluidic network that could be implemented in a single
layer and without complex design. Concentration gradients
formed in this manner have been shown to be reproducible,
stable over time, and do not require active control architectures.
A schematic illustration and photographic image of our
microfluidic device are shown in Figure 1A and Figure 2A,
respectively. A custom built confocal spectrometer was used to
analyze fluorescence emission originating from each droplet
(Figure 1B). The microfluidic device consists of three PDMS
layers. In the top layer, a concentrated sample A is introduced
through inlet A and is mixed with dilution buffer (injected
through inlet B) to create 8 different concentrations along 8
parallel channels via diffusive mixing (Figure 2B, Supplemen-
tary Movies 1 and 2; see blue line). The generated gradient
streams are then mixed with an equal volume of sample B
(introduced through inlet C) and passed to the bottom layer
through the connecting vias (Figure 2C). Water-in-oil droplets
with varying compositions of reagent A and fixed concentration
of reagent B are then generated by parallel flow focusing
structures and mixed using chaotic advection induced by
channel winds (Figure 2D, Supplementary Movies 2 and 3).
Droplets from each of the flow focusing structures are
incubated within long incubation channels (Figure 2E,
Supplementary Movie 4). First, droplets containing food dye
where generated to assess the uniformity of droplet size
between parallel channels (Figure S-1). The deviation in
droplet size between parallel channels was calculated to be
+3.87% by analysis of over 28 800 droplets produced by 8
parallel channels (3 600 droplets per each channel).

The dilution capability of the device was subsequently
assessed using protein and bacterial cells. First, 1 yM FITC
conjugated antibody (anti-CEA monoclonal antibody) was
injected through inlet A and mixed with phosphate buffered
saline (PBS) solution from inlet B to generate concentration
gradient streams. The diluted solutions were then mixed with
equal volumes of PBS from inlet C and passed to the bottom
layer through interlayer connecting vias. Droplets containing
FITC-antibody were generated in the bottom layer using an
HFE7500 oil stream containing 2% PFPE—PEG surfactant, and
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fluorescence intensities (Figure 3A) and compared with
theoretical predictions (Figure S-2). Each data point in the
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Figure 1. (A) Schematic of the 3D microfluidic device containing 100
pum X 100 pm cross-section channels. Reagents are injected using
precision syringe pumps. Reagent A (inlet A) is mixed with water or a
buffer solution (inlet B) to generate a concentration gradient. These
streams are then mixed with additional samples of fixed volumetric
fractions (via inlets C and D). The oil phase is introduced through
inlet E to generate a segmented flow. (B) Schematic diagram of the
optical detection system used for fluorescence detection. The setup
consists of a 488 nm diode laser, two APDs-avalanche photodiode
detectors, dc-dichroic mirror, EM-emission filter, PH-pinhole, and L-
lens.
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Figure 2. Microfluidic used to assay both enzymatic activity and drug
cytotoxicity. (A) Photograph of the microfluidic device. (B)
Concentration gradient structure (blue line). (C) Sample mixing
junctions and interlayer connection holes between the top and the
bottom layers. Scale bar, 200 ym. (D) Parallel flow focusing structures
for droplet generation and droplet mixing. Scale bar, 200 ym. (E)
Incubation channels. Scale bar, 200 ym.

fluorescence emission originating from each droplet was
measured using the custom-built confocal spectrometer.
Antibody concentrations were identified from the measured

Figure 3. Calibration of concentration gradient generation using
FITC-CEA mAb and an Escherichia coli suspension after dilution and
compartmentalization. (A) 1000 nM FITC-CEA mAb was diluted
using PBS within the gradient generation structure and mixed with an
equal volumetric proportion of PBS from inlet C to achieve a 2-fold
dilution. A concentration gradient of FITC-CEA mAB (500 nM to 0
nM) was created in the top layer and green fluorescence detected from
droplets. The concentration of each droplet was then calculated from
this measurement. Each data point is the average of ~3 600 droplets.
Data are represented as mean + s.d, n = 3. (B) Distribution of
bacterial cells in droplets after dilution. SYTO 9 stained bacterial cells
were injected and diluted in the top layer and fluorescence traces used
to identify E. coli cells within droplets. The average number of cells per
droplet was extracted. Each data point is the average of ~3 600
droplets and data are represented as mean =+ s.d., n = 3.

