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Abstract 

The accurate and quantitative detection of microRNAs (miRNAs) as next-generation, reliable 
biomarkers will provide vital information for cancer research and treatment. However, their unique, 
intrinsic features pose quite a challenge for miRNA profiling, especially for multiplexed detection. 
Thus, there is a strong and an ever-growing need to develop an accurate, simple, sensitive and 
specific miRNA sensing method.  
Methods: In this study, a simple and novel sensor is presented that uses a flow cytometry (FCM) 
method based on the double key “unlocked mechanism” and a fluorescence enrichment signal 
amplification strategy. The “unlocked mechanism” was cleverly designed via using hairpin DNA 
probes (HDs) labeled by fluorescent particles (FS) as the lock to block part of them, which can 
specifically hybridize with the probe on polystyrene microparticles (PS). The target miRNA and 
duplex-specific nuclease (DSN) forming the double key can specifically open the HDs and cleave a 
single-stranded DNA (ssDNA) into DNA/RNA dimers circularly in order to unlock the special part 
of the HDs to be specially enriched further on the PS. 
Results: The designed sensor with a hairpin structure and DSN special performance was found to 
have a high specificity. The circularly unlocking fluorescent probes and fluorescent signal enrichment 
can be beneficial for achieving a high sensitivity with a detection limit of 3.39 fM for miRNA-21. 
Meanwhile, the performance of multiplexing was estimated by simultaneous detection of miR-21 
and miR-141, and the method also allowed for miR-21 detection in breast cancer blood samples. 
Conclusion: The designed sensor based on an “unlocked mechanism” and a signal enrichment 
strategy resulted in a one-pot, highly specific and sensitive detection of multiplex miRNAs. The 
whole detection without the need for a complex purification process is based on a FCM and is 
expected to have a great value in cancer diagnosis and biomedical research. 
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Introduction 
MicroRNAs (miRNAs) are single-stranded, 

endogenous, noncoding RNAs (approximately 22 
nucleotides in length) that play important roles in 
living organisms [1-3]. It has been well recognized 
that an abnormal abundance of miRNAs is closely 

associated with carcinogenesis [4, 5]. However, the 
unique, intrinsic features of miRNAs, such as their 
small size, low abundance and high homology, pose 
quite a challenge for miRNA profiling [6-8]. At 
present, conventional miRNA detection strategies, 
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including quantitative reverse transcriptase PCR 
(qRT-PCR) [9, 10], northern blotting technology [11, 
12] and oligonucleotide microarrays [13, 14], have 
been widely applied for miRNA sensing as the 
gold-standard strategies. Nevertheless, these 
strategies suffer from shortcomings such as the 
requirement of tedious procedures, long assay times, 
expensive reagents and sophisticated primers, and 
poor detection sensitivity or low specificity [15-19]. 
Thus, there is a strong and an ever-growing need to 
develop an accurate, simple, sensitive and specific 
miRNA sensing method.  

Recently, fluorescence technology has been 
widely used for fabricating multiple miRNAs sensors 
due to its inherent advantages of low sample volume, 
simple operations and easy readout [20-22]. However, 
most of the homogeneous fluorescent assays are not 
quite suitable for complex miRNAs detection in 
clinical samples owing to the coincidence/ 
interference between different fluorescence signals 
and a strong matrix background. To overcome this 
problem, microbeads have been widely employed in 
multiplexed biosensing platforms [23-25], especially 
when combined with analytical flow cytometry 
(FCM) techniques, which have become a powerful 
tool for quantitative detection of analytes with 
multifarious analysis parameters. This also opens up a 
new avenue for multiplex target miRNAs detection. It 
has achieved a rapid measurement of thousands of 
microbeads per second in complex substances. Their 
flexibility, high throughput, and multiplexing 
compatibility make them quite suitable for a 
simultaneous multiplex detection [26-28].  

Also attracting much attention for target 
miRNAs detection is the duplex-specific nuclease 
(DSN), which aids in target recycling and signal 
amplification. DSN is a promising tool due to its 
inherent and specific preference for only cleaving 
DNA in DNA/RNA and DNA/DNA dimers while 
having no effect on single-stranded DNA (ssDNA) 
and leaving RNA strands intact [29]. Their 
selective-cutting ability enables the target miRNA to 
remain intact, which assists in target recycling and 
triggers circular reactions to actualize signal 
amplification. DSN-aided target recovery has been 
widely employed for miRNA detection coupled with 
different platforms, such as fluorescence-based assays 
[30], electrochemical strategies [31], 
chemiluminescence sensors [32] and magnetic 
relaxation switch sensors [33].  

