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Abstract

In this work, simple, rapid, and low-cost multiplexed detection of tumor-related micro-RNAs (miRNAs) was achieved based on
multi-color fluorescence on a microfluidic droplet chip, which simplified the complexity of light path to a half. A four-T-junction
structure was fabricated to form uniform nano-volume droplet arrays with customized contents. Multi-color quantum dots (QDs)
used as the fluorescence labels were encapsulated into droplets to develop the multi-path fluorescence detection module. We
designed an integrated multiplex fluorescence resonance energy transfer system assisted by multiple QDs (four colors) and one
quencher to detect four tumor-related miRNAs (miRNA-20a, miRNA-21, miRNA-155, and miRNA-221). The qualitative
analysis of miRNAs was realized by the color identification of QDs, while the quantitative detection of miRNAs was achieved
based on the linear relationship between the quenching efficiency of QDs and the concentration of miRNAs. The practicability of
the multiplex detection device was further confirmed by detecting four tumor-related miRNAs in real human serum samples. The
detection limits of four miRNAs ranged from 35 to 39 pmol/L was achieved without any target amplification. And the linear
range was from 0.1 nmol/L to 1 umol/L using 10 nL detection volume (one droplet) under the detection speed of 320 droplets per
minute. The multiple detection system for miRNAs is simple, fast, and low-cost and will be a powerful platform for clinical
diagnostic analysis.
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Introduction

MiRNAs are a class of tiny, endogenous, non-coding RNAs
(approximately 22 nucleotides) that regulate gene expression
by modulating the activity of specific miRNA targets in many
cellular, physiologic, and pathologic processes [1], including
differentiation, proliferation, apoptosis, metabolism, viral de-
fense, and hematopoiesis [1-4]. Many diseases are proved to
correlate to the dysregulation of miRNAs, such as tumors [5],
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cancers [6], psychiatric syndromes [7], and cardiovascular
diseases [8, 9]. So miRNAs are considered as a promising
class of tumor-derived biomarkers. Especially since the circu-
lating miRNAs are found to express stably in the human blood
[10], they show great potential to be non-invasive biomarkers
for early diagnosis and prognosis assessment of cancer [11,
12]. However, it is insufficient for diagnosing the disease in
early stage only by detecting the single kind of tumor-derived
miRNAs, because the molecular mechanism of the miRNAs is
so complicated that one disease usually involves aberrant ex-
pression of a group of miRNAs (generally 2—15) [13—-15].
Hence, it is very necessary to develop a direct and quantitative
analysis of multiple miRNAs for distinguishing cancerous tis-
sues and even specific cancer cell subtypes [16—18], rising the
accuracy of early-stage evaluation of cancers and contributing
to investigate the mechanism of miRNAs at molecular and
gene level.

Currently, the typical multiplex detection method is the
microarray based on hybridization, but it often shows compar-
atively low sensitivity [33-35]. Taking high sensitive methods
(such as qRT-PCR or biochemical sensor systems) for the
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detection of multiple miRNAs will lead to high consumption
of labor, material, and time for the multiple amplification pro-
cesses and enzymatic/chemical modifications [36, 37]. Hence,
it is important to develop a simple, low-cost, and rapid method
for multiplex detection of miRNAs.

Droplet microfluidic system usually utilizes two immisci-
ble liquid phases to form dispersed microdroplets, which can
be used as nano/pico-liter reactors for low-consumption, rap-
id, and high-throughput analysis [19, 20]. It has been devel-
oped for the sensitive and high-throughput analysis of nucleic
acids [21]. Furthermore, the multiplex detection of nucleic
acids has been reported for different applications. Kim et al.
developed a multiplexed micro-RNA detection method by
isolating encoded, functional hydrogel microparticles based
on microfluidic droplet system and achieved quantitative de-
tection of three miRNAs [22]. Yuan et al. developed a droplet
microfluidic system for multi-target foodborne pathogens de-
tection based on loop-mediated isothermal amplification.
However, the complexity and throughput still need to be con-
sidered in the future [23].

