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Although digital detection of nucleic acids has been achieved by amplification of
single templates in uniform microfluidic droplets and widely used for genetic
analysis, droplet-based digital detection of proteins has rarely been reported,
largely due to the lack of an efficient target amplification method for protein in
droplets. Here, we report a key step towards digital detection of proteins using a
highly parallel microfluidic droplet approach for single enzyme molecule
detection in picoliter droplets via enzyme catalyzed signal amplification. An
integrated microfluidic chip was designed for high throughput uniform droplet
generation, monolayer droplet collection, incubation, detection, and release.
Single f-galatosidase (f-Gal) molecules and the fluorogenic substrate fluorescein
di-f-D-galactopyranoside were injected from two separated inlets to form uniform
20 um droplets in fluorinated oil at a frequency of 6.6 kHz. About 200 000 droplets
were captured as a monolayer in a capture well on-chip for subsequent imaging
detection. A series of ff-Gal solutions at different concentrations were analyzed at
the single-molecule level. With no enzyme present, no droplets were found to
fluoresce, while brightly fluorescent droplets were observed under single-enzyme
molecule conditions. Droplet fluorescence intensity distribution analysis showed
that the distribution of enzyme molecules under single-molecule conditions
matched well with theoretical prediction, further proving the feasibility of
detecting single enzyme molecules in emulsion droplets. Moreover, the population
of fluorescent droplets increased as the -Gal concentration increased. Based on a
digital counting method, the measured concentrations of the enzyme were found
to match well with input enzyme concentration, establishing the accuracy of the
digital detection method for the quantification of f-Gal enzyme molecules. The
capability of highly parallel detection of single enzyme molecules in uniform
picoliter droplets paves the way to microdroplet based digital detection of
proteins. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4866766]

INTRODUCTION

Because of their small volume, low cost, and high throughput, microdroplets have attracted
wide attention in recent years and have provided numerous opportunities in chemical and bio-
logical research.'™ By compartmentalizing reactions into discrete droplets, ultrahigh throughput
reactions can be performed in parallel, allowing simultaneous observation of a large number of
events at the single-molecule or single-cell level.” Highly parallel detection of single molecules
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in uniform droplets facilitates digital detection, one of the most promising applications for
microdroplets.® In digital detection, signal outputs are distinguished by “0,” or “1,” where “0”
represents the absence of the molecule while “1” stands for the presence of the molecule in the
droplet. Microfluidic droplet-based digital detection methods have been reported for DNA'*'?
and RNA!314 detection, rare mutation analysis,ls_17 and directed evolution.'®

In contrast to nucleic acid analysis, droplet-based digital detection of proteins has rarely
been reported, largely due to the lack of an efficient target amplification method for protein in
droplets. As proteins can be sensitively detected by enzyme-linked immunosorbent assay
(ELISA) using enzyme-based signal amplification, one key step toward single protein molecule
detection in microfluidic droplets is the realization of single enzyme molecule detection in
emulsion droplets. The first single enzyme molecule study in emulsion droplets was pioneered
by Rotman er al., who compartmentalized single f-galactosidase molecules into droplets gener-
ated by a spray method to study the properties of a single enzyme in a droplet.'® Although they
were able to determine the molecular weight and turnover number of f-Gal, the broad distribu-
tion of droplet diameters generated by the spray method requires tedious and time-consuming
selection of appropriate droplets from a large number of individual droplets, wasting precious
biochemical reagents. More importantly, the heterogeneous distribution of droplet sizes and the
limited number of effective droplets created preclude accurate quantitation of enzyme
molecules.

