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Abstract A sensitive and specific bioassay based on cyclic
enzymatic amplification was developed for determination of
microRNA (miRNA) by taking advantage of the
exodeoxyribonuclease activity of T7 exonuclease (T7 Exo). In
the presence of miRNA, DNA/RNA duplexes are formed by
hybridization of miRNA and capture probes (Cp). Then, the
Cp is digested to releasemiRNA into the next amplification cycle
assisted by T7 Exo. This leads to the digestion of numerous Cp
molecules. The broken Cp does no longer hybridize with hairpin
probes (Hp) to unveil G-quadruplex DNAzyme (GDNAs).
However, in the absence of miRNA, the Hp hybridizes with
Cp to unveil GDNAs. The generated GDNAs form assemblies
with hemin to form the G-quadruplex/hemin DNAzyme
complex which is capable of catalyzing the oxidation of the
substrate ABTS by H2O2. Upon cyclic enzymatic amplification,
the output signal is reduced accordingly, this resulting in a
Bsignal-off^ signal best acquired at a wavelength of 418 nm.
The lower detection limit is 0.69 pM (at an S/N ratio of 3). The
assay involves efficient signal amplification, is homogeneous

and isothermal, and enables visual detection. It provides a simple,
rapid and sensitive platform for use in clinical diagnostics.

Keywords Visual test .Enzymaticamplification .DNA/RNA
duplex . Capture probe . Hairpin probes . G-quadruplex .
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Introduction

MicroRNAs (miRNAs) are a class of small (18–23 nucleo-
tides), endogenous, single-stranded RNA molecules that reg-
ulate the expression of genes in many cellular processes [1, 2].
The unnatural expression of miRNA may lead to serious dis-
eases, such as cancers, nervous diseases, and diabetes [3–5],
acting as significant signaling molecules in disease develop-
ment and progression [6, 7]. Thus, the quantitative analysis of
miRNA is urgently needed as novel biomarkers [8]. However,
given the unique characteristics of miRNAs, including short-
length, low abundance, and sequence homology among fam-
ily members, sensitive detection of miRNAs has remained a
great challenge [9].

To date, a variety of miRNA detection methods have been
reported, including traditional northern blotting, microarray
and real-time PCR. Among these methods, northern blotting
are taken as standard method for the detection of MicroRNA,
but the disadvantages of low sensitivity and sophisticated pro-
cedures may limit its applications [10]. In spite of the excellent
sensitivity and widespread applications of PCR in routine
miRNA detection, real-time PCR is hindered by strict control
of temperature cycling for amplification detection and false
positive result [11]. Microarray is considered as an ideal plat-
form for profiling miRNAs on a global scale because of its
exceptional multiplexing capacity microarray technology, but
this method is restricted by large sample size, fluorescent
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labeling and time-consuming hybridization time [12]. In ad-
dition, these methods are not applicable for point of care test-
ing (POCT), which is highly required for treating clinical
emergent events in rapid diagnosis.

To explore alternative methods for detection of miRNA has
attracted more and more attention and thus different biosen-
sors have been fabricated, such as surface plasmon
resonance(SPR) [13] and electrochemical [14], fluorescent
[15], and colorimetric biosensors [16]. However, many of
these methods still require enhanced sensitivity, some involve
laborious experiment operations, and other methods may rely
on advanced instruments and fluorescent labeling. Of the
above mentioned methods, homogenous colorimetric biosen-
sors exhibits particularly attractive merits of low cost, ease of
use and visual detection, thus holding great promise as a po-
tential point-of-care diagnostic tool for miRNA detection
[17–19]. In addition, to further overcome the shortcoming of
low sensitivity, an emerging research field of isothermal
nucleic acid amplification has been found growing attention
due to simplicity and high amplification efficiency, such as
rolling circle amplification (RCA) [20–22], signal mediated
amplification of RNA technology (SMART) [23], exponential
isothermal amplification reaction (EXPAR) [24, 25] and cy-
clic enzymatic amplification method (CEAM) [26].

