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MicroRNAs (miRNAs) encapsulated in tumor-derived exosomes are becoming ideal biomarkers for the

early diagnosis and prognosis of lung cancer. However, the accuracy and sensitivity are often hampered

by the extraction process of exosomal miRNA using traditional methods. Herein, this study developed a

fluorogenic quantitative detection method for exosomal miRNA using the fluorescence quenching pro-

perties of molybdenum disulfide (MoS2) nanosheets and the enzyme-assisted signal amplification pro-

perties of duplex-specific nuclease (DSN). First, a fluorescently-labeled nucleic acid probe was used to

hybridize the target miRNA to form a DNA/RNA hybrid structure. Under the action of the DSN, the DNA

single strand in the DNA/RNA hybrid strand was selectively digested into smaller oligonucleotide frag-

ments. At the same time, the released miRNA target triggers the next reaction cycle, so as to achieve

signal amplification. Then, MoS2 was used to selectively quench the fluorescence of the undigested probe

leaving the fluorescent signal of the fluorescently-labeled probe fragments. The fluorometric signals for

miRNA-21 had a maximum excitation/emission wavelength of 488/518 nm. Most importantly, the bio-

sensor was then applied for the accurate quantitative detection of miRNA-21 in exosome lysates extracted

from human plasma and this method was able to successfully distinguish lung cancer patients from

healthy people. This biosensor provides a simple, rapid, and a highly specific quantitative method for exo-

somal miRNA and has promising potential to be used in the early diagnosis of lung cancer.

Introduction

According to the World Health Organization’s statistical
report, lung cancer is the most common malignance with poor
prognosis.1 Most patients with lung cancer are usually diag-
nosed at the advanced stage, resulting in a reduced five-year
survival rate of only 5%. However, according to Siegel et al.,
this five-year survival rate of lung cancer patients at the loca-
lized stage can reach about 57%.2 In order to achieve this, it is
imperative to explore an effective early detection strategy for

lung cancer. Exosomes are nanosized extracellular vesicles
(30–150 nm) which carry abundant nucleic acids, proteins,
and lipids and are considered as transmitters of information
among cells.3–5 Among these biomolecules, exosomal
microRNAs (miRNAs) are one of the potential biomarkers,
which play an important role in the transmission of infor-
mation in tumor growth and metastasis.6 Most importantly,
miRNAs that are encapsulated in the exosomal lipid bilayer are
protected from degradation by ribonuclease in the body fluids.
Therefore, several studies have suggested that exosomal
miRNA (e.g. miRNA-155, miRNA-210 and miRNA-21, etc.) could
be used for the screening and prediction prognosis of a variety
of human tumors, including lung cancer.7–10

However, due to the high homology among family
members coupled with their relatively short length, and low
abundance, it is challenging to accurately quantify miRNAs.
There are three common methods used for the detection of
miRNA. These include northern blotting, reverse transcription-
polymerase chain reaction (RT-PCR), and microarrays.
However, these methods have their detection limits. Northern
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blotting has numerous limitations which include, low-
throughput, low sensitivity, and it is time-consuming.11

RT-PCR is complicated, expensive, unstable, and prone to false
positives.12,13 Also, the high cost of microarrays and the poor
specificity of miRNAs to detect similar sequences are
notable.14,15 At present, the quantitative methods involving
exosomal miRNAs are mostly carried out by exosome cleavage,
RNA extraction and reverse transcription of cDNA.7,16 This
method is easily limited by the amount of RNA extracted and
the degradation of RNA during the extraction process.17

Meanwhile, in the early stages of lung cancer, the expression
level of exosome miRNA is low. Also, the currently accepted
methods for the isolation of exosomes can be faced with some
challenges which include but are not limited to time-consum-
ing, protein contamination and low yield of exosomes.
Therefore, an in situ detection method which is simple, rapid,
and accurate and has a high signal-to-noise ratio may be a
better choice for the quantitative detection of exosomal
miRNA. There are a number of novel technologies that have
been recently developed, which generally used an electro-
chemical or optical detection system.18–21 Among these novel
methods, fluorescence detection has the following advantages:
the use of simple instrument, rapid operation and a high
selectivity. Some studies have established fluorescence detec-
tion methods for exosome miRNA.18,22 However, without com-
bining the fluorescent probe with the signal amplification
reagent, its high detection sensitivity and the limit of detection
will suffer great limitation.23,24

