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Abstract

Isolating small objects, such as particles, cells, and molecules, in individual aqueous droplets is
useful for chemical and biological assays. We have developed a simple microfluidic platform to
immobilize (park) microparticles at defined locations, and isolate particles in monodisperse
droplets surrounded by immiscible oil. While conventional methods can only achieve stochastic
encapsulation of objects within larger droplets, our /n situ method ensures that a single particle is
entrapped in a similar-sized droplet, with ~95% yield for parking and isolation. This enables time-
lapse studies of reactions in confined volumes and can be used to perform enzymatic amplification
of a desired signal to improve the sensitivity of diagnostic assays. To demonstrate the utility of our
technique, we perform highly sensitive, multiplexed microRNA detection by isolating encoded,
functional hydrogel microparticles in small aqueous droplets. Non-fouling hydrogel microparticles
are attractive for microRNA detection due to favorable capture kinetics. By encapsulating these
particles in droplets and employing a generalizable enzyme amplification scheme, we demonstrate
an order of magnitude improvement in detection sensitivity compared to a non-amplified assay.
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We demonstrate a microfluidic platform that immobilizes hydrogel microparticles at defined
locations, and encapsulates particles in monodisperse droplets for sensitive bioassays.
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Introduction

Droplet microfluidics has emerged as a promising alternative to conventional multiwell
plates for a variety of biological applications. Droplets can be used to isolate objects, such as
cells, beads, viruses, and molecules'~8, and insulate one or multiple objects from the
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external environment, creating an appealing platform for high-throughput screening
assaysl—3. Droplets also enable accumulation of products from chemical or biological
reactions within a small, confined volume, enhancing assay sensitivity for medical
diagnostics*-8. Initially, many researchers focused on droplet production techniques such as
T-junction breakup® and flow focusing!?. Such early production techniques relied on
statistics in encapsulation, resulting in a Poisson distribution of isolated objects in droplets.
Thus, droplet sorting!1-13 and arrangement techniques?4 14-19 were developed to
specifically monitor or collect droplets of interest. Static droplet arrays, a result of
arrangement, enable repeated observation of droplets over time. Unlike sorting techniques,
arrangement generally does not require complex external devices or protocols. Static droplet
arrays can be generated in two ways: sequentially4-18 and Jin sir2=* 1920, Sequential
methods generate droplets upstream and arrange them downstream. /n7 situ methods generate
arranged droplets in a single step. Recently, novel droplet production techniques overcome
stochastic encapsulation?1-23, and these advances can be potentially adopted for sequential
methods of droplet array production. However, in situ methods are generally advantageous
over sequential methods because they do not require cumbersome operation procedures to
ensure precise flow control during droplet generation. But challenges still exist for /n situ
platforms to overcome the statistics in encapsulation. This would require arranging objects
before isolation, and matching object and droplet dimensions.

In this study, we developed a microfluidic platform to park microparticles in traps at pre-
defined positions, and isolate them in water-in-oil droplets. Hydrodynamic force, associated
with fluid flow through a pore in each trap, guides, squeezes, and parks particles with high
yield (94.5 %). The microfluidic platform is designed to allocate only one particle per trap,
overcoming Poisson statistics in encapsulation in the following isolation step. Based on a
theoretical rationale, we back-flowed (flow direction from outlet to inlet) fluorinated oil to
isolate a particle in a droplet at each trap, with homogeneous droplet size (CV = 7.9 %) and
high isolation yield (96.4 %). Droplet production and arrangement were achieved
simultaneously, avoiding cumbersome liquid handling and flow control.