Of the above amplification techniques, most of these
methods suffer from complicated design of primers or time-
consuming operation. CEAM, a recently developed method,
possesses the superior features of operational simplicity, high
amplification efficiency and low cost in nucleic acid detection.
The cyclic enzymatic amplification method based on
nucleases, in which one target leads to many cycles of target
dependent nuclease cleavage of reporter probes attains output
signal amplification [26, 27]. Moreover, T7 Exo, as a sequence
independent nuclease, can catalyze the stepwise removal of 5′
mononucleotides from the 5′-bluntor recessed terminus of
RNA/DNA hybrids or double stranded DNA [28–31].
Compared with previous nicking endonuclease assisted cyclic
amplification, no specific recognition site was required for T7
Exo, facilitating the DNA sequence design. Importantly, in
contrast to another widely used Exo III-assisted cyclic
amplification, T7 Exo can provide a low background signal
[32, 33]. Therefore, CEAM with the assistance of T7 Exo not
only enhances detection sensitivity, flexibility and simplicity
but also reduces the background signal.

Thus, a variety of biosensing strategies based on T7 Exo
have been developed, including fluorescent, electrochemical
and electrochemiluminescence biosensing strategy [27, 33,
34]. However, as the best of our knowledge, a simple homo-
geneous colorimetric biosensor, allowing to be visualizedwith
the bare eye, has not been developed. Therefore, it is of great
significance to develop a colorimetric biosensing strategy
based on T7 Exo assisted amplification for rapid and visual
detection of miRNA.

Based on these approving properties, we fabricated a sim-
ple Bsignal-off^ colorimetric biosensor for ultrasensitive and
selective detection of miRNA-21using signal amplification by
T7 Exo assisted target recycling in this work. With the cyclic
digestion of T7 Exo, the amount of capture probe (Cp) that
hybridized with hairpin probe (Hp) to unveil GDNAs and
form G-quadruplex/hemin DNAzyme for signal output in
the presence of hemin was accordingly reduced, resulting in
a Bsignal-off^ colorimetric biosensing strategy. The biosens-
ing strategy exhibits the merits of homogeneous and isother-
mal assay system, and excellent analytical performance to-
wards miRNA-21, offering a high potential detection strategy
for miRNA-21 determination in clinical molecular
diagnostics.

Experimental

Reagents and materials

T7 Exo and 10 × NEbuffer 4 (500 mM Potassium acetate,
200 mM Tris-acetate buffer, 100 mM magnesium acetate,
10 mM dithiothreitol, pH 7.9 at 25°C) were obtained from
New England Biolabs (USA). Hemin and 2, 2′-amino-di (2-
ethyl-benzothiazoline sulphonic acid-6) ammonium salt
(ABTS2−) were obtained from Sigma-Aldrich (St Louis,
MO, USA, http://www.sigmaaldrich.com/). MiRNA-21 was
purchased from TaKaRa Biotech. Inc. (Dalian, China, http://
www.takara.com.cn/). All oligonucleotides used in the
experiment were synthesized by Sangon Biotechnology Co.
Ltd. (Shanghai, China, http://www.sangon.com/). The
corresponding nucleotide sequences of the oligonucleotides
were shown in Table 1. All oligonucleotides were dissolved
in tris-ethylene diaminetetraacetic acid (TE) buffer (pH 8.0,
10 mM Tris-HCl, 1 mM EDTA) and stored at −20°C, which
were diluted in appropriate buffer prior to use.

The stock solution of 1.0 μg⋅μL−1 total RNA extracted
from breast adenocarcinoma (MCF-7) cells was purchased
from Ambion (California, USA). All solutions and deionized
water used were treated with diethyprocarbonated (DEPC) to
protect from RNase degradation. Ultrapure water from a
Millipore water purification system (≥18 MΩ⋅cm, Milli-Q,
Millipore) was used in all experiments. The stock solution of
hemin (5 mM) was diluted with 25mM4-(2-hydroxyethyl)-1-
piperazineëthanesulfonic acid (HEPES) (pH 8.0, 20 mMKCl,
200 mM NaCl, 0.05% Triton X-100 and 1% dimethyl sulfox-
ide (DMSO)).

Apparatus

A UV-visible spectrophotometer (UV-2550, Shimadzu,
Kyoto, Japan, http://www.shimadzu.com/) was used to
detect the UV-vis absorption. The concentrations of DNA
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suspensions were measured by ultraviolet spectrophotometry
using a NanoDrop 1000 spectrophotometer (Thermo
Scientific, Wilmington, DE, USA, http://www.nanodrop.
com/). And the gel electrophoresis was performed on the
DYY-6C electrophoresis analyzer (Liuyi Instrument
Company, China) and imaged on a Bio-rad ChemDoc XRS
(Bio-Rad Laboratories, USA).