Duplex-specific nuclease (DSN) is a stable nuclease which
can selectively digest the DNA strands of double-stranded
nucleic acids, rather than digest RNA in DNA–RNA heterodu-
plexes, while also being able to distinguish a single base differ-
ence between perfectly matched and incompletely matched
DNA double strands. However, it does not work on single-
stranded DNA and single-stranded RNA.25,26 DSN can digest
the DNA only when DNA pairing of more than 10 bp in
double-stranded DNA or when DNA pairing of 15 bp in DNA–
RNA heteroduplexes takes place.27 According to Zhao, this
digestion was sequence independent and the digested pro-
ducts may consist of a plenty of short nucleotide chains (<10
bp) and a few mononucleotides.28 Based on these particular
advantages, the DSN has shown great application potential in
the detection of miRNA signal amplification.29,30

Molybdenum disulfide (MoS2) is a graphene-like two-
dimensional sheet material. Research shows that compared
with graphene, MoS2 nanosheets are more easily dispersed in
water solution without additional complex treatments such as
the use of surfactants or oxidation, and are more applicable
for large-scale production.31,32 Due to the advantages of good
biocompatibility, easy functional modification and high
quenching efficiency for fluorescent substances, MoS2 can
improve the sensitivity of biosensors and shows great potential
for application in chemical biosensing.33–35 For the first time,
Zhu et al. have shown that MoS2 nanosheets quench fluo-
rescence of a fluorescently tagged single-stranded DNA but not
of a double-stranded DNA.31 Lu et al. adsorbed the carcinoma

embryonic antigen (CEA) aptamer to the surface of the MoS2
nanosheet based on the van der Waals force interactions, and
the fluorescence signal of the aptamer was quenched by fluo-
rescence resonance energy transfer, realizing a high specificity
and high sensitivity detection of CEA in the range of 100 pg
mL−1–100 ng mL−1.36 Fan Yang et al. established miRNA-21
and pre-miRNA-21 fluorescence imaging methods in living
cells by functionalizing MoS2 nanosheets with aptamers
AS1411 and polyethylene glycol, and co-loading two engin-
eered molecular beacon gene probes.37

Despite the success achieved in various detection methods
for exosomal miRNA, there is still more work that needs to be
done. This study aims to establish a detection method for exo-
somal miRNA by developing a new, rapid and a sensitive
method that combines the fluorescence quencher, MoS2
nanosheets with the enzyme-assisted signal amplifier, DSN.
The detection strategy was divided into two parts: signal ampli-
fication based on DSN and fluorescence reaction based on
MoS2 nanosheets. First, a DNA/RNA hybrid structure was
formed by the hybridization of the fluorescently-labelled
nucleic acid probe and the target miRNA. The single stranded
DNA in the DNA/RNA hybrid strand was then digested into
smaller oligonucleotide fragments by the action of DSN. At the
same time, the released target miRNA triggers the next reac-
tion cycle, forming a new cycle for signal amplification. Then,
the fluorescence of the undigested fluorescently-labelled probe
was quenched after the MoS2 nanosheet was added leaving the
fluorescent signal of the fluorescently-labelled probe frag-
ments. This assay detects exosomal miRNA in situ without
RNA extraction, and the experimental system is simple, one-
pot, and does not need repeated cleaning and filtration. The
establishment and performance assessment of this method
was finalised when it was able to subsequently analyze
miRNA-21. Some studies have established detection methods
for MiRNA, but have not been able to apply it to actual clinical
samples. Therefore, miRNA-21 was selected for the analysis of
exosomes isolated from the plasma of nine lung cancer
patients and three healthy controls. Finally, we also apply this
method to simultaneously detect both miRNA-21 and
miRNA-210.