In this work, we aim at setting up a simple, rapid, and low-
cost multiplexed detection method of miRNAs based on a
four-T-junction droplet chip with integrated multiplex laser-
induced fluorescence detection module. Compared with tradi-
tional methods, miRNA detection in droplets can effectively
reduce the consumption of samples. At the same time, the
detection speed can be greatly improved by the flow detection
mode. The most characteristic is that multiplexed detection
can be realized based on our droplet detection system. The
concentrations of four targets can be measured based on the
effect of fluorescence resonance energy transfer (FRET) be-
tween four color quantum dots (QDs) and quenchers. The
qualitative analysis of four miRNAs was realized by the color
identification of QDs, while the quantitative detection of
miRNAs was achieved based on the proportional relationship

between quenching efficiency and miRNAs concentration.
Four miRNAs, miRNA-21, miR-221, miR-155, and miR-
20a, were chosen as model targets. MiRNA 21 is a broad-
spectrum tumor marker, and its over expression is found in
80% of tumor samples [24, 25]. Otherwise, miR-221, miR-
155, and miR-20a associate with various cancers, such as
breast, liver, lung, and B cell and Hodgkin’s lymphomas
[26-29]. The simultaneous detection of four miRNAs will
greatly increase the accuracy of early non-invasive measure-
ment for tumors or cancers.

Experimental
Regents and materials

Carboxyl water-soluble quantum dots (QDs, the maximum
fluorescence emission wavelengths of 525+5 nm, 565+
5 nm, 605 £ 5 nm, and 650 £ 5 nm, 8 umol/L) were purchased
from Jiayuan Quantum Dots Co., Ltd., (Wuhan, China). All
single-stranded oligonucleotides were purchased from
Sangon Biotech Co., Ltd. (Shanghai, China). The sequences
of primer probes and targets are shown in Table 1. 1-Ethyl-(3-
dimethyl amino propyl) carbonyl two imine hydrochloride
(EDC-HCI, 250 g, 98%) was purchased from Shanghai Da
Rui Fine Chemical Co., Ltd. (Shanghai, China). Before the
experiment, all operating platforms need to be cleaned with
solid phase RNase-be-gone purchased from Sangon Biotech
Co., Ltd. (Shanghai, China). All the water used in the exper-
iment is diethylpyrocarbonate (DEPC) treated water.

Fabrication of microfluidic droplet chip

The microfluidic droplet chip was fabricated by traditional
soft lithography technology with poly(dimethylsiloxane)

Table 1 Primer sequences of

probes and targets Name of oligonucleotide Sequence of oligonucleotide (5'-3") Modification

Capture DNA-21 TCA ACATCA GT 5'NH,C6
Capture DNA-20a CTA CCT GCA CT 5'NH, C6
Capture DNA-155 ACC CCTATC AC 5'NH,C6
Capture DNA-221 ACA ATG TAG CT 3'NH,C6
BHQ-DNA-21 CTGATAAGCTA 5'BHQ,
BHQ-DNA-20a ATAAGCACTTTA 5'BHQ,
BHQ-DNA-155 GATTAGCATTAA 5'BHQ,
BHQ-DNA-221 GAA ACC CAG CAG 3'BHQ;
miRNA-21 UAG CUU AUC AGA CUG AUG UUG A /
miRNA-20a UAA AGU GCU UAU AGU GCA GGU AG /
miRNA-155 UUA AUG CUA AUC GUG AUA GGG GU /
miRNA-221 AGC UAC AUU GUC UGC UGG GUU UC /

/

Non-cognate miRNA

UUG UAC UAC ACA AAA GUA CUG
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(PDMS, RTV615, Momentive Corporation, USA) as de-
scribed previously [11, 30, 31]. High precision mask (2400
dpi) was printed to make a SU-82100 photoresist positive
mold (Microchem Corporation, USA). After cure of PDMS
on the mold at 70 °C for 40 min, the PDMS layer was peeled
from the mold. Then, the PDMS layer was punched to form
inlet and outlet holes and bonded to a thin PDMS slide (about
150-pum thickness) by oxygen plasma (PDC-32G, Harrick
Scientific Corporation, USA). At last, the chip was heated at
120 °C for 2 h. The aqueous branch channels are 150 um in
height and 100 wm in width. The main channel (oil channel) is
150 um in height and 270 um in width.