In this work, we present an innovative 
“unlocked mechanism” based on DSN-miRNA 
forming a double key. Working together, the double 
key circularly unlocks closed DNA probes, which can 
then be further enriched on the surface of microbead 

probes to enable fluorescence signal amplification, 
finally achieving a one-pot, highly specific and 
sensitive detection of multiplex miRNAs based on 
FCM. The “unlocked mechanism” was cleverly 
designed by using the hairpin structure as the lock 
and DSN-miRNA as the double key. They are both 
committed to high specificity and selectivity. 
Importantly, the DSN-assisted target recovery 
technique is devoted to recycling tiny amounts of 
miRNAs, which can effectively extend the detection 
limit and enable a large analytical range. Furthermore, 
the large surface area of the probe-modified 
polystyrene microparticles (PS) allows for a high 
immobilization density of DNA and, as the signal 
enrichment carriers, enables them to collect the 
unlocked, free fluorescent particles (FS), leading to 
further signal amplification. Thus, high sensitivity can 
be achieved for miRNA sensing. Additionally, this 
detection platform has the advantages of flexibility, 
high-reusability and high-throughput by suspension 
array assays [34, 35]. The whole detection can be 
performed in one-pot, without any complex 
purification process. Therefore, the proposed FCM 
platform, which is based on the aforementioned 
“unlocked mechanism” and signal enrichment 
carriers, demonstrates a novel, rapid, sensitive and 
specific avenue for the simultaneous detection of 
multiplex miRNAs.  

Methods 
Carboxyl-modified PS (10 μm, 2.5% w/v) were 

obtained from BaseLine (Tianjin, China). DSN was 
purchased from Newborn (Shenzhen, China). 
Carboxyl fluorescent particles (YG, 2.5% w/v, 0.049 
μm, cat. no. QDSCF20050) and fluorescent carboxyl 
particles (pink, 2.5% w/v, 0.05 μm, cat. no. 
QDSCF10050) were both provided by HyperCyte 
(Beijing, China). Total miRNA extraction kits, cDNA 
synthesis and qPCR detection kits (cat. no. B1803, 
D1801, AP01108) were provided by HaiGene (Harbin, 
China). All of the DNA/RNA oligonucleotides 
sequences (HPLC purified) used in our research were 
provided by Sangon Biotech (Shanghai, China). 
RNAase-free water was-purchased from Sangon 
Biotech (Shanghai, China) and the 
N3-dimethylpropane-1,3-diamine (EDC) activator 
was purchased from Aladdin (Shanghai, China). 
Phosphate-buffered saline (PBS, 0.01 M, pH 7.2–7.4) 
was acquired from Solarbio (Tianjin, China). FCM 
analyses were detected by a flow cytometer (BD 
FACSCalibur, USA). Fluorescence images were 
acquired using a fluorescence microscope (Olympus, 
Japan). The concentration of cDNA (reverse 
transcribed by miRNA extracted from biological 
samples) was detected by LightCycler®96 (Roche, 
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Switzerland). 

Preparation of FS-HD probes  
The amine-modified hairpin DNA probes (HDS) 

were coupled to the surface of carboxyl FS by an EDC 
active method for the preparation of FS-HD probes. 
First, 5.6 μL of 2.5% solids of 0.05 μm FS was 
suspended in 2-Morpholinoethanesulfonic acid, 
monohydrate (MES) buffer (50 mM, pH 6). Then, the 
HDs were incubated at 95 °C and 2 μL at 100 μM was 
added after being reduced to room temperature by a 
gradual freezing method. After simply mixing the 
microspheres and probes, a covalent reaction was 
initiated by adding 10 µL of 16 mg/mL EDC and the 
volume of the solution was then adjusted to 280 µL. 
Next, in order to achieve an effective coupling effect, 
the mixture was incubated in the dark overnight. 
Finally, the HD-functionalized nanospheres were 
washed with PBS by ultracentrifuge (47500 × g at 30 
min) and stored at 4 °C. 