microfluidic assay represents an average of 10800 measure-
ments. A characteristic sigmoidal decrease in concentration was
obtained over the range from 500 nM to 5.6 nM using FITC-
antibody, which is in excellent agreement with theoretical
predictions (see Figure S-2B). Using this approach, concen-
tration gradients spanning 2 orders of magnitude can be
generated in a direct manner continuously, allowing the high-
throughput biological experiments.

The ability to dilute particle-laden streams was also tested
with bacterial cells. A SYTO 9 stained Escherichia coli (E. coli)
suspension in LB (Luria—Bertani) broth, was diluted with LB
broth and generated concentration gradient streams were
encapsulated in microdroplets. SYTO 9, a DNA intercalating
dye is cell membrane permeable and has an emission maximum
of 498 nm and an excitation maximum of 482 nm. LB medium
also provides a weak fluorescence background that is useful in
defining aqueous droplet boundaries. Photon bursts, corre-
sponding to the presence of individual cells, were distinguished
from the background droplet signals by post acquisition data
analysis.”” The full width half-maximum (fwhm) of fluorescent
bursts arising from E. coli cells were calculated to be 30 times
shorter than the background droplet events, which is consistent
with the relative length of droplets (50 ym) and E. coli cells
(1.5—2 pm) (Figure S-3A). Figure 3B illustrates average cell
occupancies for each of the parallel droplet generation
channels. The distribution of cell occupancy within individual
droplets for each microfluidic channels is described in Figure S-
3B. The characteristic sigmoidal decrease in the average cell
occupancy was observed over all channels. These experimental
measurements are in excellent agreement with the theoretical
predictions (Figure 3B and Figure S-2) and demonstrate the
operational functionality of the device for concentration
dilution followed by droplet generation.

We found that the gradient concentration between successive
channels resembles a sigmoidal function, with changes in
concentration being small for the first and last channels and
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large for channels located in the middle of the device. However,
linear gradient concentration profiles can be created and
concentration differences adjusted by altering channel geo-
metries and concentrations at the inlet channels when
required.”

Enzyme Kinetics and Inhibition Assays. To demonstrate
the potential of our approach for drug screening, the enzymatic
activity of caspase-3 and the inhibitory effects of AC-DEVD-
CHO (Ac-Asp-Glu-Val-Asp-CHO) on caspase-3 activity were
measured using a fluorescence-based detection system. The
analysis of disease related enzymatic activities is recognized to
be one of the most important factors in diagnostics’”” and
early stage drug screening processes,’”"" and indeed various
neuronal diseases, autoimmune diseases and cancers have been
related to enzyme deficiency or overproduction.”””* More
specifically, it has recently been reported that an increase in
caspase activity triggers early synaptic dysfunction in
Alzheimer’s disease®” and that excessive caspase activities are
also associated with Hodgkin’s™>** and Parkinson’s disease.*
Conversely, a deficiency in active caspase has been observed for
various cancers, autoimmune diseases, and neurodegenerative
disorders.**™*° Unsurprisingly, over recent years, there have
been many attempts to develop inhibitors and activators for
caspase. Accordingly, caspase-3, the most important caspase
among the caspase family,"**" was chosen as a model system
for demonstrating the use of 3D microfluidic systems for high-
throughput screening applications.