The capabilities of this platform were demonstrated by detecting microRNA (miRNA) with
high sensitivity. miRNA is a short non-coding RNA that post-transcriptionally regulates
gene expression. miRNAs show distinct dysregulation patterns in disease contexts, such as
cancer?4-26 diabetes?’, and cardiovascular diseases28: 29, and are considered potent
biomarkers for disease diagnosis. Quantification of miRNA requires fulfilling crucial
clinical needs: high sensitivity, specificity, reproducibility, wide dynamic range, and
multiplexing capabilities with a short assay time39. Also, the quantification technique should
be inexpensive, avoid target bias, and be compatible with various sample inputs (e.g. raw
cells) with minimal required processing. However, existing approaches, such as quantitative
real-time reverse-transcription polymerase chain reaction (QRT-PCR) and microarrays,
cannot achieve all clinical needs at the same time3%-32, qRT-PCR can achieve superior
sensitivity, but is expensive and requires cumbersome sample extraction from raw cells.
Microarrays have good multiplexing capabilities but require long assay times (overnight
hybridization incubation).
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Our group has previously developed a hydrogel particle-based strategy for miRNA detection
that overcomes many of the limitations of qRT-PCR and microarrays33. Non-fouling
polyethylene glycol (PEG) particles enable quantification of miRNA in complex media, such
as raw cells lysates34. Hydrogel particles can freely float to capture the majority of target
miRNA in a sample, and the porous particles provide a solution-like environment, leading to
high sensitivity and specificity in short assay times3°. A unique post-hybridization labeling
scheme eliminates target bias. Encoded hydrogel microparticles are synthesized in high-
throughput by stop flow lithography (SFL)38: 37, a robust technique that enables
multiplexing capabilities and high assay reproducibility. These features make this particle-
based strategy a promising approach for point-of-care miRNA detection. However, although
this technique demonstrates higher sensitivity than microarrays, the current limit of detection
(LOD) is on the order of 1 amol33. Recent work has shown that this is comparable to the
endogenous amount of one specific miRNA species from ~850 cells34. Thus, to improve the
LOD of this strategy, we adopted the previously developed enzymatic amplification
scheme®: 38 by using our microfluidic device for parking and isolation. Target-specific
enzyme labeled particles were parked and isolated in aqueous droplets using our platform.
Through an enzymatic reaction, fluorescent molecules were produced and accumulated in
the droplets over time, resulting in signal amplification and one order of magnitude
improved sensitivity compared to a direct labeling scheme, without compromising assay
reproducibility, specificity, and multiplexing capabilities.

Device Fabrication

Microfluidic channels for both particle synthesis and parking/isolation were fabricated using
previously reported processes33: 34 36, PDMS (Sylgard 184, Dow Corning) was mixed in a
10:1 ratio and poured onto a SU-8 master (Microchem), fabricated by standard
photolithography procedure, to make the top part of the PDMS channels. After curing
overnight at 65 °C, PDMS channels were cut and punched to make an inlet and outlet. This
PDMS channel was placed on top of a glass slide coated with half-cured PDMS (mixed in
10:1 ratio and cured ~37 min at 65 °C), and baked overnight for bonding. Heights of particle
synthesis and parking/isolation channels were 42 and 38.5 pm, respectively.

Microparticle Synthesis

Microparticles were synthesized via stop flow lithography (SFL; schematic shown in Fig.
$1)33. 34,36 \We flowed prepolymer solution through the synthesis channel using
compressed air, stopped the flow, and exposed the channel with ultraviolet light (Thorlabs,
365 nm LED, 720 mW cm™2) patterned by a transparency mask (Fineline) designed in
AUTOCAD. In this exposure step, the mask defined the shape of the 2D extruded, encoded
microparticles, which were polymerized by photo-crosslinking. The three steps (flow, stop,
exposure) were repeated to achieve semi-continuous particle synthesis. Synthesized particles
were collected in a centrifuge tube and purified with PBST (phosphate buffered saline with
0.05 % Tween-20) by centrifugation. Particles used for the bioassay were oxidized after
synthesis. Oxidation changes hydrophobic, non-reacted acrylate groups to carboxylic acid
groups, reducing non-specific binding®. For oxidation, particles were incubated in 500 pM
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KMnOy in 0.1 M Tris buffer (pH 8.8, filtered with 0.2 uM filter) for 5 min, purified, and
stored in PBST (with 0.2 % Tween-20) containing 500 mM NacCl.

In this study, we synthesized soft, porous hydrogel particles, optimized for

bioassays3> 38: 39, Prepolymer solution was prepared in two steps. First, a base solution was
prepared by mixing 20 % (v/v) polyethylene glycol diacrylate (PEGDA, Sigma Aldrich, Mn
=700), 40 % (v/v) polyethylene glycol (PEG, Sigma Aldrich, Mn = 600; warmed to 35°C),
35% (v/v) 3x tris-EDTA buffer, and 5% (v/v) 2-hydroxy-2-methylpropiophenone
(photoinitiator, Sigma Aldrich). This base solution was mixed with probe solution
(Integrated DNA Technologies (IDT)) in a 9:1 ratio to make the prepolymer solution. The
concentration and chemistry of each probe solution are described in supplementary table S1.