Materials and methods
Reagents and materials

DSN was purchased from Evrogen (Russia). MoS2 (product
number: XF138) was obtained from Nanjing XFNANO
Materials Tech Co., Ltd (Nanjing, China). The recombinant
RNase inhibitor and RNase-free water were purchased from
Takara Biotechnology Co., Ltd (Dalian, China). Tris (hydroxy-
methyl) aminomethane was obtained from Beijing Solarbio
Science & Technology Co., Ltd (Beijing, China). DL-
Dithiothreitol (DTT) was purchased from Aladdin (Shanghai,
China). Ethylene diamine tetraacetic acid (EDTA) was obtained
from BioFroxx (Germany). The water used in the experiments
was deionized water. All other chemicals were of at least
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analytical grade. DSN and DTT were dissolved with deionized
water to obtain 1× DSN master buffer (pH 8.0, 50 mM Tris,
5 mM MgCl2, 1 mM DTT). EDTA was dissolved with deionized
water to obtain 2× DSN stop buffer (10 mM EDTA). The detec-
tion of miRNA-21 was done in Tris-HCl buffer (10 mM MgCl2,
20 mM Tris, 300 mM NaCl, pH 8.0). The FAM-probe 21, TAMRA-
probe 210, miRNA-21, miRNA-210, miRNA-21mismatch 1 (M1),
miRNA-21mismatch 2 (M2), miRNA-21mismatch 3 (M3),
miRNA-21mismatch 4 (M4), and miRNA-21-3p (M3p) were pre-
pared and purchased from Sangon Biotech Co., Ltd (Shanghai,
China).

Two fluorescence labelling probes were designed as
hairpin-shaped. The sequences for the nucleic acids are listed
in Table 1. All experiments of human blood plasma were per-
formed in accordance with the Guidelines of Helsinki
Declaration and approved by the Ethics Committee of
Zhengzhou University of China. Informed consents were
obtained from human participants of this study.

Apparatus

A fluorescence spectrophotometer (FS5, Edinburgh
Instruments, England) with an excitation wavelength of
488 nm and an emission scanning range of 500–600 nm for
FAM was employed for the fluorescence measurements. For
the TAMRA florescence probe, the spectral detection was
carried out at an emission wavelength of 550 nm and an emis-
sion scanning range of 560–650 nm. Ultracentrifuge (Optima
XPN-100, Beckman Coulter, USA) was used to purify exosomes.
Transmission electron microscopy (TEM) (JEM-2100, Jeol,
Tokyo, Japan) and the Nanoparticle Tracking Analysis System
(NTA) (Nanosight NS300, Malvern Company, England) were
used for the characterization of isolated exosomes.

Exosomes extraction from human plasma

A total of twelve clinical plasma samples (three healthy donors
and nine patients with lung cancer) were obtained from the
Department of Respiratory Medicine, The First affiliated
Hospital of Zhengzhou University, Henan, China. The lung
cancer types of nine lung cancer donors are all lung adeno-
carcinoma that include two stage IIIa patients and seven stage
IV patients. 1 mL of plasma specimens were drawn from whole

blood samples after centrifugation at 4000 rpm for 10 min.
The exosomes of the plasma were extracted by differential
ultracentrifugation. First, the plasma was diluted to 5 ml with
PBS, followed by centrifugation at 300g for 10 min. The super-
natant was then collected and centrifuged for 10 min at a cen-
trifugal force of 2000g, followed by a 30 min centrifugation at
10 000g. Then, sediments were resuspended in PBS, following
centrifugation at 110 000g for 90 min. A 0.22 μm pore filter was
used to filter the resuspension followed by a centrifugal separ-
ation at 110 000g for 90 min. Finally, the sediments were resus-
pended and stored at −80 °C while the supernatant was dis-
carded. All the centrifugations were performed at 4 °C. The col-
lection of the plasma samples was approved by the ethics com-
mittee of the First affiliated Hospital of Zhengzhou University.
All patients gave informed and written consent.

Characterization of exosomes

The morphology of exosomes was characterized by TEM. The
protein concentration of isolated exosomes was quantified by
the bicinchoninic acid (BCA) protein assay. Western blotting
(WB) was used to detect the protein expressions of CD63 and
Hsp70, which were, respectively, expressed on the membrane
and in the lumen of the exosomes. NTA was used for the deter-
mination of concentration and the size of isolated exosomes.
All samples were tested in 3 replicates.