Analytical protocol

First, 5 μL of different concentrations of miRNA-21 (10
pM to 100 nM) and 5 μL of 400 nM capture probe (Cp)
were added into 25 μL of TNaK buffer (20 mM Tris,
140 mM NaCl, 20 mM KCl, pH 7.5), and then the re-
action mixture was incubated at 37°C for 45 min. Next,
10 μL of 10 × NEBuffer, 55 μL of DEPC water and
0.05 U of T7 Exo were added into the mixture and in-
cubated at 37°C for 45 min. After that, 5 μL of 500 nM
hairpin probe (Hp) was added into the resulting mixture
and incubated at 37°C for 30 min. At last, 110 μL of
HEPES buffer and 3 μL of 200 μM hemin were added
into the resulting solution and incubated for 30 min at
room temperature.

To measure the UV-vis absorption, 220 μL of 4 mM
ABTS2− and 0.6 μL of 32 mM H2O2 as the DNAzyme sub-
strate were added into the reaction mixture, followed by incu-
bating at room temperature for 5 min. The absorbance of the
mixture was then measured using UV-vis spectrophotometer
in the wavelength range from 500 to 400 nm. The reaction rate
was monitored at 418 nm.

Gel electrophoresis analysis

The product solution was subjected to electrophoresis analysis
on the 3% agarose gel electrophoresis (AGE). Electrophoresis
was carried out in 1 × TBE buffer (89 mM Tris-boric acid,
2 mM EDTA, pH 8.3) at a 120 V constant voltage for 25 min.
After that, the gels were visualized via gel image system.

Results and discussion

Principle of the biosensing strategy

The principle of the biosensing strategy for miRNA-21 detec-
tion is depicted in Scheme 1. The assay system consists of the
signal transducer of hairpin DNA, T7-Exo assisted amplifica-
tion and DNAzyme signal readout steps. The signal transduc-
er of Hp DNA is composed of three domains, including Cp
recognition domain (in green), G-rich DNA domain (in blue)
and a sequence domain (in black) served as blocker of G-rich
DNA. In the absence of miRNA, Cp hybridizes with the Hp
recognition domain of hairpin DNA and free G-rich DNA,
which assembled with hemin and fold into an active confor-
mation. The active G-quadruplex/hemin complex exhibits su-
perior peroxidase-like activity and thereby catalyzes the con-
version of the colorless substrate ABTS2− to the green product
ABTS− in the presence of H2O2, generating a colorimetric
signal change. In the presence of miRNA, DNA/RNA du-
plexes are formed by the hybridization of miRNA and Cp.
With the assistance of T7 Exo, Cp is digested and miRNA
was released into additional cycle, resulting in the digestion
of a large amount of Cp. The broken Cp does not hybridize

Table 1 Oligonucleotides used in the present work

Oligonucleotides Sequences (5 ‘-3 ‘)

Capture probe TCAACATCAGTCTGATTTTTTTTTGG

Hairpin probe CCCAACCCAAAAAAAAATCAGACTGATGTTGAGGGTTGGGCGGGATGGG

MiRNA-21 UAGCUUAUCAGACUGAUGUUGA

Single-base mismatched target (a) UAGCUUAUCAGACUGAUGUUUA

Single-base mismatched target (b) UAGCUUAUCAUACUGAUGUUGA

Double-base mismatched target UAGCUUAUCAGACUGAUUUUUAAUUGA

Non-complementary target AUAUUCUUAUUAUAAUU

The underline portion represents mutation bases in target miRNA

Scheme 1 Schematic illustration of the biosensing strategy via T7-Exo
assisted amplification for miRNA-21 detection
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with Hp to unveil GDNAs from Hp. Thus, with the cyclic
enzymatic amplification, the output signal reduces according-
ly, achieving a simple Bsignal-off^ colorimetric detection. In
addition, the homogenous and isothermal assay system to-
gether with excellent amplification efficiency enables the de-
signed colorimetric biosensing strategy to be simplicity and
rapidity for the detection of miRNA-21. Thus, this simple and
sensitive detection method provides a promising tool for
miRNA-21 determination in clinical molecular diagnostics.