Particle Parking and Isolation

We used compressed air to generate pressure-driven flow for all steps. First, we flowed
PBST (with 0.05 % Tween-20) in the parking/isolation channel until all air bubbles
disappeared. Next, we flowed particle solution (PBST with 0.05 % Tween-20) at 2.0 psi
from the inlet to park particles in traps (average particle height ~ 36 um). For experiments
where we monitored the enzymatic reaction, we then flowed substrate solution (chilled to
4 °C) from the outlet immediately before isolation. In this study, substrate solution was 200
uM fluorescein di-p-D-galactopyranoside (FDG, Thermo Fisher) dissolved in PBST (0.05 %
Tween-20) containing 0.2% (v/v) DMSO. To isolate particles in droplets, we flowed FC-40
(Sigma-Aldrich) from the outlet until all particles were isolated. The oil/water interface
moved through the channel at a speed of ~1 mm/s. We used a high speed camera (Phantom
Miro M310, Vision Research) to image the parking and isolation processes. For calculation
of parking and isolation yields, we flowed a total of ~75 particles into each channel.

miRNA Detection Assay

The bioassay was performed following previously reported protocols with some
modifications®: 33. 34, In this work, samples were processed in a 0.65 ml microcentrifuge
tube for all steps before the parking process. All solvents were filtered with a 0.2 um sterile
filter. All purification steps were repeated three times and performed by centrifugation with
500 ul of buffer. All incubation steps were conducted in a thermoshaker (Thomas Scientific)
at 1500 rpm. Unless specified, all PBST solutions contained 0.2 % (v/v) Tween-20 to
prevent particle-particle adhesion. Fluorescence signal was detected by an interline CCD
camera (Clara, Andor) with 0.2 second exposure time. For hybridization, target miRNA was
diluted in TET buffer (1x Tris-EDTA buffer with 0.05 % Tween-20) containing 500 mM
NaCl, and 25 microparticles in the same buffer were added to make a total volume of 50 pl.
The sample was incubated at 65 °C for 90 min. After hybridization, samples were purified
with TET buffer containing 50 mM NaCl. For ligation, we added 245 pl of pre-mixed
ligation solution (100 pl 10x NEBuffer 2 (New England Biolabs), 900 pl TET, 250 nM ATP,
40 nM biotinylated universal linker (IDT), and 800 U/ml T4 DNA ligase) into the purified
particle sample. This mixture was incubated at 21.5 °C for 30 min.

For direct tagging with a fluorescent reporter, we purified the sample with TET containing
50 mM NaCl, and added 5 pl of 20 ug/ml streptavidin-R-phycoerythrin (SAPE, Invitrogen)
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dissolved in TET. Samples were incubated at 21.5 °C for 45 min. Then, the sample was
purified with TET containing 50 mM NacCl, and dispersed in PTET (5x TE with 25% (v/v)
PEG 400 and 0.05% Tween-20). 10 pl of particle solution was placed on top of a glass slide,
covered by a cover glass, and imaged under excitation (20X objective, X-Cite 120LED,
Omega XF101-2 filter set: Aey/Aem = 525/565 nm, 2.0 W cm~2). For enzyme labeling and
amplification, we purified the sample with PBST and added 2.5 pl of 20 pg/ml streptavidin-
B-galactosidase (SAB (Invitrogen), in PBST, filtered with 0.45 pm filter) into the 50 pl
sample. Samples were incubated at 21.5 °C for 30 min. Then, the sample was purified with
PBST and incubated at 21.5 °C for 60 min to enable the outward diffusion of physically
trapped enzyme inside the particles. Next, we purified the sample with PBST (with 0.05 %
(v/v) Tween-20) and followed the described parking/isolation procedure. After isolation, the
whole channel was stored in a sealed humid chamber until imaging (1 hr incubation, unless
otherwise specified). Fluorescence signal was detected under excitation using the same
Andor CCD camera (20x objective, X-Cite 120LED, Omega XF100-3 filter set: Aey/Aem =
470/545 nm, 0.11 W cm~2). For multiplexed assays, 25 particles for each miRNA (i.e. 75
total particles for 3 distinct miRNA species) and all miRNA targets were mixed together
during hybridization. The rest of the assay followed the same described protocol, and all
particles were parked and isolated in the same channel. For all experiments, we imaged at
least 5 particles for every condition.