Figure 4A illustrates the fluidic scheme adopted. By using
Rh110 conjugated DEVD (Ac-DEVD-rh110) as a substrate
against active caspase-3, we were able to monitor enzymatic
activity. Caspase-3 activity was measured dose dependently as a
function of substrate concentration. Concentration gradients of
Ac-DEVD-rh110 were created, mixed with fixed concentrations
of caspase-3, and compartmentalized within droplets. Caspase-3
concentrations of 0, 5, 7.5, and 10 uM were used for all
experiments. Cleavage of Ac-DEVD-Rh110 by caspase-3
releases the Rh110 fluorophore which exhibits a bright green
fluorescence® (Figure 4B). Figure 4C shows the kinetic data
from the enzymatic reaction between caspase-3 and Ac-DEVD-
Rh110. Curves were constructed using the fluorescence
intensities of droplets in each of the 8 parallel channels with
flow rates of Viye o (200 uM AcDEVDh110) = VinletB (assay buffer, pH 7.4)
=025 /’tL min_ll ‘/inlet C (Caspase-3) =05 /"L min_l) and ‘/inlet D (oil)

= 2 uL min~'. Enzyme kinetics were analyzed by the
Michaelis—Menten equation, i.e.,
Vol S
= VaulS]
Ky + [S] (1)

Here V is the rate of conversion, V.., is the maximum rate of
conversion, [S] is the substrate concentration, and Ky, is the
Michaelis constant. The Michaelis constant defines the
substrate concentration at which the rate of conversion is half
of V. and approximates the affinity of the enzyme for the
substrate. The experimental K, values for the enzymatic
activity of caspase-3 toward Ac-DEVD-Rh110 were calculated
to be 3.98 + 0.60 #M and 19.06 + 3.33 uM for our microfluidic
device and 96 well plate based measurements, respectively
(Figure S-4A). Both values compare well with the value of 6.25
UM reported in the literature.”> To examine the inhibitory
effects of Ac-DEVD-CHO and mixtures of random peptide
sequences containing 6 amino acids on the caspase-3 activity, a
three layered microfluidic chip was designed and fabricated
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Figure 4. Application of the microfluidic platform in the enzymatic
assay of caspase-3. (A) Schematic of the droplet dilution and reaction
process. Two layered microfluidic devices were used for the enzymatic
assay. Substrate (S) was injected through inlet A to generate a
concentration gradient and mixed with enzyme (E) in the first layer
and oil (O) in the second layer to generate droplets. (B) Enzymatic
reaction between active caspase-3 and DEVD-Rh110. (C) Exper-
imental kinetic data from the enzymatic reaction between caspase-3
and DEVD-Rh110. Initial DEVD-Rh110 concentration was 100 uM
and caspase-3 concentrations were 0 uM (aqua V), S uM (blue A),
7.5 uM (red @), and 10 uM (M). Each error bar represents the
standard deviation extracted from 100 measurements. Each data point
is the average of ~3 600 droplets. Data are represented as mean + s.d,,
n=3.

according to the scheme shown in Figure 5A. Caspase-3 was
mixed with diluted Ac-DEVD-CHO or a random peptide
mixture in the first layer. Each mixture was then combined with
Ac-DEVD-Rh110 in the middle layer. In the third layer,
droplets containing 50 uM of Ac-DEVD-Rh110, 10 nM of
caspase-3, and different concentrations of the inhibitors were
generated from each channel. As shown in Figure SB, the
activity of caspase-3 was inhibited by Ac-DEVD-CHO in a
dose-dependent manner. At 50 nM, Ac-DEVD-CHO caused
the inhibition of more than 85% of the caspase-3 activity in the
control experiment. Indeed, the ICg, value was calculated to be
5.76 + 0.42 nM which is in excellent agreement with the
literature value of 4.19 nM.>* A similar ICy, value of 1.13 +
0.17 nM was also obtained by 96 well plate based measure-
ments (Figure S-4B).

