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Analysis of microRNA (miRNA), a pivotal primary regulator of fundamental cellular processes, at the single-

cell level is essential to elucidate regulated gene expression precisely. Most single-cell gene sequencing

methods use the polymerase chain reaction (PCR) to increase the concentration of the target gene for de-

tection, thus requiring a barcoding process for cell identification and creating a challenge for real-time,

large-scale screening of sequences in cells to rapidly profile physiological samples. In this study, a rapid,

PCR-free, single-cell miRNA assay is developed from a continuous-flow microfluidic process employing a

DNA hybridization chain reaction to amplify the target miRNA signal. Individual cells are encapsulated with

DNA amplifiers in water-in-oil droplets and then lysed. The released target miRNA interacts with the DNA

amplifiers to trigger hybridization reactions, producing fluorescence signals. Afterward, the target se-

quences are recycled to trigger a cyclic cascade reaction and significantly amplify the fluorescence signals

without using PCR thermal cycling. Multiple DNA amplifiers with distinct fluorescence signals can be en-

capsulated simultaneously in a droplet to measure multiple miRNAs from a single cell simultaneously.

Moreover, this process converts the lab bench PCR assay to a real-time droplet assay with the post-

reaction fluorescence signal as a readout to allow flow cytometry-like continuous-flow measurement of

sequences in a single cell with an ultrahigh throughput (300–500 cells per minute) for rapid biomedical

identification.

Introduction

MicroRNAs (miRNAs), an important group of noncoding
RNAs with lengths ranging from 18–25 nucleotides, regulate
the physiological expression levels in individual cells.1,2

Through molecular complementarity, miRNAs can regulate
the cellular expression of mRNA targets, resulting in mRNA
degradation or translation.2 The ultimate consequences of
miRNA regulation in a cell are alterations in protein expres-
sion and cellular homeostasis processes, such as cell differen-
tiation, proliferation and death.3,4 Thus, sensitive measure-
ment of a miRNA in single cells is essential to analyze its
biological mechanism and functionality.5

Polymerase chain reaction (PCR) is a promising amplifica-
tion strategy to increase the levels of target DNA/RNA se-

quences for measurements with high sensitivity, but this
method has limited capability to directly detect miRNAs due
to the short length of miRNA molecules, which must act as a
PCR template. To address this technical challenge, reverse
transcription quantitative PCR (RT-qPCR), microarray, north-
ern blot and next-generation sequencing (NGS) were devel-
oped to detect miRNAs to evaluate the roles of miRNAs in
regulating gene expression in cells for clinical measurements.
RT-qPCR was investigated as a method to transform a short
miRNA into a long chain by either adding poly(A) tails or
using a stem-loop probe. RT-qPCR is a promising method to
measure miRNA with high specificity and absolute quantifi-
cation but requires the design of complicated probes.6 North-
ern blot, which involves the use of electrophoresis to separate
RNA samples by size and detection with a hybridization
probe complementary to a part of or the entire target se-
quence, suffers from low sensitivity.7 A hybridization-based
microarray with a gene probe was investigated to capture
fluorescently tagged miRNAs for high-throughput detection,
but the challenge of limited sensitivity remained.8 NGS was
developed as a powerful tool to measure miRNA with
ultrahigh sensitivity for a wide range of quantitative biologi-
cal and clinical applications.9
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Recently, microfluidic platforms have been developed to
isolate single cells to determine their miRNA expression
levels via PCR.10–12 For example, a microwell array with valves
was employed to compartmentalize individual cells for
single-cell sequencing with precise sequential control, but
the throughput was limited to ∼100 cells per experimental
run. Because of the limited number of screened cells, the
connections between the screening result and the biological
sample profile were unclear.13 Droplet-based microfluidics
were investigated for a wide range of high-throughput single-
cell measurements.14,15 In 2015, D. A. Weitz et al. pioneered
the utilization of the droplet single-cell RNA assay, which is
now a commercial platform for single-cell assays, for biologi-
cal sample profiling.16 Since then, creative works in many
laboratories have led to the development of various single-
cell RNA/DNA/protein assays using droplet microfluidics, en-
abling applications in quantitative biology17,18 and bacterial
detection.19,20 With effective droplet-based compartmentali-
zation of single cells, individual cells were encapsulated
within water-in-oil droplets for RNA sequencing.21,22 After cell
lysis in a droplet, RNA targets were released into the droplet
and initiated the polymerization process involving reverse
transcriptase. Through the incorporation of barcoding hydro-
gel beads in the droplets to label the RNA of a specific cell,
rich single-cell RNA information could be obtained by PCR
after the droplets break in a solution. With this technology,
the throughput of single-cell RNA detection could approach
104 cells for biological sample profiling with statistical mean-
ing.23 This barcoding protocol was investigated to identify a
stem cell profile,23 bacterial activities in a solution24 and a
mutant cell profile.25 Precise single-cell RNA analysis was
demonstrated using an error-correcting code (ECC).26 With
further optimization, this technology was applied to identify
multiple proteins from single cells, demonstrating the flexi-
bility of this powerful analytical method well.27 Despite their
advantages, most sequence-based methods for single-cell
miRNA analysis require a delicate process (such as
barcoding/enzyme degradation steps) to perform PCR, com-
plicating the assays. Moreover, developing ultrahigh-
throughput assays for low-cost, rapid profiling of physiologi-
cal samples for diagnosis remains a challenge.