Verification of the signal amplification strategy

To verify the feasibility of the signal amplification strategy for
the detection of miRNA-21, colorimetric detection was per-
formed with or without the signal amplification strategy. As
shown in Fig. 1A, only addition of Hp, a little UV-vis absorp-
tion was obtained (line e) because G-quadruplex was blocked
in the hairpin structure. However, with addition of equal
amount of Cp to the reaction solution containing Hp, Hp
was fully opened by Cp, resulting in an increased signal and
maximum value (line a). Furthermore, only T7 Exo was added
into the assay system containing Hp and Cp, the observed
signal value (line b) had no obvious change in comparison
to the maximum value (line a). This result is attributed to the
lack of T7 Exo-assisted cyclic digestion of Cp in the absence
of miRNA-21. Subsequently, when miRNA-21 was added
into the system containing Hp and Cp, the signal reduced to
a certain extent, due to reduction of Cp which combines with
miRNA-21 and opens the DNA/RNA double-stranded (line
c). However, when T7 Exo was added into the assay system
containing Cp, Hp and miRNA-21, the signal value was ob-
viously reduced, indicating Cp in DNA/RNA double-stranded
is stepwise digested by T7 Exo (line d), thus achieving a
Bsignal off^ colorimetric biosensing system.

To further verify the feasibility of the biosensing strategy,
the cycling amplification assay was demonstrated by testing
the products of each reaction with agarose electrophoresis
(Fig. 1B). Lane 2 represented the mixture of hairpin probe
and capture probe, which showed a band with slower migra-
tion due to the assembly of capture probe and hairpin probe.
With addition of T7 Exo to the mixture in lane 2, the band in
lane 3 exhibited no change. Because capture probe is not
digested by T7 Exo in the absence of target miRNA-21, and
then capture probe hybridize with hairpin probe, resulting in a
same band as that in lane 2. Furthermore, the addition of target
miRNA to the mixture in lane 2 led to a lighter band in lane 4
on the reason that the capture probe is partly hybridized by
target miRNA. However, when the mixture of lane 4 was
added by T7 Exo, the assembled band of capture probe and
hairpin probe disappeared. This is ascribed to the cycling di-
gestion of capture with the assistance of T7 Exo in the pres-
ence of miRNA (lane 5). Thus, the cycling amplification pro-
ceeds as design.

Optimization of probe preparation and detection
conditions

To obtain the highest biosensing performance, several impor-
tant conditions were optimized. On account of the significance
of Cp for signal amplification, the Cp concentration was firstly
optimized. As shown in Fig. S1A, with the increasing concen-
trations of Cp, the response value rose and reached a plateau at
400 nM, which was designated as the appropriate concentra-
tion. HPwas employed as signal transducer of the colorimetric
method, and therefore its optimum concentration was opti-
mized and obtained at 500 nM (Fig. S1B). T7 Exo participated
in cyclical amplification process, and the effect of variable
concentrations of T7 Exo on amplification reaction was

Fig. 1 (A) UV-vis absorption spectra of the signal amplification strategy:
(a) Capture probe and hairpin probe; (b) Capture probe, hairpin probe and
T7 exonuclease; (c) Capture probe, miRNA-21 and hairpin probe; (d)
Capture probe, miRNA-21, T7 exonuclease and hairpin probe; (e) Only
hairpin probe. (B) Gel electrophoresis images of the amplification

products. Lanes 1, 500 bp DNAmarker; lane 2, capture probe and hairpin
probe; lane 3, capture probe, hairpin probe and T7 exonuclease; lane 4,
capture probe, miRNA-21 and hairpin probe; lane 5, capture probe,
miRNA-21, T7 exonuclease and hairpin probe
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investigated in Fig. S1C. At low concentrations, the signal
showed the maximum response due to the saturated binding,
and the UV-vis absorption was reduced with the increase of
T7 Exo concentration accordingly with a stable trend at
0.05 U, which was used in the following experiment. The
signal amplification catalyzed by DNAzyme was influenced
by H2O2 volume. Hence, its significant volume was also in-
vestigated and selected at 0.6 μL (32 mM) (Fig. S1D).