Fabrication of multiplexed detection module

A simple multiplexed fluorescence detection module was
fabricated to match up with the microfluidic droplet chip.
The detection system is consisted of a laser (MDL-III,
405 nm, 10 mW, Changchun New Industries
Optoelectronics Technology Co., Ltd., Changchun, China),
four silica fibers (UVHCS, 380-pum inner diameter, Nanjing
Chunhui Science and Technology Industrial Co., Ltd.,
Nanjing, China), and four photomultiplier tubes (H5784,
Hamamatsu Photonics Co., Ltd., Japan). An orthogonal op-
tical path mode was adopted. In addition, narrow-band filters
(half wave bandwidth 8 nm, peak transmittance 50%, Huibo
Optics Technology Co., Ltd., Shenyang, China) were placed
between each of the optical fiber outlets and each window of
the photomultiplier tubes. Fluorescent signals collected from
different photomultiplier tubes were recorded and analyzed
by using chromatographic signal acquisition units (CT-22,
Shanghai Spectrum Peak Software Co., Ltd., Shanghai,
China).

Preparation of QDs-DNA probes

Carboxyl-modified QDs were attached with amino-
modified capture DNAs based on condensation reaction
between carboxyl and amino group. Briefly, borate buffer
solution (20 mmol/L, pH 7.4) was used to dilute the quan-
tum dot solution, and DEPC water was used to dilute the
capture DNAs. Four quantum dots (525 nm, 565 nm,
605 nm, and 650 nm) were respectively modified with
capture DNA-21, capture DNA-20a, capture DNA-155,
and capture DNA-221 by adding moderate EDC. The mix-
ture was firstly incubated for 2 h at room temperature in the
thermostatic oscillator, centrifuged for 5 min with
6000 rpm in the ultrafiltration tube (the interception mo-
lecular weight of 50 KD), and washed three times using the
PBS buffer. At last, the four QD-DNA conjugates were
dissolved in PBS buffer and kept in 4 °C dark storage.

In order to determinate the connection of QDs and DNA,
the absorption spectra of QDs and QDs-DNA probes were

measured firstly (see Electronic Supplementary Material
(ESM) Fig. S1). And gel electrophoresis was carried out for
investigating the optimal molar ratio of QD to DNA [32]. In
brief, the QD solution (10 uL) and the QDs-DNA conjugate
solutions (10 uL for each) with different molar ratios of QD to
DNA were simultaneously tested by agarose gel electrophore-
sis. The agarose gel was dissolved in a dipotassium hydrogen
phosphate solution (10 mmol/L) with the final concentration
of 1.5%. The electric field intensity was set up at 50 V. A UV
lamp was used to illuminate the gel and the gel images were
taken for analysis.

MiRNA hybridization

The QD-DNA conjugates (10 pmol/L, 10 uL) were mixed
with BHQ-DNA (10 umol/L, 10 puL) and target miRNA
standard solutions (10 pL, a set of gradient concentrations
from 0.1 to 1 umol/L), and the mixture was stirred at 25 °C
for 1.5 h in 30 pL PBS (pH 7.4, containing 20 mmol/L
NaCl). In order to improve the hybridization efficiency, the
experimental conditions, such as the molar ratio of reac-
tants, hybridization time, and hybridization temperature,
were investigated. The hybridization process for four target
miRNAs were tried to use uniform conditions for simplic-
ity of operation.