Recently, isothermal amplification has emerged as a pow-
erful method for quantifying nucleic acids and has been used
to measure miRNA with high specificity and sensitivity with-
out precisely controlled temperature cycling. In contrast to
PCR methods, which rely on thermocycling to amplify the tar-
get sequence, isothermal amplification can rapidly amplify
the target sequence with signal recognition at a constant tem-
perature by simple operations.28 Therefore, this method is es-
pecially useful for analyzing short-chain RNAs such as
miRNAs and is well suited to be incorporated into a micro-
fluidic device for automated operation.29 A wide range of iso-
thermal amplification techniques, such as rolling circle am-
plification (RCA),30,31 exponential amplification reaction
(EXPAR),32 displacement amplification,33–35 duplex-specific
nuclease signal amplification (DSNSA),36 and loop-mediated

isothermal amplification (LAMP),37–40 were developed before.
For example, Sidore et al. reported digital droplet multiple
displacement amplification (ddMDA) to increase the target
DNA concentration in a solution, through droplet compart-
mentalization for high sensitivity measurement.34 Giuffrida
et al. investigated the isothermal amplification method to de-
tect and amplify microRNA-210 in microdroplets.35 DNA
polymerase-I was introduced to polymerize deoxynucleotides,
causing the target displacement and recycled target miRNA
to enhance the signal. However, these methods involved a
long incubation time (∼16 hours) and amplification by se-
quentially uploading multiple primers or enzymes. The
enzyme-free methods, hybridization chain reaction (HCR)
and catalytic hairpin assembly (CHA), were investigated by
Dirks,41 Yin42 and Li43 to confer high amplification efficiency
with simple operations. Yin42 described the concept of DNA
self-assembly, where the DNA hairpin structure was designed
and demonstrated for a variety of dynamic functions. How-
ever, the challenge in high background reactivity remained.
To address this, Li et al.43 modified the hairpin DNA se-
quence to reduce the background reactivity in the absence of
a target. These methods were further adapted for single-cell
miRNA imaging.44,45 Recently, fluorescence in situ hybridiza-
tion (FISH) has been developed to bind a fluorescent probe
to target miRNA based on isothermal hybridization.46,47 By
using this chemical method to increase cell membrane
permeability,48–50 DNA probes were uploaded to individual
cells for miRNA measurement via flow cytometry.51 However,
complicated multiple chemical steps were required to modify
cell membranes for DNA probe intake. Moreover, FISH re-
quired a time consuming cell culturing process before screen-
ing. Therefore, the challenge in real time biological sample
profiling remained.