Detection of miRNAs

Monoplex detection of miRNA-21 was initially performed.
First, FAM-probe 21 (5 μL 1 μmol L−1), DSN (0.2 U) and
miRNA-21 were added to 1× DSN master buffer in a water bath
at 45 °C for 1 h, and then slowly cooled to room temperature.
Then, 2× DSN stop buffer (10 μL) was added and incubated for
20 min in order to stop the enzymatic reaction. Afterwards,
Tris-HCl buffer and MoS2 were added to the product of the
enzymatic reaction and then incubated for 90 min at room
temperature. Finally, the fluorescence of the products was
measured. RNase-free tubes were used as the reaction vessel in
these analyses. To demonstrate the multiplex detection poten-
tial of this method on miRNAs, two capture probes, FAM-
probe 21 and TAMRA-probe 210 which, respectively, capture
miRNA-21 and miRNA-210 were used. The two probes were
added to the reaction system and the fluorescence intensities
of FAM and TAMRA were measured.

Detection of miRNAs in exosomes

To obtain the exosome lysate, exosomes and Triton X-100
(0.3%) were mixed at a ratio of 1 : 1 and incubated at 4 °C for
30 min. Then, the exosome lysate was used for the in situ
detection of miRNAs in exosomes (refer to step 2.5).

Results and discussion
The mechanism of miRNA fluorometric quantification

The principle of the in situ detection assay of miRNA is shown
in Scheme. 1. The detection strategy is divided into two parts,

Table 1 Oligonucleotide sequences

Name Sequence (5′ to 3′)

FAM-Probe 21 FAM-CGT CAA CAT CAG TCT GAT AAG
CTA TTG ACG

TAMRA-Probe 210 TAMRA-CGT CAG CCG CTG TCA CAC
GCA CAG CTG ACG

miRNA-21 UAG CUU AUC AGA CUG AUG UUG A
microRN-210 CUG UGC GUG UGA CAG CGG CUG A
miRNA-21mismatch 1 UAG CUU AUC AC ̲A CUG AUG UUG A
miRNA-21mismatch 2 UAG CUU AUA̲ AGA CUA̲ AUG UUG A
miRNA-21mismatch 3 UAG A̲UU AUC AU̲A CUG AUA̲ UUG A
miRNA-21mismatch 4 UAA̲ A ̲C̲C̲ AUCC̲C̲A CUC̲G̲G̲C̲ G̲G ̲C̲ A
miRNA-21-3p CAA CAC CAG UCG AUG GGC UGU

Underlined parts were the mismatched bases.
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signal amplification based on DSN and fluorescence reaction
based on MoS2 nanosheets. For the first part of this process,
the fluorophore-labelled DNA probe hybridizes the targeted
miRNA, followed by the DSN-mediated cleavage of the DNA
probe of the DNA–RNA hybridized complex. Then, the target
miRNA is released from the previously hybridized duplex, and
new DNA–RNA heteroduplexes are generated because the force
between the complementary DNA probe and the remaining
RNA of DNA–RNA heteroduplexes is stronger than that of the
digested nucleotide chain and single-stranded RNA. After a
number of recycles of DSN-mediated hybridization, enzyme
digestion and release, thousands of short ssDNA of various
lengths (<10 bp) could be generated. EDTA was then used to
inactivate the DSN. For the second step of this reaction, MoS2
nanosheets were added. The fluorescence of intact probes was
quenched when MoS2 nanosheets were added to the reaction
mixture. This quenching was made possible due to the adsorp-
tion property which is based on the van der Waals force inter-
actions between the probes and the MoS2 nanosheets. Yet,
fluorophore-labelled fragments show strong fluorescence sig-
nalling because of the weak affinity between the cleaved short
oligonucleotides and MoS2 nanosheets.38,39 Thus, the concen-
tration of the target miRNA is proportionate to the fluo-
rescence intensity cascade which is amplified by the cleavage
behaviour of the DSN.

The feasibility of miRNA fluorometric quantification

We assessed the feasibility of miRNA fluorometric quantifi-
cation (Fig. 1). The conditions with 25 nmol L−1 of FAM-probe
21, 35 μg mL−1 of MoS2, 0.2 U of DSN, 45 °C of DSN reaction
temperature, 60 min of DSN reaction time, and 30 min of
MoS2 incubation time were used in feasibility analysis. Curve a
shows that fluorescence signalling was almost completely
quenched after FAM-probe 21 was absorbed on MoS2
nanosheets. Curve b shows that the DSN cannot retain the
fluorescence signals of the probes in the reaction mixture
without the presence of the target miRNA. Curve c indicates
that the fluorophore-labelled probes retained a portion of the
fluorescence signals in the reaction mixture containing

miRNA-21, FAM-probe 21 and MoS2 nanosheets. Finally, curve
d indicates that fluorescence intensity could be amplified by
DSN in the complete reaction system. These results powerfully
demonstrate the feasibility of miRNA fluorometric quantifi-
cation and signal amplification.