Results and Discussion

Design Principles for Particle Parking and Isolation Device

The driving force for particle arrangement should satisfy three requirements; it should be
controllable, be directed towards the desired location, and act on all objects in the same
manner regardless of chemical composition. Our microfluidic device comprises an inlet,
main channels, and an outlet (Fig. 1a). The inlet has a dust filter to block debris that can
cause potential problems in a linear channel. The main channel has 95 traps (i.e. parking
lots) for microparticle parking. Once the particle solution flows into the channel, the liquid
flow bifurcates; one branch follows the main channel, and the other passes through the pores
in each trap (Fig. 1, with dimensions specified in figure S2). The second branch of liquid
flow generates a hydrodynamic force, which guides and parks a microparticle into each trap.
This hydrodynamic force can be controlled by the applied pressure, points towards the trap,
and acts on all types of objects in the same manner. Thus, it satisfies all desired
characteristics for particle arrangement, and enables high parking yield (94.5 £ 5.3 % of all
particles introduced into the channel are successfully parked, Fig. 1¢). Such high parking
yield can be achieved at various pressures (Fig. S3), and all particles are parked regardless of
initial position within the channel (Fig. S4). Guided microparticles are squeezed into traps
(Fig. 2a, Movie S1) with entrance widths slightly smaller than particle diameter, and the
parked particles do not pass through the traps due to geometric constraints, resulting in a
fixed particle position. Once a particle occupies a trap, the hydrodynamic resistance through
the trap increases significantly, reducing the driving force toward the same trap and forcing
other particles to park in empty traps. This ensures that each trap always contains a single
particle. This design principle has been used to trap cells?%-42, beads*3, particles** 45, and
embryos#®: 47 in microfluidic devices. In this work, we synthesized microparticles of 100 pm
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diameter via stop flow lithography (SFL)33-37, with 10° particles/hr throughput, to
demonstrate parking and isolation in our platform. Particles in aqueous solution (PBST)
were first parked within the channel, then isolated in water-in-oil droplets by flowing
fluorinated oil (FC-40) from the outlet of the device. We were able to achieve high isolation
yield (96.4 + 1.7 % of parked particles are isolated, Fig. 1d, Movie S2) with homogeneous
droplet sizes less than 500 pl in volume (CV = 7.9 %). It is possible to precisely control the
volume of the droplets by tailoring device geometry, and droplets can be fabricated with
minimal excess volume compared to the encapsulated object. These characteristics, along
with simple device setup and operation, make this an ideal system for encapsulating single
objects in isolated aqueous droplets with high yield. While we demonstrate the utility of this
platform for miRNA detection by parking functionalized hydrogel particles, this technique
can also be adapted for parking other soft, biological objects, such as cells, spheroids, and
embryos.

Rationale of Back-flow for Isolation

During particle isolation, back-flow of FC-40 from the device outlet towards the inlet
(opposite to the direction used for particle parking) holds significant advantage over
forward-flow (from inlet to outlet). As the oil moves through the channel, the oil/water
interface should not trespass (enter into) the traps because the interfacial tension between
FC-40 and PBST (20.9 + 0.3 mN/m, measured using a goniometer from Ramé-hart
Instrument Co.) can induce deformation of the soft objects parked in each trap. In addition,
because the interface continues to trespass the trap until the oil in the main channel passes
the opposite side of the trap, this phenomenon can cause variation in droplet size, depending
on the time required for isolation. Backflow of FC-40 prevents the penetration of the
interface into the trap while forward-flow does not (Fig. 2b, Fig. S5 and S6 show wide-view
images displaying the behavior of the interface in the case of forward-flow and back-flow,
respectively).

Schematics of each case are shown in figure 2c-f (Fig. 2c, d for forward-flow, and Fig. 2e, f
for back-flow). Consider the point when the oil/water interface is near one side of the trap
(Fig. 2c, e). Py is the pressure of the oil phase near the interface, /5 is the pressure of the
water phase near the interface in the trap, and A3 is the pressure of the water phase
downstream, near the opposite side of the trap. x; and xgare the mean curvatures of the
interface in the main channel and the trap, respectively. The applied pressure (AP = P, - £P3)
is the force driving the interface to trespass the trap. The opposing force that inhibits
trespassing is the interfacial tension related to xs. Therefore, we can define a dimensionless
number, ¥, that provides a criterion for trespassing.