Process of multiple detection of target miRNAs

The four dispersed phase solutions (hybridization mix-
tures) and continuous phase liquid (mineral oil containing
4% Span 80) were injected into the chip by micro-injection
pumps (PHD2000, Harvard, USA) with the flow of 0.5 puL/
min and 4 pL/min. The dispersed phase solutions flowed
along four branch channels and met mineral oil solution at
the T-junctions. Then, the four dispersed phase solutions
were separately sheared into droplets. Finally, the droplets
were pushed into the downstream of the main channel and
flowed through detection zone in sequence. The multi-
color QDs encapsulated in different droplets were excited
by the laser and emitted different fluorescent signals. The
fluorescent signals were respectively collected by four
photomultiplier tubes and recorded by the chromatograph-
ic signal acquisition unit. Fluorescence quenching efficien-
cy is used to indicate the degree of fluorescence attenua-
tion. The expression for the fluorescence quenching effi-
ciency is

Fluorescence Quenching Efficiency = 1-F/F

where F is the fluorescence intensity with target miRNA
and Fy is the fluorescence intensity without target miRNA.
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Results and discussion

Design of microfluidic droplet-based multiplex
detection system

We aim to develop a simple, rapid, and low-consumption
multiplex miRNAs detection system. The microfluidic
multi-color droplet chip integrated with a multiplexed fluores-
cence detection module was designed (Fig. 1). Firstly, a sim-
ple droplet chip with one oil channel and four aqueous branch
channels were designed (Fig. 1a). Four T-junctions were fab-
ricated on the upstream of the oil channel one after another to
achieve simultaneous formation of four kinds of aqueous
droplets. Secondly, the multiplexed fluorescence detection
module was designed to monitor the fluorescence signals of
droplets in real time. To assemble an effective and simple
multiplex fluorescence detection module, orthogonal optical
path mode and finite optical elements were chosen in this
work. As the volume of droplets is nano-liter scale, the light
spot of the laser can cover the zone containing more than four
droplets in line (Fig. 1b). So the laser can excite multiple
droplets at the same time in this design, avoiding the use of
multiple excitation light sources in conventional fluorescence
detection systems, which simplified the complexity of light
path to a half. Thirdly, silica fibers were chosen to collect
the fluorescence signals of droplets based on the matching
between their cross section and the droplet size. All designs
mentioned above simplified the multiplex fluorescence detec-
tion module to a great degree (Fig. 1c). For realizing the

Laser

(a)

PMTs and filters

multiplexed fluorescence detection based on the microfluidic
multi-color droplet chip integrated with a multiplexed fluores-
cence detection module, four QDs in four colors were chosen
in this work. The aqueous solutions of the four QDs were
introduced into four branch channels, separately sheared into
droplets in the four T-junctions, excited and detected by the
multiplex fluorescence detection module (Fig. 1d and e). The
average volume of the droplets was 10 nL, and the frequency
of droplet generation was 320 droplets per minute.

Mechanism of multiplex miRNAs detection

The QDs-DNA conjugate has the excellent optical properties
of QDs and the good recognition properties of DNA, and the
fluorescence intensity of QDs can be quenched by organic
quencher Black Hole Quencher (BHQ) via fluorescence reso-
nance energy transfer (FRET) [32]. We tried to extend the
single FRET mode into a multiplex FRET mode, as shown
in Fig. 2. To avoid the interference among the four detection
paths, the multi-color QDs without obvious spectral overlap
was chosen as the fluorescence labels in the detection system.
Briefly, carboxyl-modified QDs were respectively attached
with four amino-modified DNAs to form QDs-DNA conju-
gates. The four capture DNAs respectively were partially
complementary strands of four target miRNAs strands.
Meantime, four BHQ-modified DNAs were complementary
strands of the other parts of the four target miRNAs strands.
When the target miRNA is absent, the capture DNA strand
cannot hybridize with BHQ-DNA strand. It means that the

