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ABSTRACT: Ubiquitous post-transcriptional regulators in eukar-
yotes, microRNAs are currently emerging as promising biomarkers
of physiological and pathological processes. Multiplex and digital
detection of microRNAs represents a major challenge toward the
use of microRNA signatures in clinical settings. The classical
reverse transcription polymerase chain reaction quantification
approach has important limitations because of the need for
thermocycling and a reverse transcription step. Simpler, isothermal
alternatives have been proposed, yet none could be adapted in
both a digital and multiplex format. This is either because of a lack
of sensitivity that forbids single molecule detection or molecular
cross-talk reactions that are responsible for nonspecific amplifica-
tion. Building on an ultrasensitive isothermal amplification mechanism, we present a strategy to suppress cross-talk reactions,
allowing for robust isothermal and multiplex detection of microRNA targets. Our approach relies on target-specific DNA circuits
interconnected with DNA-encoded inhibitors that repress nonspecific signal amplification. We demonstrate the one-step, isothermal,
digital, and simultaneous quantification of various pairs of important microRNA targets.
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The ultrasensitive detection of nucleic acids traditionally
employs exponential amplification. Polymerase chain

reaction (PCR) is undoubtedly the most widespread nucleic
acid amplification technique, displaying an impressive
sensitivity, in many cases down to a single molecule and
being compatible with recent digital readout formats. Still, it
has a number of issues, including the necessity of
thermocycling and the fact that it amplifies the target sequence
itself, which leads to a high risk of sample-to-sample carry-over
contamination. Several isothermal alternatives have been
explored to address these problems.1 These include rolling
circle amplification,2,3 loop-mediated isothermal amplification,4

strand displacement amplification,5−7 recombinase polymerase
amplification,8,9 or exponential amplification reaction
(EXPAR).10 These enzymatic systems provide robust
amplification at a constant, relatively low temperature, and
some can be designed to avoid amplification of the target
sequence. Although their sensitivity in bulk is typically not as
good as that of PCR, many of them have been demonstrated in
a digital format.11−15

An important feature of the various nucleic acid
quantification approaches is whether or not they can be
multiplexed. Simultaneous readout for the quantification of
several target molecules (multiplexing) is critical to reduce the
experimental load, to minimize the quantity of the starting
material, or to perform internal normalization. Multiplex assays
can be categorized as supported and in-solution assays.

Supported assays refer to microarrays or suspension arrays
where indexed spatial locations are functionalized by specific
probes.16−18 Because the same signal (e.g., green fluorescence)
can be used for all targets, this strategy presents high
multiplexing capabilities (up to hundreds of different targets).
However, such assays require surface modification,19 pream-
plification, or the optimization of the chemistry to work in a
heterogeneous environment.20,21 Importantly, array-based
systems are difficult to convert to a digital format, and for
this reason, they are limited in quantitativity and sensitivity.
In contrast, in-solution multiplexing approaches are

compatible with the digital readout,22,23 but require individual
chemical sensors (e.g., primers or templates) and detectors
(e.g., spectrally, temporally, or intensity-resolved fluorescent
probes) for each target.22,24−26 This increases the chemical
complexity and possibly brings cross-reactivity issues. For
example, multiplex PCR requires careful design of orthogonal
primers and optimization of thermocycling conditions to avoid
the emergence of primer dimers or cross-amplification
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(especially when some of the targets are closely related). In
addition, the multiple concurrent amplification reactions
compete for chemical resources (i.e., enzymes), thus affecting
the quantification of the target concentration using real-time
methods. This last issue is circumvented by transferring the
test to a digital format, where the amplification mixture is
partitioned into a large number of microscopic compartments
before amplification.27 This is because, first, concentrations are
inferred from the end-point fraction of positive compartments,
which is robust to kinetic perturbations, and second, because
each potential target gets its own compartment; therefore, the
opportunities for cross-reactivity decreases.
In the present study, we start from a solution-phase