In this study, a novel droplet process for single-cell miRNA
non-enzymatic isothermal amplification was investigated;
this process enabled rapid large-scale single-cell miRNA de-
tection in a continuous-flow manner. The integration of drop-
let microfluidics and miRNA isothermal amplification is syn-
ergetic. Single cells and reagents were effectively isolated via
droplet encapsulation, and miRNA isothermal amplification
could spontaneously occur within the droplets for rapid tar-
get miRNA analysis. To develop an automatic process for sin-
gle miRNA isothermal amplification in a droplet, our autono-
mous sequence hybridization amplification included two
main processes. The first was a target recognition and
recycling procedure involving two hairpin DNAs, in which
conformational changes could be initiated by binding to the
target miRNA. The second was a signaling procedure, where
the previously hybridized hairpins triggered the separation of
the fluorophore and quencher pairs by hybridizing the
fluorophore-modified sequence, resulting in amplified fluo-
rescence. This process is illustrated in Fig. 1. In the first step,
the single cells, cell lysis solution (Triton X-100) and miRNA
amplifier reagents (hairpin 1 : hairpin 2 : fluorophore :
quencher = 400 : 1600 : 600 : 720 nM) were encapsulated in in-
dividual droplets. Upon cell lysis, target miRNAs (miRNA-21)
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were released and could mix with the reagents within the
droplets, initiating a hybridization process. Afterward, the
same miRNA would react again with another hairpin 2 to re-
lease more fluorophores, amplifying the fluorescence signals.
Next, the droplets were flowed through an optical sensor cus-
tomized for high-throughput detection in a continuous-flow
manner (3–5k droplets per minute). MCF-7, MDA-MB-231
and MCF-10A cells were screened and showed distinct miRNA
profiles, demonstrating the promising rapid identification of
cells via the target miRNA (300–500 cells per minute). Be-
cause of the advantage of obtaining statistical information
about single-cell miRNAs, the information about single-cell
miRNAs and ensemble biological samples can be connected
for precise, rapid profiling of physiological samples.

Results and discussion

Autonomous sequence hybridization amplification was
performed by using miRNA-21, which is overexpressed in
cancer cells, as a target. The sequences of miRNA-21 and the
DNA amplifiers used in this study are illustrated in Fig. 1
(Supplementary-1†). In the presence of the target miRNA-21
(1), domain a* hybridizes with the toehold of hairpin H1 (2),
which initiates the hybridization chain reaction (HCR) to
form complex (1)/(2). Subsequently, the unblocked domain d
of (2) hybridizes with toehold d* in hairpin H2 (3) to initiate
the HCR, resulting in the formation of complex (2)/(3) due to

the greater energetic favorability. Afterward, the target
miRNA-21 (1) was recycled to open another hairpin H1 (2), re-
peating the reaction. Domain e in complex (2)/(3) hybridized
with toehold e* in complex (4)/(5), forming complex (2)/(3)/(4)
and single-stranded (5). The separation of the fluorophore
(TAMRA) and the quencher (BHQ2) resulted in the enhanced
fluorescence of the system, which indicated the presence of
the target miRNA-21.

To determine the reaction progress of the HCR, two hair-
pin DNAs (H1 and H2) with or without the miRNA-21 target
were separated on a polyacrylamide gel electrophoresis
(PAGE) gel (Supplementary-2†), which showed distinct bands
indicating a hybridization reaction (Fig. 2a). As shown in
Fig. 2a, in the proof-of-concept assay, no interaction between
H1 and H2 was observed in the absence of the miRNA-21 tar-
get (lane 3), which indicated that the cross-interaction be-
tween H1 and H2 is effectively blocked without the addition
of the target DNA. The presence of miRNA-21 initiated the re-
action to generate an H1–H2 duplex (lane 5), which was in ac-
cordance with the annealing of H1–H2 (lane 4). In vitro exper-
iments were performed to characterize the HCR process
(Supplementary-3†). The relation between the concentration
ratio of H1 :H2 and the fluorescence intensity is shown in
Fig. 2b. To ensure that all miRNA-21 targets were involved in
the HCR for detection, the ratio of H1 :H2 was optimized at
1 : 4 in this study. To reach the HCR equilibrium within a
short time, the concentration of hairpin H2 was optimized
with a constant concentration ratio of H1 :H2 (1 : 4). As
shown in Fig. 2c and S1, Supplementary-3,† with a high con-
centration of hairpin H1 (400 nM), the fluorescence intensity
increased rapidly. To ensure all fluorophore DNAs were

