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A B S T R A C T

A simpler, more rapid and selective biosensor has been developed for the sensitive detection of circulating
miRNAs (c-miRNAs) based on duplex-specific nuclease (DSN)-assisted target recycling coupled with rolling
circle amplification (RCA) using SYBR Gold Dye as a signal indicator. This biosensor exhibits a tremendously low
detection limit of 0.3 fM of c-miRNAs and shows high selectivity for one-base mismatched c-miRNA. In addition,
most importantly, the biosensor could accurately determine the amounts of target c-miRNA in total c-miRNAs
isolated from human serums and human cancer cell lines, which confirms that the biosensor could be used to
quantify c-miRNAs in complex biological samples and for the clinical early diagnosis of cancers based on c-
miRNAs detection.

1. Introduction

Circulating microRNAs (c-miRNAs) are endogenous noncoding
small RNAs (approximately 18–24 nt) that circulate in body fluids,
including plasma [1], serum [2], urine [3], saliva [4], and semen [5].
They can regulate target gene expression by degrading mRNAs or re-
pressing the translation of mRNAs [6,7] and thus guide many biological
processes, such as cell proliferation, cell differentiation, cell apoptosis
and the occurrence of several diseases, especially cancers [8–10].
Moreover, some c-miRNAs have been successfully demonstrated as
biomarkers for cardiovascular disease [11], acute stroke [12], and
several cancers, such as breast cancer [13], lung cancer [2], urologic
cancer [14], etc. Therefore, much effort has been devoted over the past
decades to the development of c-miRNAs detection, such as via
northern blotting [15], microarrays [16], and quantitative real-time
PCR (qRT-PCR) [17]. Despite their remarkable advantages, these sys-
tems suffer from certain limitations, including lower sensitivity, higher
false-positive rates, and multistep reactions from the viewpoint of their
practical application. Consequently, it is highly demanding to develop

much simpler, more sensitive and selective protocols for the rapid de-
tection of c-miRNAs in biological assays. Remarkable progress on the c-
miRNAs assay has been witnessed in recent years, such as electro-
chemical sensing [18,19], chemiluminescence [20,21], isothermal nu-
cleic acid amplification [22,23], and nanoparticle sensing [24,25].
Among these impressive approaches, rolling circle amplification (RCA),
a constant temperature amplification strategy, has attracted much at-
tention for c-miRNAs assay because of its higher sensitivity, better
specificity, and simplicity [26–28]. RCA is an advanced isothermal
enzymatic process (acting at room temperature to 37 °C) [29] that uses
unique DNA or RNA polymerases (phi29 DNA polymerase, Klenow
Fragment (3'–> 5' exo-), and T7 RNA polymerase) to produce long,
single-stranded DNA or RNA (ssDNA, ssRNA) [30,31] by continuously
adding nucleotides (nt) to a primer complementary to a circular tem-
plate, resulting in a long ssDNA with thousands of tandem repeat se-
quences.
Duplex-specific nuclease (DSN) is a commercial, heat-resistant nu-

clease [32] that is considered to be a promising tool for biology analysis
due to its distinctive capability to cleave only double-stranded DNA
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(dsDNA), or DNA sequences in DNA-RNA hybrid duplexes, regardless of
nucleotide sequence, and without cleaving ssDNA or ssRNA [33,34].
Moreover, DSN can discriminate imperfectly matched duplexes (even
single-base mismatched) from perfectly matched duplexes [35].
Therefore, DSN could serve as an important, practical tool in the bio-
logical and biochemical sciences because of its unique capabilities, such
as full-length cDNA library normalization [36,37], SNP recognition
[32,38], quantification of telomeric overhang [39], and DSN-mediated
isothermal signal amplification [40–43].
SYBR Gold Dye is a less-toxic, stable and commercial nucleic acid

dye, which can be used to label dsDNA, ssDNA, and RNA [44,45]. In
addition, SYBR Gold emits low fluorescence by itself but exhibits ap-
proximately 1000-fold fluorescence enhancement by combining with
nucleic acids, making it suitable as a fluorescent probe for the detection
of nucleic acids [46–48]. Herein, we describe our efforts toward de-
veloping a much simpler, more rapid and highly selective biosensor for
the sensitive detection of c-miRNAs in an assay based on DSN-assisted
target recycling coupled with RCA. This biosensor is cost-effective and
features a lower detection limit (down to 0.3fM) and higher selectivity
for target c-miRNA with single-base mismatch discrimination. An im-
portant practical application of the present strategy is the detection of
microRNA-21 (miR-21). Above all, this biosensor works well in real
biological samples, including cancer cells and human serums, which
will offer tremendous opportunities for the early diagnosis of cancers in
the clinical settings.