isothermal approach to detect microRNA, which is based on
signal amplification using reprogrammable molecular circuits.
This procedure has recently been adapted in a digital format,28

and we wished to explore its multiplexing potential. We first
show that molecular cross-talks generate unwanted interfer-
ences between multiplexed detection channels. These issues
seem critical enough to hamper direct detection of multiple
species, especially when attempting to quantify weak molecular
signals. Thus, we developed a dedicated tetrastable molecular
circuit, where designed inhibition reactions between each
switch avert cross-talks. This circuit allows us to establish a
duplex droplet digital format, which provides the first
isothermal demonstration of calibration-free absolute quanti-
fication of two microRNAs simultaneously. More generally,
our strategy opens a route to build more functional diagnostic
approaches in nucleic acid testing, using rational building of
molecular circuits.

■ RESULTS AND DISCUSSION
Cross-Reactivity between Individual Switches Pre-

vents Multiplexing.We started by assessing the possibility of
multiplexing isothermal exponential DNA amplification
reactions targeting microRNA (Figure 1). To detect minute
quantities of these short sequences, we have reported a
nickase−polymerase−exonuclease system whose sensitivity has
been boosted (limit of detection < 10 fM), thanks to a leak-
absorption mechanism, which counterbalances nonspecific
amplification caused by primer-independent polymerization.28

In this system, a typical singleplex amplification mixture is
composed of four DNA templates, each designed to perform a

specific function: a conversion template (cT, e.g., mir39toα),
which, upon hybridization to its cognate microRNA target
(e.g., mir39), linearly produces a 12-mer oligonucleotide
trigger (e.g., α) using polymerization/nicking cycles. The
trigger, in turn, stimulates a bistable amplification switch made
of an amplification template (aT, e.g., aTα) and a
pseudotemplate (pT, e.g., pTα). The aT exponentially
amplifies the trigger strand. The pT is responsible for
prevention of nonspecific amplification observed in traditional
EXPAR systems29−31 by deactivating a certain fraction of the α
strands stemming from leaky reactions on the aT.32 The pT
binds its input trigger, to which it templates the addition of a
few nucleotides at the 3′ extremity. Finally, a reporting
template (e.g., rTα) modified with a quencher/fluorophore
pair is designed to bind the trigger strands, generating a
specific fluorescence signal. We designed two circuits, sensing
the presence of mir39 and let7a, respectively. The first circuit
uses sequence α for signal amplification, and the second circuit
uses a different sequence (β), so that the two systems are
orthogonal at the sequence level. Figure 1b presents the
amplification time traces recorded in the presence (10 pM) or
absence of the targets. In the absence of both targets (negative
control, “NC”), no amplification is observed (time recorded =
1000 min), whereas the presence of both targets elicits a
response in around 100 min. This proves the efficacy of the
leak-absorption mechanism to avoid nonspecific amplification,
even when multiple switches are present in the same mixture.
However, when only mir39 is spiked in the mixture, we
observed that the associated switch is indeed triggered, but it is
shortly followed by the unstimulated switch. The same
observation is made for let7a. This suggests the existence of
a cross-talk mechanism between the two switches, causing
false-positive detection. Consequently, it appears impossible to
perform accurate real-time measurements of two targets in a
single tube.
The existence of global, sequence-independent cross-talks

was indeed noted earlier. It was also suggested that these cross-
talks result from enzyme sequestration.33,34 We therefore
attempted to remove this effect by optimizing component
concentration. We observed in particular that the nonspecific
amplification effect was sensitive to the concentration of the
nicking enzyme Nb.BsmI, with less enzyme leading to faster
false start (Figure S1). This led us to speculate that the first

Figure 1. Cross-talk reactivity between isothermal amplification reactions prevents multiplex quantification. (a) Two positive-feedback reactions are
designed to sense the presence of two different microRNAs (mir1 and mir2). However, the competition for catalytic resources leads to unwanted
cross-activation, where both switches are ultimately triggered whenever at least one of the targets is present, leading to false-positive end-point
signals for both green (probe rTα) and red (probe rTβ) colors (=orange color). (b) Amplification curves of two combined switches α and β
triggered with 0 or 10 pM of mir39 and let7a microRNA, respectively. When spiked with only one of the two microRNA (green and red curves), we
observe that the nontriggered switch self-starts shortly after the triggered switch. (c) Amplification time (Cq) of a triplicate experiment.