Drug Susceptibility Testing. The effects of a drug on an
organism are complex and involve multiple networks between
biomolecules that cannot be predicted using biochemical
assays.”” This complexity has led to a pressing need for cell-
based screening methods able to predict organism response. To
validate the potential use of our microfluidic platform for drug
susceptibility testing and cell based drug screening, the effects
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Figure S. Application of the microfluidic platform for inhibition assay.
(A) Schematic of the dilution and reaction processes. Inhibitor (I) and
enzyme (E) were injected in the first layer and substrate (S) injected
in the second layer. The mixed streams were passed into the third layer
and droplets generated by the oil phase (O). (B). The inhibitory
effects of DEVD-CHO (M) and random peptides (red @) on caspase-
3 activity. Each error bar represents the standard deviation extracted
from 100 measurements. Inset: The percentage inhibition of DEVD-
CHO (M) and random peptides (red @) on caspase-3 activity. Each
data point is the average of ~3 600 droplets and data are represented
as mean =+ s.d., n = 3.

of antibiotics on bacterial cells were investigated using a
fluorescent viability assay.

First, E. coli cells were either killed by treatment with 100%
methanol or maintained as a healthy E. coli cell population. Live
and dead cells were then injected into inlet A and inlet B
(Figure 1A), respectively, and mixed in the gradient generation
structure to yield parallel channels containing different
proportions of live and dead cells. Cell mixtures were
fluorescently stained using 1 uM SYTO 9 and 1 M propidium
iodide (PI) and then encapsulated within droplets in the
bottom layer as previously described. After droplet generation,
green (520 nm) and red fluorescence (620 nm) were detected
from each of the 8 channels and analyzed to assess viability.
The membrane permeable SYTO 9 stains both live and dead

cells while PI stains only dead cells whose membrane has been
compromised (Figure S-5). SYTO 9 has an excitation
maximum of 482 nm and an emission maximum of 500 nm,
while PI has an excitation maximum of 528 nm and an emission
maximum of 617 nm. This means that dead cells will exhibit
both green and red fluorescence emission, while live cells will
only fluoresce in the green. Representative fluorescence traces
of dead and live cells are shown in Figure 6A. The droplet
boundaries are highlighted by dotted lines and the fluorescence
originating from contained cells indicated using triangular
markers for both red and green traces (Figure 6B). It can be
seen that the dead cell percentage decreases from 100% in
channel 1 to 20% in channel 8 with the expected sigmoidal
pattern (Figure 6C). The deviations of dead cell percentages in
channels 6, 7, and 8 from the theoretical expectation are almost
certainly due to a 10—20% reduction in cell viability during cell
encapsulation, a feature observed previously.”” A cell death rate
of 20% was consistently observed and deemed inherent to the
microfluidic system. This places a lower limit on cytotoxicity
assays, as described previously.”> We hypothesize that such cell
death is due to shear forces on the cells during encapsulation or
centrifugal forces within the syringe caused by the magnetic
stirrer bar used to prevent precipitation of the E. coli cells.

To quantitatively analyze the effects of antibiotics, both
ampicillin sensitive and resistant E. coli cells were employed. A
solution containing 100 pg/mL ampicillin was introduced into
the microfluidic device and diluted using the gradient generator.
The diluted ampicillin solution was then mixed with either
ampicillin-sensitive cells or ampicillin-resistant cells and passed
down to the bottom layer for droplet generation. Droplets
containing E. coli cells and varying concentrations of ampicillin
were collected into syringes connected to each outlets for
incubation over a period of 4 h. Collected droplets were then
reinjected into a secondary microfluidic device containing flow-
focusing oil stream to space droplets for analysis. The final
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Figure 6. Viability assay performance. (A) Representative fluorescence burst scan of dead (top) and live (bottom) E. coli cells recorded over a period
of 10 s. The fluorescence signature of a droplet was characterized by a homogeneous rectangular cross section. Spiked peaks on top of this signature
signify the presence of cells and are indicated by the triangular markers. (B) Dead cells (top) exhibit both green and red fluorescence and live cells
(bottom) only show green fluorescence. Coincident events from both green and red channels correspond to dead cells. (C) Live and dead cells were
mixed in different proportions using the gradient dilution chip and the fluorescence traces measured in each channel. Each data point is the average