Preparation of PS-ssDNA probes  
The EDC active method was also carried out in 

order to make PS-ssDNA probes by coupling 
amine-modified ssDNA probes to the carboxyl PS. 
First, PS (25 mg/mL, 10 μL) were resuspended in PBS 
buffer (200 µL, pH 7.2–7.4, 0.01 M) before conjugation. 
Then, varying amounts of ssDNA followed by 8 μL of 
16 mg/mL EDC were added for the covalent reaction. 
Next, the mixture was incubated overnight in the dark 
at room temperature. Several washings with PBS were 
used for the removal of uncombined ssDNA probes. 
Finally, the PS-ssDNA probe conjunctions were 
dispersed in PBS. The probes were stored at 4 °C.  

Target miRNA detection  
The FS-HD probes (20 µL), DSN (1 U/µL, 0.5 

μL), and DSN buffer (4.5 μL, pH 8.0, 10×, 50 mM 
Tris-HCl, 1 mM DTT, 5 mM MgCl2) were prepared for 
the miRNA detection mixture. After adding 10 µL of 
different concentrations of miRNA, the mixture 
reagents were incubated at 45 °C for 90 min in the 
dark for miRNA recycling. After the incubation, DSN 
stop solution (2×, 5 μL, 10 mM Ethylene Diamine 
Tetraacetic Acid (EDTA)) was added, mixed and 
incubated for 5 min to inactivate the enzyme. Then, 20 
μL of PS-ssDNA probes was added into each tube and 
incubated for 60 min at 37 °C. Finally, after 
centrifugation and purification (12000 rpm, 5 min), 
the PS were directly resuspended into 450 µL of PBS 
and immediately analyzed by FCM. 

FCM analysis and multiplex miRNA detection 
The FCM analysis of miR-21 was carried out 

with a 488-nm laser excitation by using the 
fluorescence 1 (FL1) channel while the analysis of 

miR-141 was carried out with a 538-nm laser 
excitation by using the fluorescence 2 (FL2) channel. A 
total of 3000 PS were collected for each sample, and 
the amount of miRNA could be faithfully reflected by 
the mean fluorescence intensity (MFI) of the PS. 

The simultaneous multiplex miRNA detection 
was employed in the mixture containing 20 µL FS-HD 
probes (10 µL was modified with HD-21, 10 µL was 
modified with HD-141), 4.5 μL DSN buffer, 0.5 μL 
DSN, and four associations of target miRNAs: (a) 0 µL 
miR-21 + 0 µL miR-141, (b) 10 µL miR-21 + 0 µL 
miR-141, (c) 0 µL miR-21 + 10 µL miR-141, and (d) 10 
µL miR-21 + 10 µL miR-141. These mixtures were 
incubated for 90 min at 45 °C. Then, the fluorescent 
intensity of these microbeads was immediately 
detected by FCM. 

Specificity of the miRNA detection assay 
To evaluate the specificity and selectivity of the 

detection sensor, the assay’s specificity was evaluated 
by analyzing samples including target miR-21 and 
different mismatched miRNAs (negative control 
miRNA (NC), miR-200b, miR-141, Let-7d, and single 
mismatched miRNA (SM)). The concentration of 
miRNAs used in the assay was 1 nM.  

miRNA extraction  
The General Hospital, affiliated with Tianjin 

Medical University, provided blood samples after 
obtaining informed consent. This work was also 
approved by the Hospital’s Ethics Committee, 
according to the ethical standards of the Helsinki 
Declaration. The extraction kit, mentioned earlier in 
this section, was used for total miRNA extraction. The 
extracted miRNA was quantified by FCM and the 
qRT-PCR method. 

miRNA detection in biological samples 
The standard addition method was carried out to 

study the applicability of our double key unlocking 
method for miRNA detection in biological samples. 
According to the preceding miRNA detection 
procedure in the section of “Target miRNA 
detection”, the standard miR-21 (50 × 10-12 M) was 
separately analyzed in dilute human serum samples.  

Comparing the double key unlocking method 
with qRT-RCR 

We extracted the total miRNA from the whole 
blood samples by using the aforementioned miRNA 
extraction kit. For miR-21 detection by our double key 
unlocking method, we added 10 µL of extracted 
miRNA into a 25-µL mixture solution containing 20 
µL of FS-HDs conjugates, 4.5 µL of 10× DSN buffer, 
and 0.5 µL DSN (1 U/µL). Then, we incubated it at 45 
°C for 90 min. The PS-ssDNA probes (20 µL) were 
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mixed and incubated together for signal enrichment 
at 37 °C for 60 min after inactivating the DSN by a 
stop solution. Finally, we recorded fluorescence by 
FCM. 