Fig. 1 (a) Illustration of the hairpin DNA isothermal amplifier for
catalytic signal enhancement of the miRNA-21 expression in cells. After
cell lysis, a HCR was initiated by the specific target mRNA-21 to re-
peatedly generate many H1–H2 complexes, which further separated
the fluorophore (TAMRA) from the quencher (BHQ2) and enhanced the
fluorescence inside the microdroplets. (b) Specific demonstration of
the miRNA-induced autonomous DNA hybridization amplification.

Fig. 2 (a) PAGE gel analysis: H1 (lane 1); H2 (lane 2); H1 and H2
mixtures (lane 3); annealing H1 and H2 (lane 4); H1 and H2 were
reacted with the miRNA-21 target (lane 5). (b) Optimization of the con-
centration ratios of hairpin DNA (H2 :H1). (c) Fluorescence kinetics of
the hairpin DNA reaction with various concentrations of the target
DNA (0, 0.5, 1, 5, 10, 50, and 100 nM). The concentrations of H1, H2,
fluorophore and quencher were 400, 1600, 600 and 720 nM, respec-
tively. (d) Normalized fluorescence enhancement of the hairpin DNA
reaction with the miRNA-21, control-1 and control-2 targets.
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hybridized with quencher DNAs, which could reduce the
background signal, the fluorophore : quencher ratio was 1 :
1.2. The optimized concentration of hairpin DNAs (hairpin
1 : hairpin 2 : fluorophore : quencher = 1600 : 400 : 600 : 720
nM) was applied throughout the subsequent experiments.

The sensitivity of the HCR was determined by a series of
control experiments in which the miRNA concentration was
from 1 nM to 100 nM. As expected, the fluorescence intensity
increased with the target DNA concentration (Fig. 2c). At a
high concentration of miRNA-21 (100 nM), the fluorescence
intensity plateaued in 40 minutes. With the decrease in the
miRNA concentration to 50 nM, the time to reach the plateau
increased to 1 hour, and the maximum fluorescence intensity
was decreased. When the miRNA concentration was further
decreased, the time to reach the plateau continuously in-
creased, and the maximum fluorescence intensity decreased.
A negative control experiment was performed by mixing hair-
pin DNAs and mismatched miRNA and performing the HCR
(Fig. 2d). In experiment 1, one type of mismatched miRNA
(control-1) was used. Because of the mismatch with the toe-
hold in hairpin H1, the hybridization reaction that would
dramatically increase the fluorescence intensity was not trig-
gered. Accordingly, a decrease in the fluorescence intensity
change was clearly observed in control-1. The difference be-
tween miRNA-21 and control-1 was ∼4.5-fold. In control ex-
periment 2, two mismatched miRNAs (control-2) were
employed. Similar to the control-1 experiment, the observed
fluorescence increases were smaller than the fluorescence
intensity increase obtained by mixing hairpin DNAs and
miRNA-21. The difference between miRNA-21 and control-2
was ∼5.1-fold. These results demonstrate the excellent selec-
tivity of hairpin DNAs for identifying the target miRNA-21.

With the HCR characterization for miRNA-21 measure-
ment, the HCR for single-cell miRNA-21 detection using
droplet-based microfluidics was conducted (Supplementary-
4†). Suspended cells were introduced into a microchannel
from one inlet to mix with the hairpin DNA sequence & lysis
buffer from another inlet to encapsulate single cells in water-
in-oil droplets in Chip 1 (Fig. S2a, Supplementary 4†). A 1%
Triton X solution has been added to the mixture solution to
permeate cell membranes and cause in situ cell lysis in the
droplets. To avoid the degradation of hairpin DNAs in the
cell lysate, proteinase K (from Tritirachium album, Sigma,
MO, USA) was added to the solution, which enabled rapid in-
activation of the nucleases in the lysate. Both cell suspen-
sions and hairpin DNA sequence & lysis buffer solutions were
introduced into the co-flow channel using syringe pumps
(Harvard, PHD2000). The oil flow rate was set at 6 μL min−1