2. Materials and methods

2.1. The reagents and human serum specimens

Duplex-specific nuclease (DSN) was purchased from Evrogen
(Moscow, Russia). SYBR™ Gold Dye (10,000× Concentrate in DMSO)
was purchased from Life technologies ™ (Eugene, Oregon, USA). The
miRCURY™ RNA Isolation Kit-Biofluids was purchased from EXIQON
(Woburn, MA, USA). Other common regents can be referred to our
previous research [27]. The oligonucleotides used in this study were
synthesized by Sangon Biotech Co., Ltd. (Shanghai, China), and the
human serum specimens were donated by Peking University Shenzhen
Hospital (Shenzhen, China).

2.2. The cell culture and miRNAs isolation

The breast cancer cell lines MDA-MB-231 (highly metastatic) and
T47D (lowly invasive) were grown in RPMI 1640 (1× with L-gluta-
mine) medium (Corning), which was supplemented with 10% fetal
bovine serum (Merck). Cells were cultured at 37 °C in a thermostatic
incubator, which contained 5% CO2 and aseptic water. The detailed
procedure of c-miRNA isolation from cells and human serum specimens
is shown in Supplementary material.

2.3. The process of circulating miRNAs detection

The analysis of c-miRNAs was performed in RNases-free tubes. 5 nM
HP, 20U RNases inhibitor, 1×DSN master buffer, 0.1U duplex-specific
nuclease (DSN), and 2 μL of target miRNA of various concentrations
were reacted at 55 °C for 30min. Then, 100mM NaCl was added into
the above reaction mixture and incubated at 30 °C for 10min to in-
activate the DSN. Afterwards, 1 mM dNTPs, 5 nM circular probe,
1×RCA buffer, and 5U phi29 DNA polymerase were added into the
above reaction solution, then incubated at 30 °C for 90min. Finally,
1× SYBR Gold Dye was added into the amplification products for
fluorescence measurements (λex= 485 nm, λem= 500–700 nm), The
detailed apparatus is described in Supplementary material.

3. Results and discussion

3.1. The design of the hairpin probe and circular probe

MiR-21 is an oncogenic c-miRNA that is overexpressed in many
human cancers, making it an important biomarker for cancers screening
and progression [49,50]. Thus, it was chosen as a model c-miRNA in
this study. The biosensor mainly contains a label-free DNA hairpin
probe (HP: 5′ -TCAACATCAGTCTGATAAGCTACCATGTGTAGAATGCT
TATC -3′) and a DNA circular probe (CP: 5′-AGCACAATACACATCAA
AGCCCATACTACAA- CAACTACAACATTGATAGAT-3′). The HP consists
of two structure domains: the italicized bases are complementary to the
target c-miRNA (miR-21: 5′-UAGCUUAUCAGA- CUGAUGUUGA-3′) to
trigger the DSN reaction, and the bases in boldface serve as a primer of
the CP to initialize the RCA reaction as shown in Fig. 1.

3.2. The mechanism of circulating miRNA assay

The principle of the new biosensor for the sensitive assay of c-
miRNA is shown in Fig. 2. DSN recognizes the DNA-miRNA hybrid
duplex that was formed through the hairpin probe (HP) hybridizing
with the target c-miRNA and mediates the digestion of HP in the hybrid
duplex. Upon digestion, the target c-miRNA is released and recycled for
another round of hybridization and digestion. Therefore, in this prac-
tical protocol, DSN enables target recycling, and more importantly, the
residual HP sequences can be further used as a primer of the CP to
trigger the RCA reaction, which generates thousands of long ssDNA of

Fig. 1. The structures and interaction of the hairpin probe, the target c-miRNA
and the circular probe.

Fig. 2. Diagram of DSN-assisted target recycling coupled with rolling circle
amplification strategy for the sensitive detection of circulating microRNAs.
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various lengths. The products of RCA can be simply quantified by SYBR
Gold dye. Conversely, in the absence of target c-miRNA in the detection
system, the HP can coexist with DSN and maintain its stable hairpin
configuration, providing a lower background fluorescence signal for the
biosensor. This entire concept formed the basis for an extremely se-
lective, sensitive, rapid and simple biosensor for the assay of c-miRNAs.