For the investigation of miR-21 by the traditional 
qRT-PCR method, we first needed to reverse 
transcribe miR-21 from the total miRNA extraction 
into cDNA at 37 °C for 60 min and 95 °C for 5 min 
(containing a tag with a 3’ poly (A) tail during the 
subsequent reverse transcription) according to the 
instructions for the cDNA synthesis kit. The acquired 
cDNA was amplified according to the manufacturer’s 
instructions for the HG miRNA SYBR Green PCR kit. 
A titration experiment with serial dilutions of cDNA, 
converted from standard miRNAs with known 
concentrations, was carried out to acquire a linear 
relationship of miR-21 concentrations and the 
threshold cycle by qRT-PCR. Therefore, we could 
calculate the concentration of miR-21 according to the 
linear regression equation by the qRT-PCR method. 

Results and discussion 
The detection principle of the double key 
unlocking assay  

The working principle of the detection platform 
based on the DSN-miRNA double key “unlocked 
mechanism” and fluorescence signal enrichment 
strategy is schematically shown in Figure 1. In this 

work, the FS were introduced as the signal reporter 
and were labeled on the HDs, forming the FS-HDs 
structure, which as the locked and inactivated 
structure can’t anchor on the DNA modified PS 
without the existence of target miRNA. The 
“unlocked mechanism” could not work well without 
the DSN-miRNA double key due to the lack of effect 
of target miRNA pairing with the hairpin as well as 
the lack of the degradation effect of the DSN. So, the 
FS of the HDs could not trigger the target recycles or 
perform the following signal enrichment events. 
However, after the introduction of target miRNAs 
and DSN, the “unlocked mechanism” was activated 
by the DSN-miRNA double key. The hairpin structure 
was opened and the DSN specifically recognized and 
digested the DNA in DNA/RNA duplex, but left the 
target miRNA intact, which assisted with target 
miRNA recycling and initiating more cycles of 
unlocked events. Thus, the remaining FS-ssDNA 
probes were unlocked and activated, which could 
then hybridize with the PS-ssDNA probes to realize 
the fluorescence enrichment and signal amplification. 
Therefore, the fluorescence intensity of the FS 
assembled to the capture probe and the PS as the 
fluorescence enrichment carriers could be facilely and 
reliably collected and evaluated by simultaneous 
FCM, which ensured high sensitivity as well as 
multidetection. 

 

 
Figure 1. Schematic illustration of the “unlocked mechanism” detection avenue based on the DSN-miRNA double key and the fluorescence signal enrichment 
carriers for signal amplification. 
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Figure 2. Preparation and characterization of probes. (A, B) A schematic of the preparation the PS-ssDNA and FS-HD probes. (C) Images of PS coated with 
and without FAM-ssDNA probes detected by confocal laser scanning microscopy (excitation wavelength: 495 nm). (D) The general evaluation of DNA content by the 
NanoDrop spectrophotometer. 

 

Preparation and characterization of probes 
The PS-ssDNA and FS-HD probes were 

prepared according to the principles shown in Figure 
2A-B. The oligonucleotide sequences are listed in 
Table S1. To characterize the successful combination 
of aminated ssDNA and carboxyl-coated PS, the 
FAM-labeled ssDNA with the same sequence 
(FAM-ssDNA, 3’ modified by an amino group and 5’ 
modified by FAM) was adopted to make the 
PS-ssDNA-FAM probes following the EDC method. 
Confocal laser scanning microscopy was performed to 
characterize these functional PS. As shown in Figure 
2C, the PS modified with FAM-ssDNA presented a 
significant fluorescence signal enhancement 
compared with PS alone, suggesting the successful 
preparation of PS-ssDNA probes. Furthermore, the 
PS-ssDNA probes were also confirmed by UV-vis 
absorption spectra (Figure S1). For the FS-HD probes, 
which were characterized by the NanoDrop 
spectrophotometer, we suggested that the HDs were 
successfully labeled on FS (Figure 2D). 