ACS Sensors pubs.acs.org/acssensors Article

https://dx.doi.org/10.1021/acssensors.0c00593
ACS Sens. 2020, 5, 2430−2437

2431

http://pubs.acs.org/doi/suppl/10.1021/acssensors.0c00593/suppl_file/se0c00593_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c00593?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c00593?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c00593?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.0c00593?fig=fig1&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://dx.doi.org/10.1021/acssensors.0c00593?ref=pdf


amplification induces the sequestration of this enzyme by the
corresponding aT, destabilizing the second switch, which
eventually self-initiates. However, despite optimization, the
switch-to-switch cross-talk remained present in all cases. While
digital approaches can, in some cases, mitigate nonspecific
effects,27 in the present situation, a digital duplex approach
using an end-point readout is impossible because all compart-
ments containing at least one of the two targets would
ultimately exhibit a positive signal in both colors (Figure 1a).
Killer Template Counter Switch Cross-Activation.

Solving this problem required a redesign at the circuit level,
and we decided to convert the two parallel bistable switches
into a tetrastable biochemical circuit. The rationale is that each
of the four alternative attracting states can then be attributed to
the four possible chemical “states” associated with the
presence/absence of each target (0:0, 0:1, 1:0, and 1:1),
allowing appropriate classification in each case. To that goal,
we designed cross-inhibitory templates (kTs) that connect the
two switches bidirectionally (Figure 2). Upon activation by
their cognate input (α or β), the kT produces a pT for the
opposite switch, thereby acting as a cross-inhibitor of
amplification. For the system to admit four states, the
inhibitors need to be strong enough to stabilize the state 1:0
and 0:1 (where only one of the two switches is ON), but not
too strong to allow the existence of the state 1:1 (where both
switches are ON; see mathematical model in Figure S2).
Accordingly, we evaluated the effect of the length of the
endogenous pTdetermined by the length of the deactivating
5′ tailon the strength of the kT. Figure 3 shows the
amplification reaction of a simple β switch in the presence of
the α switch triggered using 5 nM of mir39 and an increasing
concentration of αkβ producing various pTβ. The system is set
in such a way that, in the absence of αkβ, the β switch turned
on spontaneously in around 100 min (Figure S3). When the
concentration of kT was increased, we observed, as expected, a
growing delay before amplification. Additionally, it is clear that
αkβ producing shorter pTs are stronger inhibitors: less than
100 pM of kT αkβA1 (meaning that the resulting pTβ will add
only one thymidine nucleotide on the 3′ end of the α strand)
are required to completely prevent the amplification of the α
switch, whereas 100-fold more are needed to observe the same
effect with αkβA4 (Figure 3b). Interestingly, no inhibition was
observed in the range of tested concentration for αkβA5.
Similarly, the αkβA0 (producing a complementary strand from

α with no catalytic extension activity) has no effect on the
amplification of the β switch, confirming the catalytic
mechanism of the pT. Following these measurements, we
opted for kT producing pT with a 4-nucleotide extension, for
which the inhibition strength can be easily adjusted by tuning
the concentration.
Next, we evaluated the potential of the kT to suppress cross-

reactivity between α and β switches, while retaining sensitivity
for their cognate target. The two microRNA-sensing circuits
are spiked with 0 or 10 pM of mir92a (α switch) and let7a (β
switch) in the presence of various concentrations of both αkβ
and βkα (Figure 4). Figure 4b,c shows the amplification time
of both switches. In these experimental conditions, tetrast-
ability is achieved for 2.5−10 nM of βkα and 0.63−1.3 nM of
αkβ: in these concentration ranges of the kT, the absence of