Over the years, great effort has been spent on creating uniform reactors, including fabri-
cated microarrays®® > and microfluidic droplets,”®® in a high throughput manner for single
enzyme analysis. Compared with a microarray, microdroplets have the advantages of ultrahigh
throughput, low cost, flexible manipulation, and low non-specific adsorption to channel/
chamber wall by oil phase isolation, offering attractive alternative reactors for protein quantifi-
cation. For example, very recently, Shim et al. fabricated a microfluidic device capable of gen-
erating and trapping 200 000 highly uniform femtoliter droplets for the measurement of chemi-
cal reactions of single-enzyme molecules and the application to a single-molecule-counting
immunoassay.”® Takeuchi e al. developed a method that utilizes an immiscible liquid phase to
instantly enclose thousands of uniform femtoliter droplets within microchambers built in
microchannel walls to study enzymatic activities at single-molecule levels.”” In these two
examples, droplets were stably trapped for imaging analysis, with the former relying on a com-
plicated valve and post design and the latter using a non-scalable microchamber format.
Arayanarakool et al. fabricated a nano- and micro-fluidic device capable of generating a large
number of droplets with diameter around 3 um for parallel single-enzyme kinetic analysis.?®
However, no digital detection was achieved in this work. More importantly, in their system,
the enzyme reaction time was reported to be more than 20 h, which precludes the use for prac-
tical digital enzyme detection.

Herein, we report the fabrication a simple microfluidic chip integrated with a capture
well for high throughput uniform droplet generation, monolayer droplet collection, incuba-
tion, detection, and release to realize digital quantitation of enzyme molecules, a key step
towards digital protein detection. Single f-galatosidase (f-Gal) molecules and the fluoro-
genic substrate fluorescein di-f-D-galactopyranoside (FDG) were injected from two sepa-
rated inlets to form uniform 20 um droplets in fluorinated oil at a frequency of 6.6 kHz.
About 200000 droplets were captured as a monolayer in the on-chip capture well for subse-
quent imaging detection. The signal from the fluorescent product of the hydrolysis reaction
catalysed by single enzyme molecules in uniform droplets was easily detected under a fluo-
rescence microscope within a few hours. More importantly, the fluorescence intensity distri-
bution of droplets under single enzyme molecule conditions was found to match well with
the theoretical prediction, proving the feasibility of detecting single enzyme molecules in
emulsion droplets. Based on a digital counting method, the detected concentrations of the
enzyme were found to match well with the input enzyme concentration, establishing the ac-
curacy of the digital detection method for quantification of enzyme molecules. By integrating
with single-molecule ELISA in droplets, a general digital detection method for single protein
molecules could be easily achieved.
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EXPERIMENTAL SECTION
Materials and reagents

The SU-8 2015 was purchased from MicroChem (Newton, MA, U.S.A.). f-galactosidase
from Escherichia coli overproducer was purchased from Roche Diagnostics (Shanghai, China).
The purity of f-galactosidase in the product was analysed by three repeats of denatured 20%
polyacrylamide gel electrophoresis (PAGE) with each band identified by proteolytic digestion and
MALDI-MS. The final concentration of f-galactosidase was determined as 0.48 * 0.14 mg/ml
(0.89 £0.26 uM). Fluorescein di-f-D-galactopyranoside was purchased from Sigma-Aldrich (St.
Louis, MO, USA). Polydimethylsiloxane (PDMS, Sylgard 184) and curing agent were obtained
from Dow Corning (Shanghai, China). Film photomask was produced by Qingyi Precision
Maskmaking Co. Ltd. (Shenzhen, China). 1H, 1H, 2H, 2H-perfluorooctyl-dimethylchlorosilane
was obtained from Alfa Aesar (Tianjin, China). Bovine serum albumin (BSA) was purchased
from New England Biolabs (Beijing, China). Fluorinated oil GH135 was obtained from Lianqun
Co. Ltd. (Shenzhen, China). HFE-7100 was purchased from 3M (Shanghai, China), Poly-DMAP
was purchased from Sigma-Aldrich (St. Louis, MO, USA), and 157 FSH was obtained from
DuPont (Shanghai, China). PEG-600 was provided by Biomatrik Inc. (Jiaxing, China). Phosphate-
buffered saline (PBS) buffer (137 mM NaCl, 2.7mM KCl, 10 mM Na,HPO,, 2mM KH,PO,, pH
7.4) was prepared in the lab with all reagents obtained from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai, China).