Characterization of exosomes

Exosomes were isolated from human plasma. The typical cup-
shaped morphologies of the isolated exosomes were examined
using TEM and the results are shown in Fig. S1A.† According
to the results from Nanosight, the concentration of the iso-
lated exosomes was about 1.88 × 1011 particles per mL
(Fig. S1B†), and the mean diameter was 113.8 nm, which is
similar to the exosome size in other reports.9 Also, two exo-
somes protein markers, CD63 and HSP70, were identified by
WB. The distinct bands validated the efficiency of the isolated
exosome (Fig. S1C†). These results show that exosomes iso-
lated from human plasma were typical.

Fig. 1 Fluorescence spectrogram of FAM-probe 21 under different con-
ditions. Curve a, FAM-probe 21 + MoS2 nanosheets; curve b, FAM-probe
21 + MoS2 nanosheets + DSN; curve c, FAM-probe 21 + MoS2
nanosheets + miRNA-21; curve d, FAM-probe 21 + MoS2 nanosheets +
DSN + miRNA-21; curve e, FAM-probe 21 (25 nM).

Scheme 1 Scheme of the fluorescence amplification for miRNAs based on MoS2 and DSN.
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The optimization of assay conditions

Optimization of the detection system for miRNA was per-
formed by optimizing the concentrations of MoS2 nanosheets

and DSN, the reaction temperature of DSN, the reaction time
of DSN, the fluorescence quenching and incubation time of
MoS2. Under the optimal concentration of MoS2 nanosheets
(Fig. 2A), the rate of fluorescence quenching was above 98%

Fig. 2 (A) The optimization of the concentrations of MoS2. Red bar: FAM-probe 21 (25 nM) + miRNA-21 (50 nM) + MoS2. The black bar shows the
absence of miRNA-21 when compared with the red bar. (B) The optimization of the concentrations of DSN. (C) The optimization of DSN incubation
temperature. (D) The optimization of DSN incubation time. (E) The optimization of MoS2 incubation time. (F) The standard curve between the con-
centration of miR-21 (0.5 nM, 1 nM, 2.5 nM, 5 nM, 7.5 nM, 10 nM, 20 nM, 25 nM, and 50 nM) and the fluorescence intensity. Inset: The amplified
zone of the low concentration range of the calibration curve. The error bar shows the standard deviation of the three parallel tests.
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and the rate of fluorescence recovery was above 58% when
35 μg mL−1 of MoS2 was used. In order to ensure that the fluo-
rescence of the fluorescence-labelled probes is completely
quenched and that the fluorescent signals of the DSN-digested
fragments remain strong, 35 μg mL−1 was selected as the opti-
mized concentration for MoS2 nanosheets. As the concen-
tration of DSN increased from 0.05 U to 0.25 U, the fluo-
rescence intensity also increased (Fig. 2B). When the concen-
tration was higher than 0.2 U, the fluorescence intensity
increased slowly. Thus, 0.2 U was selected as the optimal con-
centration for DSN. Next, the DSN reaction temperature
(Fig. 2C) and reaction time (Fig. 2D) were optimized at 45 °C
and 60 min, respectively, to achieve maximum fluorescence
intensity. The fluorescence intensity was significantly reduced
with an increasing reaction time, when MoS2 was added to
FAM-probe 21 (Fig. 2E). When the reaction time was longer
than 20 min, the fluorescence intensity decreased slowly. In
order to ensure that the fluorescence was completely
quenched, 30 min was selected as the optimized fluorescence
quenching time. Therefore, the optimum conditions chosen
were 35 μg mL−1 of MoS2, 0.2 U of DSN, 45 °C of DSN reaction
temperature, 60 min of DSN reaction time, and 30 min of
MoS2 incubation time.