Figure 2. Tetrastable system built from two cross-inhibitory bistable switches. (a) Schematic of the tetrastable DNA circuit. Two microRNA-
sensing circuits (cT, aT, pT, and rT) are interconnected by kT αkβ and βkα, which repress unwanted cross-activation. (b) Detailed mechanism of
the five kinds of templates (pol. = Vent(exo-), nick. 1 = Nt.BstNBI, nick. 2 = Nb.BsmI, RE = BsmI, and exo. = ttRecJ). cTs convert the
complementary microRNA target to a signal strand (α or β). Autocataytic templates (aTs) exponentially amplify the signal strands. pTs, by
deactivating a fraction of signal strands, suppress background amplification stemming from biochemical noise. Reporting templates (rTs) transduce
the molecular signal (α or β) to a detectable fluorescence signal (green = Oregon green fluorophore, red = Atto633 fluorophore). From the α or β
strands, killer templates (kTs) produce pTs of the opposite switch, mitigating unspecific cross-talks. All produced strands are continuously
degraded by the exonuclease to maintain the system dynamics and avoid system poisoning by the accumulation of DNA strands. Only one half of
the tetrastable circuit is represented here, the second half being obtained by substituting α by β and conversely.

Figure 3. kT efficiency. (a) α-switch, triggered by 5 nM of mir39, is
connected to the kT αkβ producing pTβ of different lengths (with a
deactivating tail ranging from 0 to 5 adenylate moieties). (b)
Fluorescence of the β switch (t = 300 min) as a function of the
concentration of kT.
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Figure 4. Determination of the kT concentration to suppress cross-activation between the α and β switches. (a) α and β circuits are triggered using
0 or 10 pM of mir92a and let7a, respectively, in the presence of an increasing concentration of αkβ and βkα. (b) Amplification time (Cq) of the α
and β switches. (c) Color-coded representation of the Cq as a function of the concentration of the kT. The dashed blue frames represent the
concentration of the kT for which the system reaches tetrastability.

Figure 5. In-solution reprogrammable duplex assay. (a) Amplification curves and (b) extracted Cq of the mir39/let7a duplex assay (0 or 10 pM of
mir39 and let7a, associated with α and β switch, respectively). (c) Specificity matrix for 16 different duplex assays. The α switch is associated with
mir39, mir92a, let7e, and let7c, and the β switch is connected to mir7, let7a, mir215, and mir203a.

Figure 6. Digital duplex assay. (a) Principle of the digital duplex assay. After emulsifying samples with a microfluidic chip, water-in-oil droplets are
incubated and analyzed by microscopy. (b) Microscopy image of the Texas Red and (c) Cascade Blue barcode for the mixture of four droplet
populations (0 pM mir39-let7a, 3 pM mir39- 0 pM let7a, 0 pM mir39-3 pM let7a, and 3 pM mir39-let7a). (d) Composite image of the bright-field,
red (Atto633 dye) and, green (Oregon green dye) fluorescence. (e) 2D histogram of the barcode intensity of the four color-coded populations. (f)
2D histograms of the probes’ fluorescence (α switch = green fluorescence, β switch = red fluorescence). Green and red dashed lines indicate the
positive threshold for the α and β switches, respectively. (g) Histograms of the measured vs expected target concentrations.
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the target resulted in the absence of amplification (Cq > 1000
min, state 0:0); when only one microRNA target was present,
only the corresponding switch amplified a fluorescent signal
(Cq ∼ 200 min, states 1:0 and 0:1); finally, when both
microRNAs were injected, the two switches turned on (state
1:1).
We tested the generalization of this strategy for the detection