Synthesis of surfactant E2K0660

Fluorosurfactant E2K0660 was synthesized according to a literature method.?’ Briefly, oxalyl
chloride (0.617 g, 4.86 mmol) was added to a solution of PFPE-COOH (0.729 g, 0.0972 mmol) in
50ml HFE7100. The mixture was stirred and refluxed overnight under nitrogen. After cooling to
room temperature, the mixture was concentrated on a rotary evaporator to remove excess oxalyl
chloride. The resulting PFPE-COCI was then dissolved in 50 ml HFE7100 under nitrogen atmos-
phere with poly-DMAP (0.1 g, 3mmol/g), using cross-linked polystyrene with pendant
4-aminopyridine groups to scavenge HCI generated during the reaction. Then, a solution of PEG-
diamine (32.0mg, 0.0535 mmol) in 50 ml CHCl; was added to the above solution. After refluxing
overnight, Poly-DMAP was removed by filtration. The mixture was then concentrated on a rotary
evaporator, and the final product was vacuum dried at room temperature.

Device fabrication

The SU-8 pattern was fabricated by a conventional photolithographic method. In brief,
SU-8 2015 photoresist was coated on a silica wafer at a spin rate of 2200 rpm to produce a film
with a thickness of 20 um. The photomask pattern was transferred onto SU-8 photoresist via
UV exposure. PDMS precursor solution was poured onto the silica wafer and spun at 1000 rpm
for 20s to obtain a thin patterned PDMS layer with the thickness of about 100 ym. The pat-
terned PDMS layer was peeled from SU-8 patterned silica wafer, and a droplet capture well
was excised using a scalpel along the well outline. The patterned layer was then bonded to a
flat PDMS covering layer, which was peeled from another polished glass slide. The module
was punched with three inlets and one outlet before bonding onto a flat bottom PDMS layer to
seal the channels and well. Finally, the entire PDMS module was bonded to a glass slide to
provide high rigidity and low air permeability. Bonding of PDMS to PDMS and PDMS to glass
were carried out immediately after oxygen plasma treatment. After bonding, 2% 1H, 1H, 2H,
2H-perfluorooctyldimethyl-chlorosilane/GH-135 (v/v) solution was injected into the channels
and incubated at 65 °C for 1 day to produce fluorinated surfaces.

Generation, capture, and release of droplets

FDG and f-Gal solutions were injected from two separate inlets at an equal flow rate of
0.05ml/h, while the flow rate of the oil phase, 98% (w/w) GH135 and 2% (w/w) fluorinated
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surfactant E2K0660, was set at 1 ml/h during droplet generation. Droplets were generated at the
cross section of the chip by the hydrodynamic flow-focusing method and trapped in the capture
well. After a large number of droplets had gathered in the well, the aqueous phases were stopped,
and the flow rate of the oil phase was decreased to 0.1 ml/h. The slow oil flow was used to sweep
away lower layers of droplets for the generation of monolayer droplets. After incubation and ob-
servation, the chip was flipped over to release the droplets with 1 ml/h oil flow. Images of droplet
generation, sweeping, and releasing were photographed under the microscope.

Single -Gal molecule assay

A lcm x 1em square capture well was designed to capture droplets to achieve high
throughput single-molecule analysis (total 200000 reactions for the optimized 20 um diameter
droplets). f-Gal solution was diluted with PBS buffer to single- molecule concentration of 0,
0.1, 0.25, 0.5, 0.75, 1, 2, or 3 copies per droplet (cpd) on average and injected into the chip
from one water phase inlet. In each experiment, 50ng/ml BSA was added to the solution to
reduce nonspecific absorption. The 100 uM FDG was injected from the other water phase inlet.
As a result, the concentration of FDG in the final droplets was 50 uM. After having collected
enough droplets for detection, inlets and the outlet were sealed by a hot glue gun, followed by
bathing in water at 37 °C for 4h. After capturing by fluorescence microscopy (Nikon Eclipse Ti-
U, Tokyo, Japan), the images of droplets under fluorescence filed were input into NIH Image]
software. Bright droplets above threshold value were automatically counted by the software.
About 4000 droplets (including bright and dark droplets) for each dilution repeat were counted.