B Applied Pressure B AP >1:Trespassing
~ Maximum Interfacial Tension 2vy(D~14+H-1) | < 1:No Trespassing )

¥ is the ratio between applied pressure and maximum interfacial tension. y is the surface
tension between oil and water, D is the width of the trap entrance/pore, and H is the height
of the channel. The maximum interfacial tension is determined by channel geometry.
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Dreand Dpare the widths of the trap entrance and trap pore, respectively. In our channel
design (Fig. S2), Dp ~ 0.2 Dg; Dg is larger to allow particles to park, and Dp is smaller to
prevent particles from passing through. To achieve maximal interfacial tension and prevent
trespassing (¥'<1), we should minimize D by allowing the oil/water interface to pass by Dp
first. This is achieved by the back-flow of FC40, which prevents trespassing and enables the
formation of uniform-sized droplets. It is worth noting that we were able to isolate objects
without any deformation, regardless of object softness (Fig. S7 shows the generation of
empty droplets). However, back-flow requires the application of lower pressure than during
parking in order to retain particles in traps, resulting in a longer process time (Fig. 2b). The
isolation process can be accelerated when particles are stiffer, or when the trap entrance and
pore are smaller, ensuring that no particles escape and that the oil/water interface does not
trespass the trap.

Static Particle-Containing Droplet Arrays: Product Accumulation and Signal Amplification

Droplets at fixed locations can accumulate product from chemical reactions and enable
observation over time. Product accumulation can amplify a desired signal and enable the
detection of previously non-detectable signals, a useful feature for diagnostics*-8. We
synthesized biotin-functionalized microparticles with various biotin probe concentrations in
the prepolymer solution. These particles were labeled with streptavidin-conjugated enzyme
(streptavidin-p-galactosidase, SAB), washed, and parked in our microfluidic platform (Fig.
3a). After parking, non-fluorescent substrate (fluorescein di-B-D-galactopyranoside, FDG)
solution was back-flowed at low temperature (4 °C). The low temperature quenches the
reaction before isolation takes place, and back-flow minimizes the dilution of the substrate
solution. Substrate-soaked particles were then isolated in water-in-oil droplets. Fluorescein,
a fluorescent product generated from the enzymatic reaction, was accumulated in the
droplet, amplifying the detected signal (Fig. 3b, c). The streptavidin-conjugated enzyme
(SAB) specifically labels the biotin probes conjugated to the particles, and continually turns
over excess substrate into fluorescent product. Thus, the signal difference between particles
with and without biotin becomes more distinct over time. In addition, only droplets
containing particles showed an increase in signal, while empty droplets did not. This is
evidence that each droplet was isolated from the others, and that diffusion of fluorescein
outside of the aqueous phase is suppressed due to low solubility in FC-40.

Highly Sensitive, Multiplexed miRNA Detection

We demonstrate our platform’s capabilities by improving the LOD of a hydrogel particle-
based microRNA detection strategy. As discussed, non-fouling hydrogel particles present an
appealing motif for miRNA detection with multiplexing capabilities, high sensitivity,
specificity, and reproducibility3# 39. Prior work employing a direct tagging strategy to label
hydrogel particles showed a detection limit on the order of 1 amol for various miRNA
species33. For a different, non-particle based assay with lower overall sensitivity, use of an
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enzymatic amplification scheme improved the LOD one order of magnitude compared to
direct tagging®. In this work, by isolating hydrogel particles, we adopt the enzymatic
amplification scheme to particle-based assays to achieve improved miRNA detection
sensitivity.