while both aqueous flow rates were set at 1 μL min−1 to form
∼30 pL droplets with a generation rate of ∼1 kHz. Fluorocar-
bon oil HFE-7500 (3 M NovecTM, Singapore) with 0.5% sur-
factant (Pico-Surf 1, Dolomite Microfluidics) was used to gen-
erate stable, monodisperse 40 μm droplets via the flow-
focusing droplet-generating microfluidic chip. During the for-
mation of the water-in-oil droplets, two aqueous phases were
mixed by the inertial flows generated within the droplets

moving along the microchannel. After encapsulation, these
droplets were collected in a chamber for fluorescence signal
observation at room temperature (26 °C).

To determine the number of cells in the droplets, Hoechst
33342 (Life Technologies) was used to stain the cell nuclei.
The cells used in the single-cell encapsulation experiments
were first incubated with Hoechst 33342 (1 μg ml−1) for 15
minutes to stain the live cells. Once the cell suspension was
mixed with the lysis buffer, the permeability of the cell mem-
brane increased with increases in the Triton (cell lysis re-
agent) concentration.52 The miRNAs within the single cells
were released into the droplet to mix with hairpin DNAs,
leading to fluorescence signal increases. With the informa-
tion about the miRNA activity (red channel, excitation/
emission: 545/576 nm) and the cell number (blue channel, ex-
citation/emission: 350/461 nm) in the droplets, single-cell
miRNA could be obtained from the fluorescence signal in-
creases (Fig. 3a). The encapsulation rate of cells was consis-
tent with a Poisson distribution because of the random en-
capsulation of the cells in the droplets, with slight deviations
resulting from clustering of the cells in experiments where
an adherent cell line was used (Table S1, Supplementary-4†).
After incubation for 20 minutes, the droplets containing the
cells showed increased fluorescence signals (red channel)
(Fig. 3b). The fluorescence signals reached a plateau in 40
minutes after encapsulation (Fig. S3 and S4, Supplementary-
4†) when low concentrations of Triton were applied. The in-
crease in fluorescence signals is shown in Fig. 3c and sug-
gests that a single-cell miRNA-21 can be detected in 20 mi-
nutes via isothermal amplification in the droplets. Notably, a
small fluorescence signal increase was observed in the drop-
lets without cell encapsulation because of natural degrada-
tion of the hairpin sensors.

To develop an automatic system for high-throughput con-
tinuous-flow single-cell miRNA detection, we combined a
droplet generator, incubation tube and optical sensor. After
cell encapsulation, the droplets were flowed through a long

Fig. 3 Single-cell miRNA analysis in microdroplets. (a) An increase in
the fluorescence intensity from the red channel was observed when
the single cell was mixed with the lysis buffer in microdroplets. The
concentration of Triton was 1.0% w/v. The merged images include
bright-field images to show the droplets. (b) Schematic process of the
cell lysis and miRNA detection at high Triton concentrations. (c) Fluo-
rescence response for single-cell miRNA detection with various Triton
concentrations (0.2, 0.5, and 1.0% w/v).
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polyethylene (PE) tube with an inner diameter of 0.38 mm
(Scientific Commodities, USA). The length of the tube was op-
timized at 1.5 m, the residence time of which was 30 minutes
for signal incubation at room temperature (26 °C). Afterward,
the droplets were injected into Chip 2 (Fig. S2b, Supplemen-
tary-4†) with a photomultiplier (PMT) sensor for screening
the post-reaction fluorescence signal (Fig. S5, Supplementary-
5†). Spacing oil was used with a flow rate of 10 μl min−1 to
ensure separation between droplets for PMT detection
(Fig. 4a). The fluorescence signals were rapidly detected by
two PMTs. The first PMT detected fluorescence signals with a
wavelength of 453 nm to identify cell nuclei. The second
PMT measured the fluorescence signals with a wavelength of
650 nm to identify miRNA-21. The optical fluorescence sig-
nals were converted to digital signals for fast real-time com-
putational analysis (Fig. 4b). The throughput of this system
was ∼300 droplets per second. To avoid interference from
random miRNA-21 and nuclei in the debris, the peak was ob-
served simultaneously in two channels. The counting of
single-cell miRNA activity was activated when two fluores-
cence signals were observed simultaneously in single drop-
lets, providing a cell population distribution based on the
RNA activity (Fig. 4c and S6, Supplementary-5†). Via compari-
son with the background fluorescence signal, the miRNA con-
centrations were quantified.