For real-time recording experiments, the inlets and outlet were not sealed. Instead, the oil
flow was kept to support a fluidic shear to confirm the relative location of droplets. A close-
packed single layer of droplets was finally observed by fluorescence microscopy. The statistics
of fluorescent droplet distribution was analysed using NIH ImagelJ software.

RESULTS AND DISCUSSION
Principle of digital enzyme detection using microfluidic droplet approach

The working principle of the microdroplet-based digital enzyme detection method is sche-
matically shown in Fig. 1. FDG, a non-fluorescent substrate that contains two f-galactoside
linkages, can be hydrolysed by f-Gal to produce the highly fluorescent fluorescein molecule
(Fig. 1(d)). Single p-Gal molecules are encapsulated in monodisperse droplets generated
on-chip (Fig. 1(a)). The PDMS chip has three inlets, including a protein solution inlet, an FDG
solution inlet, and an oil phase inlet. This two-liquid-phase-inlet design avoids premixing of the
reaction components, thus decreasing the fluorescence background. The two aqueous phases are
injected at the same flow rate in parallel and dispersed together into droplets with equal vol-
ume. Droplets are then trapped in the capture well, where they self-organize into a close-
packed monolayer by fluid shear (Fig. 1(b)). Upon incubation at 37 °C, hydrolysis of FDG takes
place inside droplets that contain -Gal molecules, producing brightly fluorescent droplets as a
result (Fig. 1(c)). For droplets containing no enzyme, no hydrolysis occurs, yielding nonfluores-
cent droplets. After enzymatic reaction, fluorescent images of the droplets are obtained under
the fluorescence microscope and analysed using ImageJ software to obtain the percentage of
fluorescent droplets and their fluorescence intensity statistics. Under single-molecule conditions,
different enzyme concentrations lead to different percentages of fluorescent droplets. Using
Poisson statistics, the concentration of enzyme in the sample can be simply calculated from the
fraction of fluorescent or non-fluorescent droplets and the droplet volume.

The choice of fluorinated oil GH-135 and surfactant E2K0660

In recent years, fluorinated oils and fluorinated surfactants have been widely used in micro-
droplet applications because of their favorable biocompatibility.?*° In addition, compared to
most other oils, such as silicone oil and mineral oil, fluorinated oil has lower viscosity, which
can greatly improve the flow rate in chip and droplet generation frequency, while decreasing
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FIG. 1. Schematic of digital enzyme detection using microfluidic droplet approach. (A) Layout of the microfluidic device
for droplet generation and trapping. (B) An enlarged diagrammatic view of monolayer close-packed droplet array. (C)
Diagrammatic drawing of droplets after incubation. (D) Hydrolysis of non-fluorescent FDG to fluorescent fluorescein cata-
lysed by f-Gal.

the frictional force and fluid pressure. Although HFE-7500 and FC 40 are the two most widely
used fluorinated oils in literature reports, GH-135 was found to have lower volatility and higher
thermal stability compared to the former two types of oil in our experiments. Fluorinated surfac-
tant E2K0660 has been used for polymerase chain reaction (PCR)*' and cell analysis®* with excel-
lent stability and biocompatibility. Therefore, fluorinated oil GH-135 and surfactant E2K0660
were chosen in our work to generate thermostable droplets in the microfluidic chip device.

Since the enzyme reactions take place in water-in-oil (W/O) droplets, to guarantee success
of the experiment, we had to verify that the chosen fluorinated oil and surfactant have limited
influence on enzyme activity. The enzyme activities of ;-Gal in water phase and in W/O drop-
lets were compared. Three groups of samples were prepared: a negative control (bulk water so-
lution without f-Gal), a positive control (bulk PBS buffer solution with 2.25ng/ml f-Gal), and
a droplet group where water phase (with 2.25ng/ml f-Gal) was shaken into droplets in the
same volume of oil containing 2% E2K0660. All three groups contained 50 uM FDG and
50ng/ml BSA in the final reaction solution. The fluorescent intensity of each group was
recorded in real-time by a quantitative PCR instrument (StepOne Real-Time PCR System,
Applied Biosystems, USA) at 2min intervals. There was no fluorescence intensity increase
observed in the negative control sample; while in the positive control and droplet group, the flu-
orescence intensity increased linearly with time (Fig. S1 (Ref. 33)). A small decrease in fluores-
cent intensity was observed for the droplet group, as compared to the positive control, possibly
due to turbidity of the W/O emulsion phase. The result suggested that the oil and surfactant
used in the experiment do not have significant negative influence on the enzyme activity.