of other microRNAs. The modular design of this program-
mable DNA circuit allows, in principle, the detection of any
nucleic acid strand (RNA or DNA), with a known 3′-hydroxyl
terminus, by adapting only the converter template’s input
domain. The rest of the duplex circuit (i.e., both aT, pT, rT,
and kT) sequences and concentrations remain untouched. For
these experiments, we used eight microRNAs, plugged on
either the α switch (cel-mir-39, hsa-mir-92a-5p, hsa-let-7e-5p,
and hsa-let-7c-5p) or β switch (hsa-mir-7-5p, hsa-let-7a-5p,
hsa-mir215-5p, and hsa-mir203a-3p) (Figure 5). Figure 5c
depicts the amplification time (Cq) for the 16 possible duplex
experiments in solution for the detection of 0 or 10 pM of
microRNA targets (cf. also Figure S4). As expected, the system
behaves as a tetrastable biochemical circuit in each case. An
exception can be noted for the duplex let7e (α)/let7a (β),
where a substantial cross-talk is observed. These two
microRNAs differ only by one nucleotide in the ninth position
from the 5′ extremity (Figure S4c). Consequently, because the
difference in the hybridization enthalpy is low, the two cTs can
be activated by either of the two targets, although with a slower
kinetic for mismatching targets (which explains that a certain
degree of specificity is retained for the duplex detection of
these two targets). It can be noted that when let7e is
substituted with let7c (which also presents a single base
difference with let7a), the corresponding duplex assay is highly
specific. This observation can be explained from the fact that
the mismatch is located on the fourth position from the 3′
extremity of these microRNAs. This seems enough to impede
the polymerase extension on the unmatching cT, preventing
unspecific cT activation. At this stage, we confirmed that the
cross-inhibitory circuit suppresses unwanted cross-activation,
while enabling programmable detection of multiple targets.
Duplex Digital Detection of MicroRNAs. We finally

transposed this multiplex assay to a digital readout using
droplet microfluidics (Figure 6a). The sample mixture is
partitioned into thousands of picoliter-size droplets using a
flow-focusing microfluidic device. As a result, target micro-
RNAs are randomly distributed into water-in-oil droplets, with
occupancy following a Poissonian distribution. After incuba-
tionwhich allows the droplet fluorescence to turn either
green, red, or both colors (orange) depending on their initial
contentthe droplets are imaged by epifluorescence micros-
copy. Knowing the droplet size and the fraction of positive
droplets in each color, one can compute back the
concentration of the two microRNAs in the original sample
(cf. Material and Methods section). We proved that the
tetrastable circuit does not significantly alter the amplification
time (Figure S5) nor the limit of the blank, in comparison to
singleplex assay (Figure S6). As a proof of principle, we
prepared four samples spiked with 0 or 3 pM of microRNA
mir39 (α switch) and let7a (β switch). Each sample is
barcoded with a combination of two fluorescent dextrans and
serially emulsified using a homemade sample changer.35 After
incubation, the droplets are imaged by fluorescence micros-
copy (see the Material and Methods section, Figure 6b−d).
While we recorded a few false-positive events, we achieved

accurate quantification of the two microRNAs within 12 ± 6%
errors (which could be partially explained by concentration
uncertainties from the serial dilution of the targets). In the
absence of the kT, we observed a substantial fraction of false-
positive events attributed to switch cross-activation (Figure
S7). To assess the reproducibility of the technique, we
repeated this experiment for samples of different compositions
(various concentrations of various microRNAs, see Table S1 of
the Supporting Information). For the 30 samples, we observed
a good correlation between the expected concentration of the
spike-in microRNAs and the measured concentration (Figure
7a). We also verified that the fraction of double-positive

droplets (both green and red droplets) corresponds to the
fraction expected from the random distribution of the two
targets (Fo = Fg·Fr, where Fo, Fg, and Fr are the fractions of
orange, green, and red droplets) (Figure 7b).