The “unlocked mechanism” and signal 
enrichment strategy 

We then studied the necessity of the double key, 
as illustrated in Figure 3C. It is evident that the 
“unlocked mechanism” only works well by 
integrating DSN and miRNA, which work together as 
the DSN-miRNA double key, demonstrating that 
DSN-miRNA specifically initiated the unlocked 

events. In addition, even if miRNA could open the 
HDs without DSN, because of the steric stabilization 
of the FS and DNA/RNA duplex, there was a 
negligible fluorescence intensity on the PS. The 
electrophoresis experiment further confirmed the 
results as shown in Figure 3D, where the bands of the 
DNA/RNA duplex and HDs can be observed clearly 
(lanes #1 and #3) in the absence of DSN. However, 
after the introduction of DSN, the DNA/RNA duplex 
bands began to fade and nearly disappeared after a 
period of incubation (lane #2), indicating that DSN 
exhibited a strong preference for cleaving DNA only 
in the DNA/RNA duplexes group, but had a 
negligible effect on RNA and HDs. Therefore, the 
DSN-miRNA double key is a necessary element for 
the “unlocked mechanism” to work well in the assay. 

Moreover, in order to identify the effect of the 
signal enrichment strategy, an experiment was 
performed in which the control group contained 5 × 
10-8 M of Cy5 labeled ssDNA (1 mL) and the 
experimental group had the same volume and 
concentration of Cy5 labeled ssDNA (Cy5-ssDNA) 
and 0.025 mg/mL PS-ssDNA probes. Both groups 
were characterized by fluorescence microscopy under 
the same conditions followed by analysis of the 
fluorescence intensity by Azure C600. The results 
indicated that the fluorescent intensity on the 
microbeads was nearly 8.77-fold higher than that in 
the homogeneous phase, indicating the feasibility of 
signal enhancement by the fluorescence enrichment 
carriers (Figure 3E-F). 
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Figure 3. The evaluation of “unlocked mechanism” and signal enrichment amplification strategy. (A) The principle of the double key unlocking 
detection assay with and without target miRNAs. The “unlocked mechanism” based on the DSN-miRNA double key and the mechanism of DSN-assisted target 
recycling and signal amplification are illustrated in the presence of target miRNAs. (B) The effect of signal enrichment events triggered by the “unlocked mechanism”. 
FCM detection and fluorescent images of PS-ssDNA before (no fluorescence) and after (with fluorescence) reactions. (C) The “unlocked mechanism” only works 
well on the target miR-21 and DSN, forming the DSN-miRNA double key. The concentration of miR-21 was 1 nM. (D) Agarose gel electrophoresis (3%) used for the 
exploration of the DSN cleaving function on DNA/RNA dimers. The left lane is the DNA ladder marker (20 bp to 200 bp). Lane #1 is HDs+ miRNA, lane #2 is HDs 
+ miRNA + DSN, lane #3 is HDs, lane #4 is miRNA and lane #5 is HDs + DSN. (E) Fluorescent confocal images of the Cy5 signal in the homogeneous phase and 
anchored on the PS. (F) The fluorescent intensity of the Cy5 signal in the homogeneous phase and on the microbeads by a signal enrichment strategy. Error bars show 
standard deviations (n = 3). 

 
Finally, FCM was introduced to characterize the 

detection based on the “unlocked mechanism” and 
signal enrichment strategy. As shown in Figure 3B, 
the PS-ssDNA fluorescence signal significantly 
increased after reacting with the unlocked and 
remaining FS-ssDNA probes. A comparison of the 
fluorescence microscopy images of PS-ssDNA with 
and without the addition of target miRNA shows a 
significant enhancement of the fluorescence signal, 
indicating the successful and efficient consequence of 
the “unlocked mechanism” and signal enrichment 
strategy. 

Optimization of the double key unlocking 
detection assay 

We further explored the optimum experimental 
factors to achieve a higher sensitivity based on the 
double key unlocking assay. First, we studied the 
concentration of HDs and PS-ssDNA probes for the 
miRNA assay. The value of ∆F (∆F = F1 − F0, where F1 
represent the fluorescence intensities of PS 
enrichment carriers for the positive groups, and F0 

represent the fluorescence intensities of PS 
enrichment carriers for the negative groups) was 
calculated for performance evaluation. The 
concentration of HDs loaded on the FS-HDs has a 
strong effect on the DSN-aided target recycling. With 
this in mind, we studied the FS-HD probes with 
different volumes of HDs (Figure 4A). It can be seen 
that it achieved its best cyclic amplification with 20 μL 
of HDs (10 μM). Therefore, this volume was adopted 
in the following assay. Then, we also explored the 
volume of PS-ssDNA probes (1.25 mg/mL) and found 
that 20 μL showed the best signal enrichment 
amplification (Figure 4B). 