Droplet generation, capture, and release

An integrated PDMS microfluidic chip was designed and fabricated for high throughput uni-
form droplet generation, monolayer droplet collection, incubation, detection, and release. A
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schematic of chip structure is illustrated in Fig. 2(a). The PDMS chip includes a protein solution
inlet, an FDG solution inlet, an oil phase inlet, a droplet capture well, and an outlet (Fig. 2(b)).
Droplets are generated at the cross section of the chip by a hydrodynamic flow-focusing method.
Due to the significant density difference between water (1 g/ml) and fluorinated oil GH-135
(1.68 g/ml), when droplets are generated, they tend to float along the roof of the channel. This
property makes it possible to capture the droplets downstream by an up concave well. As shown
in Fig. 2, we designed the chip with an uplifted well right after the droplet generation section.
The well is connected with the outlet by a channel at the bottom with width of 200 yum and
depth of 20 um to exhaust waste oil. Droplets jetted into the capture well after generation rise to
the roof of the well (Fig. 2(c-a)). When a large number of droplets are gathered in the capture
well, they self-assemble into close-packed layers (Fig. 2(c-b)) until they occupy most of the
space and the surplus droplets start draining away. Dynamic balance between accumulation and
release of droplets is finally formed with continuous generation of droplets, but is interrupted
when both of the water phases are stopped. Then the bottom layers of droplets are swept away
by the relatively low oil flow (0.1 ml/h), whereas the top layer stably trapped in the capture well
because of the up-concave structure (Figs. 2(c-d) and 2(c-e)). In this way, a monolayer close-
packed droplet array (Fig. 2(c-e)) is obtained. The final channel depth is 20 um and the capture
well height is about 100 um. After incubation and observation, the chip is flipped over, inducing
the droplets to rise to the outlet channel side of chip and flow out of the well along with the oil
phase (Fig. 2(c-b)). All of the droplets are released after several minutes by oil rinse at 1 ml/h

Top PDMS layer

Patterned PDMS layer

Bottom PDMS layer
Glass slide
B / 4 Water inlets Capture well outlet

Integrated chip

Flow
C direction

Flow
direction

FIG. 2. (A) Three-dimensional illustration of a droplet capture chip, including a top PDMS layer, a patterned PDMS layer
with capture well excised, a flat bottom PDMS layer and a glass slide. (B) Schematic diagram of integrated chip. (C)
Schematic of capture well when capturing (a) and releasing (b) droplets. (c) Close-packed droplets layers are generated
when droplets gather in the capture well. (d) Lower layers of droplets are swept away when the water phases are stopped
with the oil flow rate set at 0.1 ml/h. (e) Mono-layer of close-packing droplets is generated after sweeping for several
minutes. Release of droplets after flipping-over the microfluidic chip for 1 min (f), 2 min (g), and 4 min (h).



014110-7 Guan et al. Biomicrofluidics 8, 014110 (2014)

(Figs. 2(c-f)-2(c-h)) and the chip can be reused. Compared with other droplet trapping meth-
ods,””** our design offers the advantages of simple device fabrication, scalable droplet genera-
tion, facile droplet trapping, and rapid device regeneration.

Optimization of the droplet diameter

In order to study the influence of droplet diameter on fluorescent intensity and signal-
background ratio (SBR, the average fluorescent intensity ratio of fluorescent droplets to non-
fluorescent droplets), three kinds of droplets with diameters of about 80 um, 55 um, and 20 um
were generated using microfluidic chips with different channel parameters and flow rates. A
chip with dimensions of 50 um x 50 um x 20 um (width x width x height) in the flow-focusing
section was used to generate droplets with ~80 um and ~55 um diameter by adjusting the flow
rates of the oil and the water phase. A 20 um x 20 um x 20 um chip was used to generate
~20 um droplets. The diameters of the droplets generated were measured to be 80.9 = 1.3 um,
56.1 £0.6 um, and 20.0 = 0.2 um. The relative standard deviation (RSD) of droplet size was
found to be smaller than 2%, showing narrow distribution and excellent monodispersity. To
provide excess substrate, the concentration of FDG was set as 50 uM in the generated droplet
and the concentration of f-Gal was adjusted according to the diameter to guarantee that about
10% of the droplets would be fluorescent. These droplets were collected in chip and incubated
at 37 °C and the results were recorded under the fluorescence microscope.