The miRNA-21 activities of two tumorigenic breast cell lines
(MCF-7 and MDA-MB-231) and a non-tumorigenic breast cell
line (MCF-10A) were determined by using this system. Both
MDA-MB-231 and MCF-7 showed higher miRNA signal intensi-
ties than MCF-10A. This observation is consistent with previous
studies using real-time PCR.53,54 As metastatic breast cancer
cells, both MCF-7 and MDA-MB-231 cells expressed high
miRNA-21 levels.55 As normal mammary epithelial cells, MCF-
10A cells expressed a low level of miRNA-21. The single-cell
miRNA-21 activities are quantified in Fig. 4d. The background
was evaluated by measuring empty droplets. MCF-10A cells
showed a low level of miRNA activity compared with the cancer
cells (MCF-7 and MDA-MB-231). The difference in the miRNA
expression level between MCF-7 and MDA-MB-231 cells was de-
termined. As aggressive cancer cells, MDA-MB-231 cells (miRNA
signal intensity was 0.142 a.u.) showed a slightly higher level of
miRNA expression than MCF-7 cells (miRNA signal intensity
was 0.127 a.u.). The difference in the miRNA expression level
between MCF-7 and MDA-MB-231 cells was observed.

Conclusions

In summary, an integrated droplet microfluidic system for
PCR-free single-cell miRNA screening with ultrahigh effi-
ciency was developed. With a non-enzymatic hybridization

Fig. 4 (a) Scheme of the microfluidics-based online PMT analysis system. Single cells were encapsulated into droplets for miRNA-21 screening. (b)
A multiband bandpass excitation filter and individual emission filters were used to allow efficient readout of multiple fluorescence signals into the
PMT system. Fluorescence signals were detected as analog voltage outputs and subsequently converted to digital signals for computational calcu-
lation in real time. (c) Plots showing the distribution of MDA-MB-213, MCF-7 and MCF-10A in terms of signal intensity. Each dot represents a single
cell. Green plot: MCF-10A, blue plot: MCF-7, and red plot: MDA-MB-231. (d) Box plot of the three cell lines and the background. Green box: MCF-
10A, blue box: MCF-7, red box: MDA-MB-231, and yellow box: background.
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chain reaction (HCR) of specifically designed hairpin DNA se-
quences, the novel enzyme-free isothermal amplification of
the target miRNA was spontaneously triggered to significantly
amplify the fluorescence signals within 20 minutes in the
droplets with single-cell lysis, enabling high-specificity mea-
surements. Incorporating a customized photomultiplier
(PMT) detector enabled the continuous-flow droplet screen-
ing of single-cell miRNA with a throughout of 300–500 cells
per minute for the profiling of large-scale physiological sam-
ples. Single cells were dissociated from physiological samples
and encapsulated into droplets for miRNA measurement. Ex-
citation light passed through a bandpass filter to stimulate
the red fluorescence produced by the HCR in the droplets to
allow miRNA measurements using a PMT sensor. Three dif-
ferent samples, MCF-7 and MDA-MB-231 breast cancer cells
and MCF-10A healthy breast cells, were screened by using
this system. The cancer cells (MCF-7 and MDA-MB-231) show-
ing high miRNA expression levels were clearly distinguished
from the healthy cells (MCF-10A). Moreover, the aggressive
cancer cells (MDA-MB-231) showed a higher miRNA expres-
sion level than the less aggressive cancer cells (MCF-7) in sta-
tistical analysis, as expected. The capability of using this sys-
tem to rapidly profile a population distribution according to
a single-cell target miRNA allows the elucidation of physio-
logical sample states for rapid, precise biomedical analysis.
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