As for the miRNA detection assay, the 
concentration of DSN and reaction time were both 
critical parameters for DSN performance, as well as 
for the high performance of DNA/RNA hybrids, 
where what matters is the “unlocked mechanism”. As 
shown in Figure 4C, the ∆F value increased 
progressively with DSN concentration, but it was 
almost near plateau after 0.5 U of DSN. Thus, the 
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enzyme concentration of 0.5 U was chosen for the 
following assays. The reaction time was also 
optimized; the value of ∆F increased progressively 
with a prolonged incubation time and nearly reached 
a plateau after a 90-min incubation with 1 nM of 
target miRNA (Figure 4D). Therefore, in the 
subsequent assays, we used 90 min as an optimized 
incubation time.  

Sensitivity and specificity of miRNA detection  
The sensitivity of the proposed detection sensor 

was investigated in the optimized reaction. Figure 5A 
shows the corresponding fluorescence spectra of the 
PS-ssDNA probes in which an increase in the target 
miR-21 concentration-responsive signal could also be 
clearly observed in FL1 (488 nm) channel of FCM. The 
results also support the feasibility of the DSN-miRNA 
assisted “unlocked mechanism” and the signal 
enrichment strategy, since the unlocked probes with 
FS could successfully anchor on the PS. The MFI of 
each PS was recorded for the quantitative analysis of 
the target miR-21. The dependence of the ∆F value on 
miR-21 concentrations is plotted in Figure 5B and 5D. 
It can be seen that the ∆F value of the PS increases 
progressively with the target concentrations, and the 
∆F value is linearly proportional to the concentration 
of miR-21 in the range from 0.01 pM and 1 pM (∆F = 
620.9921 + 4.41941c, R2 = 0.99196). The value of the 

limit of detection (LOD) is calculated as: LOD = 3S/M 
(S represents the standard deviation of blank samples, 
and M represents the slope of the standard curve). 
The LOD for this assay is 3.39 fM. 

In addition to the necessary high sensitivity, a 
high specificity is also a critical factor for practical 
miRNA analysis. To evaluate the specificity of this 
assay, different miRNA sequences (NC, miR-200b, 
miR-141, Let-7d, and SM) mismatched with the 
hairpin sequence were chosen to compare with the 
perfectly matched target miR-21 (see Table S1 for 
sequences details). Figure 5C shows that the ∆F value 
of the target miR-21 performs much higher than the 
mismatched miRNAs, indicating that our detection 
sensor has a high specificity for discriminating target 
miRNA. 

Practicability of the miRNA detection 
platform 

To evaluate the practicability of the proposed 
method in biological samples, the target miR-21 was 
detected using a standard addition to spiked human 
serum samples, as performed in previous reports [36, 
37]. A final concentration (50 × 10−12 M) of standard 
miRNA was added into five healthy serum samples 
for evaluation by our proposed method. A calibration 
curve of miR-21, shown in Figure S9, was also 
produced for the calculation of determined 

 
Figure 4. Optimization assays. (A) Effect of the concentration of HDs loaded on the FS-HD probes for DSN-aided target recycling. (B) Effect of the 
concentration of PS-ssDNA probes for signal enrichment. (C) Optimization of the DSN concentration. (D) Optimization of the DSN cleaving time. Error bars show 
standard deviation (n = 3). 
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concentrations. As displayed in Figure 6A, the 
analytical results were basically consistent with the 
theoretical value. Moreover, we also determined the 
accuracy of our proposed method by measuring the 
recovery. As shown in Table S2, the method reveals 
good recovery rates in the range of 89.29−108.65%, 
and the relative standard deviation (RSD) for all of the 
samples was below 11.75%.  