Syringe pumps

o nIges QOil phase

)

Time

Fig. 1 Schematic illustration of microfluidic multi-color droplet chip in-
tegrated with a multiplexed fluorescence detection module. a Overall
schematic illustration of the device. b Schematic illustration of detection
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the main channel. Scale bar, 500 um
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Fig. 2 Schematic diagram of the designed multiplex miRNAs detection
system based on the multiplex FRET mode. a Quenching systems for four
target miRNAs. b The absorption of BHQ-DNA (green, orange, and blue

quenching agent BHQ is far away from QDs, and FRET can-
not occur. Once the target miRNA is present in the test envi-
ronment, the capture DNA strand, BHQ-DNA strand, and
target miRNA will form a sandwich structure based on the
hybridization reaction. The structure leads to the appropriate
distance between BHQ and QDs, which triggers the fluores-
cence quenching of QDs by BHQ. As the absorption spectra
of BHQs are completely covered by the emission spectra of
the four capture QDs, obvious spectral overlap ensures sensi-
tivity of the four quenching systems to their target miRNAs.
As a consequence, four miRNAs can be quantitatively deter-
mined at the same time without interference.

The experiment results also demonstrate the feasibility of
multiplex miRNAs detection based on the multiplex FRET
mode. According to the absorption and emission spectra of
BHQ-DNA and QDs-DNA probes in Fig. 2b, the emission
spectra of the four quantum dots show a maximum wave-
length at 525 nm, 565 nm, 605 nm, and 650 nm.
Furthermore, four quantum dots have broad absorption spec-
tra and long fluorescence life, which provides great conve-
nience to simplify the multiple excitation sources to a single
laser. The absorption spectra of BHQ-DNA strands (modified
with BHQ1, BHQ2, and BHQ3) were also tested and showed
good spectral overlap with the emission spectra of four capture
QDs-DNA conjugates, which greatly supports the occurrence
of the multiplex FRET. In our experiments, it was observed
(Fig. 2b) that the fluorescence intensity was significantly re-
duced after the addition of the target miRNA (curve named as
QDs-BHQ-DNA). It meant that QDs-DNA (the capture DNA
strand), BHQ-DNA strand, and target miRNA formed a sand-
wich structure (QDs-BHQ-DNA complex) based on the hy-
bridization reaction and led to the appropriate distance be-
tween BHQ and QDs, which triggers the fluorescence
quenching of QDs by BHQ. Therefore, the feasibility of the
experiment was verified.

Wavelength (nm)

lines), the fluorescence emission spectra of QDs-DNA probes (red line),
and QDs-BHQ-DNA complex (black line)

Characterization of the formation of QDs-DNA probes

In order to demonstrate the formation of QDs-DNA probes,
the absorption spectra of four QDs solutions and QDs-DNA
conjugates (ESM Fig. S1) were measured. Compared with the
absorption spectra of QDs solutions, obvious absorption peaks
near the wavelength of 260 nm (characteristic peak of DNA)
occur in the absorption spectra of QDs-DNA conjugates solu-
tions, which demonstrate the formation of QDs-DNA probes.
When the electrophoresis movement speed of QDs-DNA con-
jugates is placid, the DNA loaded on the quantum dot surface
tends to be saturated [32]. According to the results of gel
electrophoresis in our work, QDs-DNA conjugates with the
molar ratio of 1:30 were chosen as the optimal ratio of QDs to
DNA. Consequently, the QDs-DNA conjugates with ratio of
1:30 were used in subsequent experiments. In addition, the
fluorescence spectra of QDs modified with capture DNAs
(QDs-DNA probes) were compared with the mixture of
QDs-DNA probes and DNA-BHQs probes. Figure 3 shows
that the fluorescence intensity of four QDs were reduced by
2.4%, 3.7%, 3.5%, and 2.1%, respectively. It meant that the
quencher BHQ could hardly quench the fluorescence of QDs
when QDS-DNA is mixed with BHQ-DNA without target
miRNA. This phenomenon indicates that fluorescence reso-
nance energy transfer can only occur in the presence of target
miRNA.