Images of three kinds of droplets are shown in Fig. 3. For SBR calculation, 100 fluorescent
droplets and 300 non-fluorescent droplets were measured. The SBR of the smallest (20.0 um)
droplets was found to be the highest (SBR =2.1 = 0.9, Fig. 3(f)) compared to that of 80.9 um
droplets (SBR indeterminable because of the tiny fluorescence intensity difference between
droplets, Fig. 3(b)) and 56.1 um droplets (SBR =1.6 = 0.8, Fig. 3(d)), even though only 4 h was
required for the former reaction, while the latter two groups were allowed to react for 20 h. The
improvement of SBR for smaller droplets is reasonable. Within droplets, the enzymatic hydroly-
sis product fluorescein cannot spread into the oil phase because of the hydrophobicity of the
fluorinated oil. Because the substrate was in large excess, the catalytic rate of each enzyme
molecule and the amount of catalytic product can be regarded as the same in the three types of
droplets within a limited incubation time. This resulted in an increase of fluorescent catalytic
product concentration in the smallest droplets.'” To obtain high SBR, all subsequent experi-
ments were conducted based on 20 um droplets. In addition, although background fluorescence
of droplets without f-Gal was also observed, possibly due to partial hydrolysis of FDG during

FIG. 3. Fluorescent and bright field images of three different sizes of droplets after single-enzyme reaction. (a)-(b)
80.9 = 1.3 um droplets incubated for 20h. (c)-(d) 56.1 = 0.62 um droplets incubated for 20 h. (e)-(f) 20 = 0.2 um droplets
incubated for 4 h. Horizontal scale bar is 100 um.
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storage, the fluorescent droplets could still be clearly discriminated obviously when the diame-
ter was decreased to 20 um.

Highly parallel observation of single-enzyme reaction kinetics in droplets

The excellent stability of the monolayer droplet array formed in the capture well offers the
ability to perform real-time highly parallel single-enzyme reaction kinetic studies inside drop-
lets. The relative positions of droplets in the capture well barely changed even after several
hours’ incubation, when the flow rate of the oil phase was set as low as 0.01 ml/h to ensure
close-packing of droplets. The fluorescence of about 1000 droplets in a visual field was
recorded during incubation. In Fig. 4, fluorescence intensity images of droplets are shown
according to increasing incubation time. When f(-Gal solution with 2 cpd concentration was
injected into the chip, it was found that the fluorescent intensity of some droplets increased as
incubation time increased, while the rest had no significant variation during the 3 h incubation.
The intensity variation of droplets with different rates of fluorescence increase is shown in Fig.
$2.%* The variation is possibly due to the change in the number of enzyme molecules in each
droplet and the heterogeneous nature of single-enzyme catalysis. The results clearly suggest
that our design can be used to perform highly parallel single-enzyme kinetic analysis.

Poisson distribution of single molecules in droplets

The feasibility of observing single-enzyme reaction in droplets was further verified by
analysing the fluorescent intensity distribution of droplets under single-enzyme molecule condi-
tions (0.1, 0.5, and 1 cpd). The fitting results of the fluorescent intensity distribution and fraction
of droplets in each distribution are shown in Fig. 5 and Table $1.** The measured population of
0-molecule, 1-molecule-, and 2-molecule droplets matched with the theoretical value of the