3.3. The optimization of hairpin probes

Since DSN cleaves dsDNA, if the length of the complementary region
of the HP is too long, then the HP can be digested by DSN without the
target c-miRNA, resulting in a false-positive signal. To make the bio-
sensor more accurate, we optimized the stem length of the HP. As
shown in Fig. 3, the length of 8 or 9 base pairs in the stem of the HPs
(HP-8: 5′-TCAACATCAGTCTGATAAGCTACCATGTGTAGATAGCTT
ATC-3′, HP-9: 5′-TCAACATCAGTCTGATAAGCTACCATGTGTAGATAG
CTTATC-3′) resulted in digestion by DSN. However, the 7-base-pair-
stem length of the HP hairpin structure (HP: 5′-TCAACATCAGTCTGA
TAAGCTACCATGTGTAGAATGCTTATC-3′) remained stable. In HP-8,
HP-9, and HP, the underlined bases indicate the sequences of the
hairpin probe stems. These results indicate that when the length of
double-stranded DNA is less than 8 base pairs, the structure is resistant
to digestion by DSN. Therefore, we chose 7 base pairs as the stem length
for the HP in this study.

3.4. The feasibility of the biosensor for circulating miRNA assay

We assessed the feasibility of DSN-assisted target recycling for RCA,
as demonstrated in Fig. 4. We performed 20% native polyacrylamide
gel electrophoresis to demonstrate DSN-assisted target recycling as
shown in Fig. 4A, the detailed procedure is shown in Supplementary
material. Lanes 1 and 2 show the primary position of miR-21 and HP,
respectively. Lanes 3 and 4 indicate that there is no interaction when
DSN is mixed with miR-21 or with HP. Lane 5 shows that target miR-21

can hybridize with HP to form miR-21-HP duplexes, which form a new
clear band in the gel. Additionally, when the target miR-21, HP and
DSN are all present in the detection system, a new clear band with a
lower molecular weight than HP appears in the bottom of the Lane 6,
while the band corresponding to the target miR-21 is still present,
suggesting that DSN cleaves the DNA only in the miRNA-DNA duplexes,
and the target c-miRNA is released and recycled for another reaction.
These results indicate the effectiveness of DSN-assisted target recycling.
We verified the authenticity of the RCA reaction in the proposed

biosensor with 0.4% agarose gel electrophoresis in Fig. 4B, the detailed
procedure is shown in Supplementary material. Lane 1 shows that there
are no products of RCA without the target miR-21. In contrast, in the
presence of target miR-21, the RCA reaction is initiated to produce a
larger number of ssDNA as shown in Lane 2. These results powerfully
demonstrate the feasibility of DSN-assisted target recycling coupled
with RCA for the detection of c-miRNAs.

Fig. 3. A 20% native polyacrylamide gel electrophoresis (PAGE) for the opti-
mization of hairpin probes. M is a DNA marker, Lane 1 HP-9+DSN, Lane 2 HP-
8+DSN, Lane 3 HP-7+DSN, Lane 4 HP-9, Lane 5 HP-8, Lane 6 HP-7, re-
spectively. (HP-9, HP-8, and HP-7 refer to the number of base pairs in the stem
structure).

Fig. 4. A. 20% native PAGE for the assay of DSN-assisted target recycling. Lane
1 miR-21, Lane 2 HP, Lane 3 miR-21+DSN, Lane 4 HP +DSN, Lane 5 miR-
21+HP, Lane 6 miR-21+HP +DSN. B. 0.4% agarose gel electrophoresis for
the evaluation of amplified products by DSN-assisted target recycling coupled
with rolling circle amplification. Lane 1 and Lane 2 are amplified results
without and with the miR-21, respectively.
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3.5. The optimization of assay conditions

To develop the best possible detection system, we optimized the
concentrations of the HP and the CP, the DSN reaction temperature, the
DSN reaction time, the concentration of NaCl, the RCA reaction tem-
perature and the RCA reaction time. The experimental results are
shown in Fig. 5, where F and F0 are the fluorescence intensity (λex=
485 nm, λem= 544 nm) with and without target c-miRNA, respectively.

During optimization of the concentration (1–100 nM) of HP and CP
(Fig. 5A), the highest value of F/F0 was obtained when 5 nM of each HP
and CP was used. Next, during the optimization of DSN reaction tem-
perature (40–60 °C), the maximum F/F0 value was achieved at 55 °C
(Fig. 5B). In a similar fashion, we optimized the reaction time
(10–120min) of DSN (Fig. 5C) to 30min. At the end of the DSN reac-
tion, to avoid impacts on the RCA reaction, we added NaCl to inactivate
the DSN. During the optimization of the NaCl concentration

Fig. 5. A. The optimization of the concentrations of hairpin probe (HP) and circular probe (CP). B. The optimization of DSN incubation temperature. C. The
optimization of DSN incubation time. D. The optimization of NaCl concentration. E. The optimization of RCA incubation temperature. F. The optimization of RCA
incubation time. The error bars represent the standard deviations of three independent experiments.
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(10–200mM) (Fig. 5D), the maximum F/F0 value was reached at
100mM. Similarly, the RCA reaction temperature (20–40 °C) was op-
timized (Fig. 5E) at 30 °C. Finally, the RCA reaction time (30–150min)
was optimized (Fig. 5F) at 90min. Therefore, the optimum conditions
chosen for the following experiments were 5 nM HP, 5 nM CP, DSN
reaction temperature of 55 °C, DSN reaction time of 30min, 100mM
NaCl, RCA reaction temperature of 30 °C and RCA reaction time of
90min.