Multiplex detection of four target miRNAs

During the process of detection, the hybridization mixtures of
four target miRNAs were introduced into the four branch
channels and sheared into droplets by the oil phase solution
at the four T-junctions. When the droplets passed the detection
zone in order, the fluorescence signals of the four QDs-DNA
conjugates from different droplets were nearly simultaneously
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Fig. 3 The fluorescence spectra of four QDs-DNA probes and the mix-
ture of QDs-DNA probes and the corresponding DNA-BHQ probes

collected by different PMTs with the help of fibers and filters.
And the fluorescence signals of each QDs-DNA conjugate
were recorded respectively. As the fluorescence of QDs-
DNA conjugates in droplets was quenched by BHQs, the
fluorescence signal values of QDs-DNA conjugates were re-
duced with the increase of the concentrations of target
miRNAs in droplets (Fig. 4). The signal detected by the device
is stable, and the RSD value of fluorescence signal intensities
is 1.41% for the continuous measurement of 65 droplets in 50s
for the same target (see ESM Fig. S2).

In the concentration range (0.1 nmol/L to 1 pmol/L), the
fluorescence quenching efficiency of QDs shows the linear
relationship with the concentration of target miRNAs, as
shown in Fig. 5, and their correlation coefficients all reach
0.99. It indicates that the multiplex detection system is
effective for simultaneous detection of four miRNAs in
the concentration range from 0.1 nmol/L to 1 pumol/L with
low detection limits (36.0 pmol/L for miRNA-21,
35.1 pmol/L for miRNA-20a, 36.5 pmol/L for miRNA-
155, and 38.3 pmol/L for miRNA-221). The detection
speed is equal to the generation frequency of droplets,
which is about 320 droplets per minute.

Specificity of multiplex detection

The specificity of multiplex detection of target miRNAs was
also investigated in this work. In the miRNA-21 test, the
QD525-DNA-21 conjugate (1 umol/L) was mixed with the
BHQ-DNA-21 probe (1 umol/L), and then respectively incu-
bated with the non-cognate RNA (500 nmol/L) and three other
target miRNAs (500 nmol/L) at 25 °C for 1.5 h in PBS at
pH 7.4 (containing 20 mmol/L NaCl). The interference effect
was investigated based on the comparison of their quenching
signals. The quenching efficiency of miRNA-21 was obvious-
ly higher than those of miRNA-20a, miRNA-155, miRNA-
221, and non-cognate RNA. In theory, the target miRNA-21
can specially hybridize with the QD-525-DNA-21 probes and

Fig. 4 The fluorescence intensity -~ g
of the four droplet FRET systems 3 1.0{(a) —0 < 1.0 (b) —0
with different concentrations of g miRNA 21 —— 100pM ~ miRNA 202 —— 1? N?M
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BHQ-DNA-21 probes based on complementary pairing prin-
ciple, but the other three of the four target miRNAs and the
non-complementary single strand miRNA (non-cognate
RNA) cannot hybridize with the probes for miRNA-21, which
is consistent with the experiment result in our work. So the
specificity test demonstrates that the interference of other
miRNAs to miRNA-21 can be ignored in this work. In addi-
tion, similar phenomena were observed in the specificity tests
of the other three target miRNAs. The data (Fig. 6) shows that
there is no obvious cross interference in our multiple miRNA
detection. It is demonstrated that the multiplex detection sys-
tem can efficiently differentiate target miRNAs from other
miRNAs benefiting from the multiplex FRET mode based
on microfluidic multi-color droplets.