A 5min | B 10min | C 20min

130min 180min

FIG. 4. Fluorescence images of droplets after incubation for 5 min to 180 min: (a) 5 min, (b) 10 min, (c) 20 min, (d) 40 min,
(e) 60 min, (f) 80 min, (g) 100 min, (h) 130 min, and (i) 180 min. Horizontal scale bar is 100 pm.
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Poisson distribution. For example, at a concentration of 0.1 cpd (Fig. 5(a)), it was expected that
about 9.5% droplets would be fluorescent, while about 8.0% droplets were found. In the case of
0.5 cpd (Fig. 5(b)), while it was expected that 60.6% droplets contained 0 enzyme molecules,
30.3% contained 1 molecule, and 9.1% contained more than 2 molecules, and fluorescent inten-
sity distributions suggested the distribution to be 58.6%, 32.1%, and 9.3%, respectively. A y*
(chi-square) test was conducted to confirm whether the measured cpd matched well with the the-
oretical value of the Poisson distribution. For both group droplets with 0.1 cpd and 0.5 cpd, P
values higher than 0.05 was observed, strongly suggesting that the measured distribution
matched well with the theoretical distribution. For droplets with 1.0 cpd, p was smaller than
0.05. The deviation of the measured value from the theoretical value could possibly be due to
the heterogeneous nature of enzyme activity that resulted in the slight overlap of neighboring
populations (see Fig. 5(c)). This deviation causes little effect on the precision of digital detection
result, because in digital detection, signal outputs are only distinguished by “0” or “1,” where
“0” represents the absence of the molecule and “1” stands for the presence of the molecule in
the droplet. As shown in Table S2,% the observed distributions of bright (“1”) and dark (“07)
droplets for all three groups fit well with the Poisson distribution, as confirmed by chi-square
test. The observed fit of experimental data with Poisson statistics strongly confirms the feasibility
of observing single-enzyme molecules in emulsion droplets via enzymatic reaction.

Digital detection of f-Gal molecules

After confirming the capability of performing single-molecule enzymatic reactions in drop-
lets, we further tested the feasibility of digital quantitation of the enzyme concentration by
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FIG. 5. Fluorescence intensity distribution of droplets with concentration 0.1 cpd (a), 0.5 cpd (b), and 1 cpd (c). At the right
side are the fluorescent images respective to each cpds.
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simply counting the fluorescent droplets. As shown above, the distribution of enzyme molecules
in the droplets obeys Poisson distribution

e, (1)

which describes the probability of events occurring randomly in a fixed time or certain space at
an average rate A with a discrete stochastic variable x. First, the probabilities of non-fluorescent
droplets (P,—) in experiments with different enzyme concentrations at the single molecule
level were collected, and the measured average cpd (4,,,) was calculated using the following
expression derived from the Poisson distribution:

/lme.v = —In Px:()- (2)

The measured enzyme concentration in droplets (C,,.s) was then calculated according to

;Lmes
Cmm - 5 3
NAV 3

where N4 is Avogadro’s number (6.02 x 10% ), and V is the droplet volume (4.2 pl) calculated
from the droplet diameter. To check the reliability of the single-molecule quantification method,
different concentrations of ;-Gal were injected into the chip. A close-packed single layer drop-
let array was generated in the capture well (Fig. 6(a)). As shown in Fig. 6(b), no fluorescent
droplets were found in the negative control without -Gal, and the percentage of fluorescent
droplets increased as the feeding enzyme concentration increased (Fig. 6(c-i)). For example, the
fraction of fluorescent droplets to total droplets was 0.634 for the 1 cpd sample and increased

FIG. 6. (a) Typical image of a close-packed single layer droplet array. (b)-(i) Fluorescence images of droplets with different
molecule numbers of ff-Gal: negative control with no enzyme (b), 0.1 cpd (c), 0.25 cpd (d), 0.5 cpd (e), 0.75 cpd (f), 1 cpd
(g), 2 cpd (h), and 3 cpd (i). All the droplets have reacted for 4 h and were single layer close packed. Horizontal scale bar is
100 pum.



TABLE L. Digital detection results based on single-molecule counting with different -Gal concentrations.