We synthesized microparticles incorporating an acrylated synthetic DNA probe. The acrylate
group on the probe ensures that the molecule is covalently bound to the PEGDA
microparticles during photo-crosslinking, and the DNA chain has a complementary
sequence to the miRNA target to be detected. In addition, the end of the DNA chain also
contains a sequence that is complementary to a universal linker functionalized with biotin;
this enables subsequent labeling by streptavidin-conjugated moieties without sequence
bias33. During hybridization under carefully optimized conditions, the target miRNA
specifically bound to complementary probes in the hydrogel particles. After a 90 min
hybridization step, the particles were sequentially labeled with a biotinylated universal linker
(30 min) ligated to bound target miRNA, and a streptavidin-conjugated reporter. In order to
show the effect of amplification, we used two different reporters, a fluorescent molecule
(SAPE, 45 min) for direct tagging, and an enzyme (SAB, 30 min) for the amplification
strategy. For the amplification strategy, enzyme-labeled particles were then parked within
the microfluidic channel, soaked in substrate solution (FDG) at low temperature, and
isolated in an aqueous droplet (Fig. 4a). After isolation, the enzymatic reaction was allowed
to run for 60 min before imaging. We note that the amplification strategy protocol (total
assay time: 4hr 30 min) is slightly longer than direct tagging (2hr 45 min), mainly due to the
enzymatic reaction time. For future point-of-care applications, the reaction time (1hr) can be
reduced to 10 min without harming the LOD, as demonstrated by figure S10. However, the
current total assay time is still short enough for point-of-care use, and is significantly shorter
than microarray hybridization techniques (10-20 hr3L: 48, For both direct tagging and
amplification strategies, we measured the signals corresponding to different target amounts
to plot a calibration curve, and calculated the LOD based on the trend line. Here, LOD is
defined as the target miRNA amount which shows a net signal equal to three times the
signal-to-noise ratio, and the amplification factor is defined as the ratio of the LOD of direct
tagging compared to the amplification strategy. Both amplification and direct-tagging
strategies showed linear responses for three different miRNA species, ensuring precise
quantification. For the amplification strategy, we observed a linear response over a 3-log
concentration range; the assay’s high dynamic range is advantageous for quantification of
miRNAs, which are known to show a wide range of abundance30: 49,

Depending on the miRNA species, the amplification factor showed some variation (Fig. 4b-
d, amplification factor = 12 for let-7a, 11 for miR145, and 8 for miR221). For the three
different miRNA species tested, we could conclude that enzymatic amplification improved
the LOD one order of magnitude compared to direct tagging. The LODs for the enzyme
amplified assays were on the order of 0.1 amol for the three miRNAs tested. In the case of
let-7a, the amplification strategy’s LOD of 0.14 amol is equivalent to the endogenous
amount in ~70 MCF10A breast cells, or ~40 MCF7 breast cancer cells®C. In the future, to
approach single cell level detection, further improvement in LOD can be achieved by
decreasing the total surface area of the microparticles3°. For instance, as the particle number
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and the length scale of the particles decreases five and three times respectively, it should be
possible to achieve single cell analysis.

To demonstrate multiplexing capabilities, we encoded particles by using mask-patterned
ultraviolet light during particle synthesis by SFL. At the center of each particle, there is a
right, non-isosceles triangle, which has chirality, indicating the direction of decoding. Eight
bit-coding spots surround this triangle, providing 28 encoding capacity (Fig. 5a). It is worth
noting that these codes could be successfully identified because particles were not deformed
after isolation by using back-flow of FC-40. Three distinctive dysregulation patterns were
detected using three encoded particles containing different miRNA probes (Fig. 5b, enlarged
image is shown in figure S11; figure 5¢ shows low magnification images of the first case of
figure 5b). Each dysregulation pattern demonstrated here represents a potential disease
profile. For example, the first dysregulation pattern shown in figure 5b (increased let-7a and
miR145 expression, decreased miR221 expression) has been observed in metabolic diseases
including type 2 diabetes mellitus and obesity51-54. Although the relative expression of
different miRNAs may vary between studies due to differences in cell type, patient cohort,
and disease stage or subtype, the three miRNA species we studied (let-7a, miR145, and
miR221) have also been shown to have diagnostic value for prostate cancer®® and triple
negative breast cancer®. In figure 5, + sign represents 1 amol of spiked-in target, an amount
which is nearly undetectable by direct tagging, but is clearly distinguishable from negative
controls (- sign) in our demonstration. In this demonstration, we take advantage of the
excellent target-capturing capabilities of hydrogel microparticles, and the product-
accumulating capabilities of isolated droplets. We showcase how our platform can be used as
a general strategy to improve the sensitivity of bioassays through enzymatic amplification
without compromising target specificity, reproducibility, multiplexing capabilities, and
dynamic range.