[ miRNA21
0.6 - [ |miRNA20a
8 [ miRNA155
I miRNA221
- Non-congate
0.5 -
0
& h
0.4 -
B
o)
- 0.3
0.2
0.1 =
0.0 2l al H fI'l e & ﬁ ii B Fﬁ ’-h
miRNA21 miRNA20a miRNA155 miRNA221

Fig. 6 Quenching efficiency of target miRNAs (500 nmol/L) and
interferential miRNAs (500 nmol/L)

Detection of four target miRNAs in human serum

To test the feasibility of the practical application of the droplet-
based multiplex detection system, we carried out the multiplex
detection of four miRNAs mentioned above in healthy human
serum (obtained from Northeastern University Hospital,
China). Four target miRNAs (miRNA-21, miRNA-20a,
miRNA-155, and miRNA-221) were not detected in 20-fold
dilution of human serum samples. The standard solutions of
four target miRNAs (miRNA-21, miRNA-20a, miRNA-155,
and miRNA-221) with different concentrations were spiked
into the diluted (20-fold) human serum samples to measure the
recoveries. With the addition of target miRNAs, the fluores-
cent intensities of droplets from a set of serum samples spiked
with different concentration targets (concentrations of
1.00 nmol/L and 100.0 nmol/L) were reduced corresponding-
ly. As shown in Table 2, the recoveries for the spiked miRNA-

Table 2  Determination of spiked miRNA-21, miRNA-20a, miRNA-
155, and miRNA-221 in human serum samples

Sample no. Target Added (nM) Found (nM) Recovery (%)
1 miRNA-21  1.00 1.01 £0.04 101

1 miRNA-20a 1.00 0.88 £0.05 88.1

1 miRNA-155 1.00 094 +£0.04 94.1

1 miRNA-221  1.00 097 +£0.12 97.0

2 miRNA-21  100.0 101.6 £ 10.7 102

2 miRNA-20a 100.0 1019 +2.1 102

2 miRNA-155 100.0 98.6 £2.86 98.6

2 miRNA-221 100.0 958 +594 958
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21, miRNA-20a, miRNA-155, and miRNA-221 are respec-
tively 101% and 102%, 88.1% and 102%, 94.1% and
98.6%, and 97.0% and 95.8% (n=3). The relative standard
deviations (RSDs) are from 2.1 to 12.2% for the four target
miRNAs. These results indicate that the multiplex miRNA
detection can be realized by using the microfluidic multi-
color droplet chip integrated with a multiplexed fluorescence
detection module, and the simple device has great potential for
rapid and low-consumption detection of multiple miRNAs in
real samples without nucleic acid amplification.

Conclusions

We developed a microfluidic multi-color droplet-based fluo-
rescence detection system for the multiplex detection of
miRNAs based on the effect of FRET between multi-color
QDs and BHQ quenchers. The system focuses on the devel-
opment of a small multi-color droplet generation chip integrat-
ed with a simple multi-path fluorescence detection module for
the application of multiplex detection of miRNAs related with
tumor or cancer. The device can be used for simple, rapid, and
sensitive multiplex detection of four miRNAs in human se-
rum. In addition, the consumption was reduced greatly owing
to the use of the nano-liter droplets (average volume 10 nL).
Meanwhile, four droplets were simultaneously excited in de-
tection zone by one single laser, which makes the multi-path
fluorescence detection module simplified greatly. The detec-
tion speed was highly enhanced by the flow measurement
mode based on the microfluidic droplets and integrated fluo-
rescence detection module (320 droplets per min). The hybrid-
ization reaction between the target miRNAs and their probes
ensures the specificity of multiplex detection. And the
quenching system of QDs and BHQ quenchers ensures the
high sensitivity of the method. Therefore, a simple and low-
consumption multiplex detection method of miRNAs in hu-
man serum was developed successfully. Moreover, the
microfluidic measurement system exhibits excellent sensitiv-
ity and stability of multiplex miRNAs detection, which dem-
onstrates potential application prospect in early-stage diagno-
sis and prognosis of cancers.
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