■ CONCLUSIONS
We have introduced a strategy to implement ultrasensitive
microRNA detection using isothermal signal amplification in a
multiplex, digital format. While isothermal approaches present
enticing alternatives to PCR, molecular cross-talks, which may
result from limited specificity or from resources sharing, still

Figure 7. Digital duplex assays of various samples. (a) Analysis of
samples of different compositions (microRNA targets and concen-
trations). (b) Measured percentage of double-positive droplets (Fo) as
a function of the expected ratio (Fg·Fr), where Fg and Fr correspond to
the ratio of green-positive and red-positive droplets, respectively.
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present a major challenge. We have previously shown that
dynamical molecular circuits, implementing nonlinear func-
tions, can address some of these challenges. For example, a
bistable circuit can be used to install ultrasensitivity in DNA-
based signal amplification schemes.28 Here, our approach is
built on a tetrastable circuit that stabilizes the two asymmetric
ON states necessary for duplex detection and avoids
nonspecific response from one target to the other. Our design
uses DNA-encoded cross-inhibitors, solving the challenge of
balancing the system by having the strength of inhibition
reactions controlled by strand concentrations. Using this
system, we achieved robust specific amplification in duplex
experiments.
In principle, the approach could be extended to detect

simultaneously more targets (a triplex assay is shown in Figure
S8). However, the direct upscaling of such a network to higher
multiplexing would require n·(n − 1) kT and 4·n templates
(cT, pT, aT, and rT), where n is the number of targets, which
seems arduous beyond n = 4. An alternative strategy, avoiding
the defavorable accumulation of templates, could use generic
inhibitors, where triggered switches forbid the start of all
untriggered ones using a universal pathway. Such a “winners-
take-all” approach would limit the number of kTs to n,
allowing a higher level of multiplexing (Figure S9).33,36

Here, as a proof of principle, we implemented a duplex assay
for the codetection of two microRNA targets. We demon-
strated that the tetrastable DNA circuit can be adapted for the
digital detection of microRNAs, providing absolute, calibra-
tion-free quantification for a variety of target pairs. The
digitalization of this duplex assay is possible, first, because the
DNA circuit is sensitive enough to amplify the signal from a
single target molecule, isolated in picoliter-sized compart-
ments; second because kT inhibitors prevent nonspecific
amplification caused by cross-talk reactivity. Possible applica-
tions of the duplex assay in the microRNA quantification
approach can include measuring simultaneously up- and down-
regulated targets or including a “housekeeping” or spiked target
as internal control in biomarker measurements.

■ MATERIALS AND METHODS
Materials. HPLC-purified oligonucleotides were purchased from

Biomers or Eurofins and resuspended at 100 μM in 1× tris−EDTA at
pH 7.5 for long-term storage. The nicking enzymes Nb.BsmI and
Nt.bstNBI, the restriction enzyme BsmI, the DNA polymerase
Vent(exo-), BSA, and dNTP were obtained from New England
Biolabs (NEB). Thermus thermophilus RecJ exonuclease was produced
in-house by following a previously published protocol.37 Sodium
chloride, potassium chloride, magnesium sulfate, ammonium sulfate,
Trizma hydrochloride, netropsin, and synperonic F104 were
purchased from Merck (Sigma-Aldrich).
Template Design. Templates were designed according to the

rules described elsewhere.28,32,38 Template sequences aT, pT, rT, and
kT were protected against the 5′ → 3′ exonuclease activity of ttRecJ
by the addition of three 5′ phosphorothioate backbone modifications.
Templates aT, pT, cT, and kT were blocked to prevent unwanted
polymerization by the addition of a 3′ phosphate moiety. aTs were
designed to hybridize only the last 10 bases of corresponding inputs
(α or β) in order to favor the deactivation by the pT of signal strands
produced by the leaky reaction.32 kTs present the same shortened
input binding site in order to reduce the competitive binding of signal
strands. This prevents the nonspecific activation of the kT prior to
target-triggered amplification. Table S2 recapitulates all sequences
used throughout this study.
Reaction Mixture Assembly. All reaction mixtures were