3.6. The sensitivity of the circulating miRNA assay

To evaluate the performance of the biosensor for c-miRNAs detec-
tion, we found a non-linear fluorescence enhancement as the con-
centrations of miR-21 was increased from 0 to 1 nM as shown in
Fig. 6A. However, the correlation between the fluorescence intensity
(Y) and the logarithm of the concentration of the miR-21 (lgCmiR-21)
was linear (Fig. 6B). The regression equation is Y = 297.5+36.2
lgCmiR-21 with R2 (correlation coefficient) = 0.991. According to the 3σ
rule [51], the limit of detection was evaluated to be 0.3 fM, and the
detection system has a wide linear dynamic range of four orders of
magnitude.

3.7. The selectivity of the circulating miRNAs assay system

Most of the c-miRNAs share levels of homology c-miRNAs de-
pending on their family, thus, it is very important to distinguish be-
tween homologous c-miRNAs that always have 1–3 base differences.
We performed the selectivity experiments using perfectly matched miR-
21, one-base-mispairing to miR-21 (M1: 5′-UAGCUUAUCAGACCGAU
GUUGA-3′), two-base-mispairing to miR-21 (M2: 5′-UAGCAUAUCAGA
CCGAUGUUGA-3′), and three-base-mispairing to miR-21 (M3: 5′-
UAGCAAAUCAGACCGAUGUUGA-3′). In M1, M2, and M3, the bases in
boldface are the mismatched sites compared with perfectly matched
miR-21. The results in Fig. 7 show that compared with the perfectly
matched miR-21, the values of F-F0 for M1, M2 and M3 were only
approximately 31.4%, 13.8%, and 10.1%, respectively. This result in-
dicates that the biosensor has the ability to strongly distinguish be-
tween single-base mismatched c-miRNAs and perfectly matched c-
miRNAs, suggesting a high specificity for the c-miRNA assay.

3.8. Application in complex biological samples

To verify the ability of the developed protocol to quantitatively
assay c-miRNAs in real biological samples, we tested the proposed
biosensor in human breast cancer cell lines MDA-MB-231 (highly

metastatic) and T47D (lowly invasive) with total miRNAs as shown in
Fig. 8. We also detected the miR-21 in total c-miRNAs that isolated from
human serum specimens using the proposed biosensor as shown in
Fig. 9. The results show that our biosensor could assay for c-miRNAs in
cancer cells and human serums.
We also evaluated the ability of the proposed biosensor to perform

in the presence of interference by testing its performance in 10% human
serums. Human serums injected with the miR-21 (1:1, V: V) at three
different concentrations (10 pM, 50 pM and 100 pM) were tested. The
results in Table 1 clearly show that the standard addition recovery rates
of the proposed biosensor are from 117% to 122% in 10% human
serums. This suggests that this biosensor has significant potential for the
detection of c-miRNAs in complex biological samples.

4. Conclusions

In conclusion, a simple, rapid and highly sensitive biosensor has
been developed to selectively detect c-miRNAs. Notably, the newly
developed assay has obvious advantages in terms of simplicity, rapidity
and cost-effectiveness, as well as a great capability to distinguish one-
base mispairing c-miRNA and a higher sensitivity toward target c-
miRNA with a much lower detection limit of 0.3 fM and a much wider
linear dynamic range of four orders of magnitude. These characteristics
make this method a valuable alternative to the previous approach as
shown in Table S2. Finally, the proposed system performed well in real,

Fig. 6. A. The fluorescence intensity with different concentrations of miR-21 (0, 1 fM, 10 fM, 100 fM, 1 pM, 10 pM, 100 pM, 1 nM). B. The calibration curve between
the fluorescence intensity and the logarithm of concentration of miR-21 (inset figure). The error bars show the standard deviation of three independent experiments.

Fig. 7. The specificity of c-miRNA detection. The fluorescence intensity with
different target miRNAs (miR-21, M1, M2, and M3).
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complex biological samples. The utility of this protocol was illustrated
by the detection of miR-21, and the approach may be expanded to
detect other disease-related c-miRNAs, which offers a huge potential in
miRNAs profile assay, miRNAs function research, biomedical research
and for the early diagnosis of cancers based on miRNAs detection in the
clinical settings.
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