Finally, the detection platform was also used to 
determine miR-21 levels in breast cancer blood 

samples. After extracting the total miRNA from the 
blood samples, the abundance of miR-21 was 
determined. The concentration of miR-21 was 
acquired by testing the ∆F value. A further 
measurement of the samples was also carried out by 
qRT-PCR. Figure 6B shows that the results of the 
qRT-PCR and our method were in good concordance, 
indicating the potential of the proposed double key 
unlocking method for miRNA detection in biological 
samples.  

 

 
Figure 5. Sensitivity and specificity of miRNA detection. (A) Spectra of the fluorescence response of the probe 2 with different miR-21 concentrations (0 
mol/L, 10-15 mol/L, 10-14 mol/L, 10-13 mol/L, 10-12 mol/L, 10-11 mol/L, 10-10 mol/L, and 10-9 mol/L). (B) Quantitative determination of target miR-21 under optimized 
conditions. (C) Specificity evaluation: ΔF in response to evaluating NC, miR-200, miR-141, let-7d, SM and miR-21 samples. Error bars show the standard deviation of 
three independent assays. (D) Linear region for target miRNA detection. Each assay repeats at least three times. 

 

 
Figure 6. Analysis of serum samples. (A) Results for the determination of miR-21 in human serum samples by a standard addition method. (B) The results of 
breast cancer blood samples comparing qRT-PCR and our sensor. Error bars show standard deviation (n = 3). 
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Figure 7. Multiplex miRNAs detection. Multiplex analysis of miR-21 (FL1-H) and miR-141 (FL2-H) by using yellowish green (YG) and pink fluorescence 
microspheres. YG (Ex 488 nm, Em 509 nm), pink (Ex 538 nm, Em 584 nm). Experimental combinations: (A) 0 µL miR-21 + 0 µL miR-141, (B) 10 µL miR-21 + 0 µL 
miR-141, (C) 0 µL miR-21 + 10 µL miR-141, and (D) 10 µL miR-21 + 10 µL miR-141. (E) The evaluation of multiplex miRNAs detection by Fluorescence intensity. 
The fluorescence intensity values are the statistical and quantitative results of A to D. 

 

Simultaneous detection of multiplex miRNAs  
At present, the FCM strategy has become a 

strong technology for simultaneous multidetection 
[38]. It is well known that cancers are often related to 
multiplex miRNA markers, which have proven 
valuable for the early-phase diagnosis of tumors in 
asymptomatic individuals [39], and the targets miR-21 
and miR-141 have been reported as 
epithelial-associated miRNAs that are overexpressed 
in a wide range of common human cancers, including 
breast, lung, and prostate cancer [40, 41]. We, next, 
explored the potential for simultaneous multiple 
miRNA detection by using two randomly-selected 
targets and two different kinds of FS (YG for miR-21 
by FL1 and pink for miR-141 by FL2). The analyses of 
the targets miR-21 and miR-141 were carried out by 
using the FL1 and FL2 channels, respectively. In the 
presence of different experimental combinations, the 
two different FS can simultaneously detect the targets 
miR-21 and miR-141 with negligible cross-talk. We 
found that there was no obvious fluorescence of 
capture probes in the lack of target miRNAs (Figure 
7A). Furthermore, the introduction of only one single 
target, miR-21 or miR-141, only resulted in a 
fluorescence signal increase in the FL1 channel (Figure 
7B) or the FL2 channel (Figure 7C). With the addition 
of both miR-21 and miR-141, the fluorescence in both 
channels was observed to enhance greatly (Figure 
7D). The histograms of the fluorescence response of 

the multiplex analysis of miR-21 and miR-141 are 
illustrated in Figure S8. In addition, we can clearly see 
these concrete results from Figure 7E, indicating the 
potential of the proposed double key unlocking 
method for simultaneous multidetection.  

Conclusions 
In conclusion, a novel assay based on an 

“unlocked mechanism” with a double key and 
fluorescence enrichment with signal amplification has 
been proposed for multiplex miRNAs detection by 
FCM. The target miRNA and DSN act together as a 
double key to induce the effect of the “unlocked 
mechanism”, increasing the specificity of detection. 
Both the recycling cutting effect of DSN and 
fluorescence enrichment of PS contributes to the high 
sensitivity for detecting the target miR-21. 
Meanwhile, with the help of FCM, the proposed 
detection platform enabled a simultaneous detection 
of multiplex miRNAs with high specificity. Overall, 
the proposed strategy shows a great potential for 
early clinical diagnosis. 
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