assembled at 4 °C in 200 μL PCR tubes. Template and enzymes

were first mixed with the reaction buffer (20 mM Tris-HCl, pH 8.9,
10 mM (NH4)2SO4, 40 mM KCl, 10 mMMgSO4, 50 μM each dNTP,
0.1% (w/v) synperonic F104, 2 μM netropsin, and 200 μg/mL BSA).
Optimized template concentrations were as follows: aTα = 50 nM,
aTβ, 50 nM, pTα = 15 nM, pTβ = 11 nM, rTα = 40 nM, rTβ = 40
nM, cT (each) = 0.5 nM, αkβ = 1 nM, and βkα = 2.5 nM. Enzyme
concentrations were Nb.BsmI = 300 u/mL, Nt.BstNBI = 10 u/mL,
Vent(exo-) = 60 u/mL, BsmI = 60 u/mL, and ttRecJ = 23 nM. After
homogenization, samples were spiked with microRNA solution, itself
serially diluted in 1× tris−EDTA buffer using low-bind DNA tips
(Eppendorf). Samples (bulk or emulsion) were incubated at 50 °C in
a qPCR machine CFX96 touch (Bio-Rad).

Microfluidic Droplet Generation. A two-inlet flow-focusing
device was prepared using standard soft-lithography techniques. In
brief, the microfluidic mold was obtained by coating a 4 in. silicon
wafer with SU-8 photoresist (MicroChem Corp.) reticulated upon
UV exposure. Following careful cleaning of the mold using
isopropanol, a 10:1 mixture of Sylgard 184 polydimethylsiloxane
(PDMS) resin (40 g)/curing agent (4 g) (Dow Corning) was poured
onto the mold, degassed under vacuum, and baked for 2 h at 70 °C.
The PDMS slab was peeled off the mold, and inlets and outlets were
punched using a 1.5 mm diameter biopsy puncher (Integra Miltex).
The PDMS slab was bound on a 1 mm thick glass slide (Paul
Marienfeld GmbH & Co) immediately following oxygen plasma
activation. The chip underwent baking for 5 h at 200 °C to make the
channel hydrophobic. Monodisperse water-in-oil droplets were
generated by mixing the aqueous samples and the continuous phase
(fluorinated oil Novec 7500, 3 M + 1% (w/w) fluorosurf, Emulseo)
on the chip using a pressure pump controller MFCS-EZ (Fluigent)
and 200 μm inner diameter polytetrafluoroethylene tubing (C.I.L.).

Droplet Imaging and Analysis. Following incubation, emulsions
were imaged by microscopy. A monolayer of droplets was sandwiched
between two glass slides (1 mm thick bottom slide, Paul Marienfeld
GmbH & Co, 0.17 mm thick top slide, VWR) spaced using 10 μm
polystyrene particles (Polysciences, Inc.) to avoid droplet compres-
sion. The chamber was sealed with epoxy glue (Sader). Images were
acquired on an epifluorescence microscope Eclipse Ti equipped with a
motorized XY stage (Nikon), a camera Nikon DS-Qi2, an
apochromatic 10× objective (N.A. 0.45, Nikon) and a CoolLed pE-
400 illumination source. Composite images were generated with the
open source software ImageJ. Droplets were analyzed using the
Mathematica software (Wolfram) by following a previously reported
procedure.28 The concentration of microRNA is computed using the
formula

[ ] =
− −

·
F

N V
mir1

ln(1 )g

A

and

[ ] =
− −

·
F

N V
mir2

ln(1 )r

A

where Fg and Fr are the fraction of green- and red-positive droplets,
respectively; NA is the Avogadro number, and V is the volume of the
droplets.
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