Conclusion

Our microfluidic platform enables one to park particles in traps and isolate them in droplets
with high yield for both parking and isolation, while eliminating droplet size heterogeneity
and particle deformation. The hydrodynamic driving force is designed to fulfill the optimal
requirements for particle arrangement, resulting in high parking yield and a single particle in
each trap. Since we first allocate one particle per trap, we can overcome the statistics in
encapsulation in the following isolation step. Scaling theory rationalizes the back-flow of
oil, which ensures homogeneous droplet size and no deformation of encapsulated particles.
The setup and operation of the entire process is simple and robust, and does not require
cumbersome flow control in contrast to conventional droplet production methods. Our
platform provides a method to integrate particle-based miRNA detection with an enzyme
amplification scheme, to create a promising candidate for point-of-care diagnostics. Our
system achieves one order of magnitude improved sensitivity compared to the competing
direct tagging, particle-based strategy, without compromising other clinical requirements,
such as multiplexing capabilities, specificity, reproducibility, and dynamic range. The same
amplification strategy can be also be applied to other particle-based assays for protein®’ or
DNA detection3”. Through integration with an automated microscope stage, our platform
can also achieve fully automated interrogation as a result of fixed particle locations, and

Lab Chip. Author manuscript; available in PMC 2018 September 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kim et al. Page 10

particle shape-based encoding. The design principle of our platform is universal and can be
applied to objects of any length scale, chemical composition, or elastic modulus. In addition,
devices are fabricated by simple molding methods with inexpensive materials (PDMS).
Thus, we envision that this universal platform can be used with other soft, biological
entities#? and find utility in diverse biomedical applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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parking % .- isolation

Figure 1. Microfluidic device and protocol for microparticle parking and isolation
(a) Schematics of microparticle parking and isolation. The device is shown before parking,

after parking, and after isolation with fluorinated oil (FC-40). The top row shows close-up
images of the outlined area, and the bottom row shows the whole device during each of the
three steps. (b-d) Bright field images of the microfluidic channel before parking (b), after
parking (c), and after isolation (d). Only one particle occupies each trap, and trapped
particles are isolated in individual homogeneous-sized droplets (volume < 500 pl; CV =
7.9%) with high yield. Yields of parking and isolation are 94.5 (= 5.3) and 96.4 (= 1.7) %,
respectively. Scale bar is 300 pm.
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Figure 2. Analysis of parking and isolation process
(a-b) Time-lapse images of particle parking (a) and isolation (b) captured by a high speed
camera. Microparticles are guided, squeezed, and parked in a trap by a hydrodynamic force
associated with flow through the pore in each trap. Trapped particles are isolated by back-
flow of fluorinated oil. (c-f) Schematics for scaling analysis: forward-flow (c-d) and back-
flow cases (e-f) in wide (c, e) and close-up views (g, f). Back-flow prevents penetration of
the oil phase into the trap, ensuring homogeneous droplet size and preventing particle

deformation (see Fig. S5-S7 for low magnification images of forward-flow and back-flow
cases). Scale bar is 100 pm.
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Figure 3. Signal amplification in static droplet array
(a) Schematic of amplification demonstration. Biotinylated particles are labeled by

streptavidin-conjugated enzyme (SAB), parked, soaked by substrate (FDG), and isolated in
an aqueous droplet. (b, c) Signal plot (b) and fluorescent time-lapse images (c) of particles in
an isolated droplet with/without a biotinylated probe. Over time, fluorescein is generated by
the enzymatic reaction and accumulated within the droplet, amplifying the signal in the
biotinylated particle. Scale bars are 100 um.
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Figure 4. Application to highly sensitive miRNA detection
(a) Schematic of mMiRNA detection using direct tagging or amplification strategies. (b-d)

Calibration curves for quantification of three different miRNA species. Orange and blue
dotted lines represent the limit of detection (LOD) of direct tagging (SAPE) and
amplification (enzyme) schemes, respectively. Solid lines show best fits for the data (least-

i oar i _ _ LODgupe
squares linear fit of log-transformed values). Amplification factors \ ~ LOD cyym. / are 12

( 1.64 amol 0.69 amol 0.59 amol >

0.14 amol amol> for let7a (b), 11 ( 0.062 amol amol> for miR145 (c), and 8 <:70.078 amol
miR221 (d). Our platform for particle isolation within droplets enables the use of the

amplification strategy, resulting in one order of magnitude improved LOD compared to

direct tagging.
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Figure 5. Multiplexed miRNA assay
(a) Schematic of decoding of shape-encoded microparticles. Particles used for detection of

each target miRNA have distinct codes. (b) Multiplexed miRNA assays for three distinctive
dysregulation patterns. + and — signs represent 1 amol of spiked-in target and the negative
control, respectively. (c) Bright field and fluorescent images of a microfluidic channel for
the dysregulation pattern presented in the first row of figure 4b (let7a: +, miR145: +,
miR221: -). Scale bars are 50 (b) and 200 pm (c).
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