of ~3 600 droplets and data are represented as mean =+ s.d., n = 3.
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concentrations of antibiotic within each droplet population
were varied as 0, 0.78, 5.47, 17.19, 32.81, 44.53, 49.21, and S0
pug/mL respectively over each of the eight channels. It was
observed that the proportion of dead cells increased in a dose
dependent manner for ampicillin-sensitive cells, with 80% dead
cells being observed at an ampicillin concentration of 30 ug/
mL. Conversely, we observed no ampicillin-induced cell death
for ampicillin-resistant cells (Figure 7B) accounting for the 20%
loss of cell viability during the cell encapsulation process for
both antibiotic sensitive and resistant cells.
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Figure 7. Effects of antibiotics on the viability of the bacterial cells. (A)
Schematic of a two-layered microfluidic chip for cell viability
measurements. Bacterial cells and ampicillin were injected in the
first layer and then passed into the second layer to generate droplets
containing fixed cell density and varying concentrations of antibiotics.
(B) The effects of antibiotics on antibiotic-resistant (red ®) and
antibiotic-sensitive bacterial cells (M). Encapsulation of the bacterial
cells and antibiotics within each droplet is followed by incubation for 4
h. Each data point is the average of ~3 600 droplets and data are
represented as mean + s.d, n = 3.

In summary, we have demonstrated a novel platform for the
high-throughput dilution, compartmentalization, and simulta-
neous monitoring of parallel experiments. Compared to
conventional single layered microfluidic systems, our approach
provides for significant operational flexibility when generating
parallel streams of droplets for high-throughput screens. The
entire screening process is shown to remain stable over long
periods of time, with devices being easy to handle and fabricate.
We note that greater concentration variation ranges can be
accessed through parallelization of the basic device architecture
and more complex concentration gradient profiles can be
created through adoption of different channel geometries.
Furthermore, it is important to mention that issues related to
precise layer alignment can be addressed through the use of
automated->° or semiautomated®” layer-aligning methods. It is
also expected that such 3D structured microfluidic devices have
the potential to provide a novel and practical platform for
performing high-throughput experimentation at low unit cost.
Moreover, the development of 3D-printing technologies will
allow us to integrate complex functions into the microfluidic
system such as those described by Bhargava and co-workers,

who recently introduced a modular 3D microfluidic device for
3D mixing, droplet generation, and detection.”®

B MATERIALS AND METHODS

Microfludic Device Fabrication. A schematic of the fluidic
chip design and operating mechanism is shown in Figure 1A.
The fluidic channel and pillars were fabricated in polydime-
thylsiloxane (PDMS) using standard soft lithographic techni-
ques.” Briefly, PDMS base and curing agent (Sylgard 184;
Dow Corning, Wiesbaden, Germany) were mixed in a ratio of
10:1 w/w, degassed, decanted onto a SU8-on-Silicon wafer
master (IDB Technologies Ltd., Wiltshire, U.K.), and cured
overnight in an oven at 65 °C. After curing, the structured
PDMS layer was removed from the master, with the inlet,
interlayer connecting and outlet holes being formed using a 1
mm punch (BIOPSY punch, Kay Industries Co., Gifu, Japan).
Three PDMS layers were designed and fabricated in this
manner. The PDMS layers were initially treated with an oxygen
plasma before they were aligned to each other under a
stereomicroscope by matching inlet and outlet vias. The top
layer comprised a dilution structure for reagent A and junctions
for the mixing of diluted reagent A and reagent B. The bottom
layer comprised droplet generation modules and the middle
PDMS layer contained additional sample injectors used in some
experiments. The PDMS layers and 1 mm microscope slide
glass substrates were bonded immediately after exposure to an
oxygen plasma (Harrick Plasma Cleaner RD-002)