Measured enzyme

Average of measured

Sample concentration Dilution Input concentration  Fraction of none-fluorescent concentration in droplet Measured sample ~ sample concentration
(M) factor (tM) droplets Domes (Cres» TM) RSD % concentration uM) (uM)
0.89 = 0.26 450x10°* 40 0.899 = 0.006 0.106 = 0.007 42.0 =2.86 6.8 0.93 £0.06 0.88 = 0.02

1.13 x 1077 101 0.782 = 0.010 0.246 £0.013 97.4+542 5.6 0.86 £ 0.05

225% 1077 200 0.616 = 0.007 0.485 £ 0.011 192 +£5.48 2.9 0.85 £0.02

338 %1077 301 0.472 £0.011 0.751 £ 0.023 297 £10.4 35 0.88 £0.03

450 x 1077 401 0.366 = 0.006 1.005 £ 0.016 398 =9.36 2.4 0.88 £0.02

9.00 x 107”7 801 0.118 = 0.006 2.143 £0.051 848 =25.0 3.0 0.94 £0.03

1.35x10°° 1202 0.055 = 0.006 2913 £0.110 1150 = 47.8 4.2 0.85 £0.04
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to 0.882 for the 2 cpd sample. The increase was not linear because the probability of multiple
enzyme molecules appearing in the same droplet increased as the concentration increased.

As shown in Table I, to absolutely quantitate the enzyme concentration, the fraction of
non-fluorescent droplets was collected and C,,,; was calculated using Egs. (2) and (3). Each
C,.s for different enzyme concentrations shown in Table I was an average of three experiment
repeats, with RSD displayed. Almost all of the RSDs were smaller than 5%, which was identi-
fied as a random error, except for the two most dilute groups that may have exhibited non-
specific adsorption. It is worth noting that consistent values of measured sample concentration
were obtained across all diluted enzyme samples (Table I) with an average value of
0.88 £0.02 uM. This strongly demonstrates that the digital counting method can be used to
determine sample concentrations by single molecule counting. The measured concentration
(0.88 = 0.02 uM) matches well with the original sample concentration (0.89 £ 0.26 uM). This
result confirmed the feasibility and accuracy of our microfluidic droplet-based single-molecule
counting method for digital detection of -Gal enzyme.

CONCLUSIONS

In conclusion, we have developed a droplet microfluidic method for quantifying enzyme mol-
ecules by digital counting of droplets under single molecule conditions. The core engine to this
method is an integrated microfluidic device designed and fabricated for high throughput uniform
droplet generation, monolayer droplet collection, incubation, detection, and release. Compared
with other droplet generation and trapping devices, our design offers the advantages of simple de-
vice fabrication, scalable droplet generation, facile droplet trapping, and rapid device regeneration.
Using the device, single -Gal molecules and fluorogenic substrate FDG were injected from two
separate inlets to form uniform 20 um droplets at frequency as high as 6.6kHz. A capture well
was designed to obtain stable close-packed droplet monolayers for high throughput in situ detec-
tion and analysis of droplets. A series of f-Gal solutions at different single molecule concentra-
tions were analysed, and the fraction of fluorescent droplets increased as the f-Gal concentration
increased. Fluorescence intensity distributions of empty and enzyme containing droplets at three
single molecule concentrations, 0.1, 0.5, and 1 cpd, were found to match well with the value cal-
culated from the Poisson distribution, proving the feasibility of detecting single enzyme molecules
in emulsion droplets. The agreement of measured concentrations to input concentrations and the
small standard deviations demonstrate the accuracy and precision of the digital detection method
for the quantification of enzyme molecules. The advantages of using droplets for digital detection
include small volume consumption, flexible scalability, high throughput, single-molecule sensitiv-
ity, and improved precision. For example, by performing a single molecule reaction in a single
picoliter droplet, as compared to a 96-well plate well, one can reduce reagent consumption by
6-7 orders of magnitude. More importantly, hundreds of thousands of reactions can be easily
performed in parallel with low cost. Even for one experiment with 200000 reactions in 20 um
droplets, total reagent consumption is only 0.8 ul. The capability of highly parallel detection of
single enzyme molecules in uniform picoliter droplets paves the way for microdroplet based digi-
tal detection of proteins. By integrating with single-molecule ELISA in droplets, a wide variety
of protein molecules can be digitally detected at the single-molecule level by this method.
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