The sensitivity of miRNA fluorometric quantification

In order to determine the linearity between target miRNA and
fluorescence intensity, the standard curve (Fig. 2F) of the
different concentrations of miRNA-21 was established under
the optimum conditions. The increment of the fluorescence
intensity was linearly dependent on the concentrations of the
target miRNA with the dynamic range of miRNA concentration
varying from 0.5 nM to 50 nM, with a correlation equation of y
= 1350.55x + 1556.89 (R2 = 0.9592). The limit of detection
(LOD) was 426 pM for miRNA-21 in the reaction system (LOD =
3σ/S, 3σ = 3 times of the standard deviation of blank signal, S =
slope of the standard curve).

The specificity of miRNA fluorometric quantification

Four similar mismatched targets of miRNA-21 and a homolo-
gous miRNA, M3p, were tested to investigate the selectivity of
the platform under the optimum conditions. Four similar mis-
matched targets, including M1, M2, M3, and M4, had one,
two, three and 13 mismatched bases, respectively. Fig. 3 shows
that the fluorescence intensity of M1, M2, M3, M4, and M3p
was five-fold lower than miRNA-21. Therefore, these results
suggest that this platform has high specificity, and it could be
used to quantify target miRNA in complex samples.

Detection of miRNAs in exosomes

Reports have suggested that miRNA-21 has a huge potential as
a liquid biopsy biomarker in the identification and screening
of lung cancer patients.40 Based on this, miRNA-21 was
selected for the analysis of exosomes isolated from the plasma
of nine lung cancer patients and three healthy controls (shown
in Table S1†). MiRNA-21 was successfully detected in exosome
lysates (Fig. 4). The concentrations of miRNA-21 in the exo-

somes of the healthy controls group were lower than those of
the lung cancer patients (as shown in Table S2†). These results
suggest that this platform can selectively distinguish lung
cancer patients from healthy people when detecting exosomal
miRNA-21 extracted from plasma.

Multiplex detection of miRNA-21 and miRNA-210

MiRNA-21 and miRNA-210 are important regulators of cancer
cells in the tumorigenesis and progress of lung cancer, such as
proliferation and invasion of cancer cells and
angiogenesis.40,41Therefore, a multiplexed assay that simul-
taneously quantifies both miRNA-21 and miRNA-210 was
established (Fig. 5). We selected 518 nm and 580 nm to detect
the fluorescence intensity of FAM-probe-21 and TAMRA-probe-
210 separately. In the presence of two miRNAs, two bright fluo-
rescent signals were simultaneously recorded at 518 nm and
580 nm (group 1) compared with the group which contains

Fig. 3 The fluorescence intensity with five miRNAs (miR-21, M1, M2,
M3, M4, and M3p) at 518 nm. The error bar shows the standard deviation
of the three parallel tests.

Fig. 4 The detection of miRNA-21 in exosomes. Group 1 exosomes iso-
lated from healthy people. Group 2 exosomes isolated from lung cancer
patients.
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neither miRNA-21 nor miRNA-210 (group 4). In addition, when
miRNA-21 or miRNA-210 exists alone, the fluorescence of FAM
or TAMRA could be observed separately (group 2–3), showing
the excellent recognition for miR-21 and miRNA210 in this strat-
egy. Therefore, the result indicates that the fluorometric quanti-
fication assay is suitable for the multiplex detection of target
miRNAs without any antagonistic influence of other miRNAs.

Conclusion

In this work, a simple, low-cost, and highly specific fluo-
rescence detection method has been developed to detect exo-
somal miRNA in situ. The proposed detection platform per-
formed well in real complex exosome lysates extracted from
human plasma, and it successfully distinguished lung cancer
patients from healthy people. Compared with the traditional
detection methods of exosomal miRNA, this strategy does not
depend on the complex RNA extraction process and polymer-
ase chain reaction. It could quantitatively detect exosomal
miRNA in situ without repeated cleaning and filtration, and
only takes 150 minutes. Also, compared with the other miRNA
detection methods which are based on a two-dimensional
material, this assay used both the fluorescence signal amplifi-
cation potential of DSN and the efficient background fluo-
rescence quenching material, MoS2, without using any
quenching tag, making this method rapid, with a high speci-
ficity for the detection of exosomal miRNA. Furthermore, it
was shown that this approach has the potential to be used in
the multiplex detection of miRNAs in exosomes, and can
provide easy quantification of exosomal miRNA with huge
promising potential in the early diagnosis of lung cancer.
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