Fluid Components. For the characterization of dilution
capacity, deionized (DI) water containing food dye (Black,
Kraft Foods, Northfield, IL) and PBS (137 mM NaCl, 2.7 mM
KCl, 10 mM Na,HPO,, 2 mM KH,PO,, pH7.4) were used as
the aqueous phase. HFE-7500 fluorocarbon oil (Dow Corning,
Midland, MI) containing 2% (w/w) PFPE—PEG (perfluori-
nated polyethers with polyethylene glycol) surfactant was used
as the oil phase. The biocompatible fluorinated surfactant was
synthesized according to the method described by Chen et al.*”’
Krytox 157FS(H) (100 g, MW ~5000 g/mol, Dupont, U.K.)
was dissolved in 100 mL of anhydrous HFE-7100 (Sigma-
Aldrich, UK.) and mixed with excess oxalyl chloride (25 g
Sigma-Aldrich, UK.). The reaction mixture was then left
stirring overnight at 85 °C under an argon atmosphere. A light
yellow product was obtained after solvent removal by rotary
evaporation and high vacuum. This product was mixed with
Jeffamine XTJ 501 (6.93 ¢, MW 900 g/mol, Sigma-Aldrich,
UXK.) and dissolved in a solvent mixture consisting of HFE
7100 (100 mL) and anhydrous dichloromethane (100 mlL,
Sigma-Aldrich, U.K.). The reaction mixture was heated to 65
°C and stirred for 2 days under an argon atmosphere, resulting
in a milky white product. After solvent removal by rotary
evaporation, the product was centrifuged at 8000 rpm for ~10
min to remove the white residue. The product then was dried
in a vacuum desiccator for 24 h and used without further
purification.

High-Througput Detection and Data Analysis. Micro-
fluidic devices were placed on a motorized stage and
appropriately aligned with a custom-built confocal
spectrometer6l(Figure 1B). The spectrometer consisted of a
488 nm CW air-cooled argon ion laser excitation source. A
dichroic mirror (SOSDRLP02; Omega Optical, Brattleboro,
VT) was used to reflect the 488 nm radiation and so define a
vertical axis, normal to the surface of the optical table. A 40X
microscope objective was employed to bring the light to a tight
focus within the microfluidic channel. Subsequently, fluores-
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cence emission was collected with the same high-NA objective
and transmitted through the same dichroic mirror. An emission
filter (S1SEFLP; Omega Optical) removed any residual
excitation light. The fluorescence is then spectrally separated
by another dichroic mirror (z630rdc, Chroma Technology
Corp.). In the first channel (green detector), fluorescence
reflected by the dichroic mirror is further filtered by an
emission filter (hq540/40m, Chroma Technology Corp.) and
focused by a plano-convex lens (f = 25.4 mm, Thorlabs, Ltd.,,
U.K.) onto an avalanche photodiode (SPCM-AQR-141, EG&G
Canada, Vaudreuil, Quebec, Canada). In the second channel
(red detector), fluorescence passed through the dichroic mirror
and is filtered by another emission filter (hq640lp, Chroma
Technology Corp.) and focused by a plano-covex lens (f = 25.4
mm, Thorlabs, Ltd., UK.) onto a second avalanche photodiode
(SPCM-AQ-13, PerkinElmer, Canada). The APD detectors
operating in single-photon counting mode convert single
photon events into TTL pulses (1 photon equals 300 ps S V
pulse). A digital counter (PCI 6601, National Instruments,
U.K.) in combination with a program written in LabView is
used to control and perform data acquisition.

For all assays described herein, the droplet generation
frequency was maintained at approximately S0 Hz to ensure
adequate sensitivity when monitoring single bacteria. Typically,
droplet streams were analyzed over a period of 60 s from each
channel (and repeated 10 times). This equates to a total time of
600 s and 3 600 droplets. In total 28 800 droplets were analyzed
for each set of experiments (i.e, 3 600 droplets in 8 channels),
with all experiments being repeated three times.

Enzyme Assay. Caspase-3 (abCAM, Cambridge, U.K.) and
its substrate Ac-DEVD-rh110 (AnaSpec, Fremont) were used
for enzyme activity measurements. Ac-DEVD-rh110 (200 yM)
was injected to inlet A and diluted with an assay buffer (100
mM NaCl, 50 mM HEPES, 10 mM DTT, 1 mM EDTA, 10%
glycerol, pH 7.4), which was injected to the inlet B. The S, 7.5,
and 10 uM caspase 3 was injected through inlet C and
combined with diluted Ac-DEVD-Rh110 solutions. Droplets
were incubated for 10 min in the device, and “green”
fluorescence from the enzymatic reaction was detected using
the custom-built confocal spectrometer. To demonstrate the
competitive inhibition effect of an inhibitor, Ac-DEVD-CHO
(AnaSpec, Fremont, CA) was used as an antagonist against Ac-
DEVD-Rh110 to disturb the enzymatic reaction between
caspase-3 and Ac-DEVD-Rh110. The 1000 nM Ac-DEVD-
CHO was injected to inlet A and diluted with assay buffer from
inlet B. Diluted streams of Ac-DEVD-CHO were mixed at the
junction with 10 nM caspase 3 on the top layer and passed
down to the middle layer to combine with a 50 uM Ac-DEVD-
Rh110 stream and then to the bottom layer to generate
picoliter-volume droplets. Generated droplets were incubated
for 10 min and “green” fluorescence detected using the confocal
spectrometer. All data were collected over a period of 600 s and
all experiments were replicated three times with triplicate
repeated measures within each replication.

Cell Viability Assay and Drug Susceptibility Testing.
Bacterial cells were killed by treatment with 100% methanol for
1 min and then centrifuged to remove supernatant. Cell pellets
were washed three times with PBS, and it was then resuspended
in LB broth. Both live and dead cell suspensions were injected
into inlet A and inlet B, respectively, mixed in the gradient
generation structure (Figure 1A), and stained with 1 uM SYTO
9 (Invitrogen, Carlsbad, CA) and 1 uM PI (Invitrogen,
Carlsbad, CA) introduced through inlet C. After droplet

generation, “green” (520 nm) and “red” (620 nm) fluorescence
emission were detected from each of the eight channels using
the custom-built confocal spectrometer and analyzed using
Matlab R2009b to quantify the viability of the cells.

For the drug susceptibility testing, a 100 pg/mL ampicillin
solution (dissolved in PBS) and a PBS solution were injected
into inlet A and inlet B, respectively, and mixed in the gradient
generation structure (Figure 1A). Ampicillin-resistant E. coli
TOP10 cells or ampicillin-sensitive E. coli BL21 cells were also
introduced through inlet C and mixed with various
concentrations of ampicillin from the dilution structure in the
top-layer. The mixtures of bacterial cells and antibiotics were
transferred to the bottom layer and then mixed with 1 yM
SYTO 9 and 1 yM propidium iodide (PI) injected through the
second layer (inlet D) (Figure 1A). After droplet generation on
the third layer, droplets were collected in the syringes and also
incubated for 4 h at room temperature. To assess cell viability
in droplets, collected droplets were then reinjected into the
microfluidic device incorporating a flow focusing oil stream to
space droplets. All data were collected over a period of 600 s
and all experiments were replicated three times with triplicate
repeated measures within each replication. Thresholding was
used to reduce the false positives when determining red and
green peaks from the droplets. A photon counting histogram
was used as the starting point for determining an appropriate
threshold for a given data set as previously described.”” Since
the background shot noise exhibits Poissonian statistics,®” the
early part of the PCH dominated by low, background counts is
modeled to a Poisson distribution, which then sets a statistical
limit for the droplet threshold. Photon counting events above
this threshold were identified as droplets. By analogy with
Gaussian systems, the selected peak discrimination threshold
can be defined as three standard deviations from the mean
count background rate.
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