Analytical performance

Under the optimal experimental conditions, the performance
of the biosensing strategy was investigated by detecting dif-
ferent concentrations of target miRNA. As presented in Fig. 2,
UV-vis absorption increased with the reduced concentrations
of target miRNA, and there was a good linear relationship
between the colorimetric responses and the logarithm of
miRNA-21 concentration in the range of 10 pM to 100 nM.
The resulting linear equation is Y = 0.198–0.052 lgX (X is the

concentration of miRNA-21 and Y is the value of absorbance)
with a correlation coefficient of 0.9995. Additionally, the de-
tection limit was estimated to be 0.69 pM (S/N = 3).
Compared with the reported colorimetric methods listed in
Table 2, the biosensing strategy exhibits great improvement
in the analytical performance without any special
nanomaterials. These results come from the high efficient am-
plification of T7 Exo and the cascade DNAzyme catalysis.

Specificity and reproducibility of the biosensing strategy

To investigate the specificity of the biosensing strategy, we
compared the colorimetric response to miR-21 with responses
to other three different oligonucleotides, including single-base
mismatched sequences at different mutation positions,
double-base mismatched sequence and non-complementary
oligonucleotides at the same concentration of 100 nM. As

Fig. 2 Plot of absorption for different miRNA-21 concentrations of the
sensing system (0, 0.01, 0.1, 1, 10 and 100 nM). The absorption was
measured at 418 nm, and the error bars represented average standard
errors for three measurements

Table 2 Comparison between the bioassay and other reported
colorimetric methods for miRNA detection

Technique Target Method Material Limit Reference

Colorimetry
Colorimetry
Colorimetry
Colorimetry
Colorimetry

miRNA
miRNA
miRNA
miRNA
miRNA

DSN
CD
DSN
HCR
T7 exo

GNPs
GNP/MB
GNPs
GNPs
ABTS

10 fM
10 pM
16 pM
6.8 pM
0.69 pM

[35]
[36]
[37]
[38]
This work

DSN duplex-specific nuclease, CD catalytic disassembly, EXPAR isother-
mal exponential amplification,HCR hybridization chain reaction, T7 exo,
T7 exonuclease, GNPs gold nanoparticles, MB magnetic bead

Fig. 3 Absorption value respond to miRNA-21 (a), single-base
mismatched sequence (b, c), double-base mismatched sequence (d),
non-complementary sequence (e) and blank (f), respectively. The error
bars represented average standard errors for three measurements

Fig. 4 Absorption spectra of the biosensing strategy obtained from
200 ng of total RNA sample spiked with 30 fmol miR-21 (c), 200 ng of
total RNA sample (b), and the blank (a)
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shown in Fig. 3, the colorimetric response to full-
complementary sequence was much lower than those of
single-base mismatched sequences, double-base mismatched
sequence, non-complementary sequence and blank control,
demonstrating that the biosensing system effectively discrim-
inates different oligonucleotides sequences and displays ex-
cellent specificity.

Interference of biological samples on miRNA detection

Besides sensitivity and specificity, interference of complex
matrix on the biosensing strategy is another important feature
need to be investigated. Total RNA samples (200 ng) extract-
ed from breast adenocarcinoma (MCF-7) cells was firstly
measured. According to the calibration curve shown in
Fig. 4, the amount of miRNA-21 in the total RNA sample
was estimated to be 21 fmol per 200 ng (RSD = 3.8%,
n = 5). Then, 30 fmol synthetic miRNA-21 was spiked into
200 ng ofMCF-7 total RNA, and the amount of miRNA-21 in
the spiked sample was estimated to be 52 fmol (RSD = 2.7%,
n = 5) with a recovery ratio of 98.1%, suggesting that the
sensing method did not compromise in complex matrix.

Conclusions

In summary, this work has fabricated a simple colorimetric
biosensing strategy for highly sensitive and specific detection
of target miRNA-21 using T7 Exo-based signal amplification.
The achieved biosensing system shows high sensitivity and
good specificity for the determination of target miRNA-21
with a low detection limit of 0.69 pM. This strategy not only
takes the advantage of high efficient amplification feature but
also specific amplification feature of T7 Exo. Besides, the
biosensing performance does not compromise in complex ma-
trix. Notably, the colorimetric strategy demonstrates the dis-
tinct advantages including the simplicity in probe design, ho-
mogeneous and isothermal assay system as well as visual
detection. Therefore, the colorimetric strategy provides a po-
tential alternative platform for the detection of miRNA-21 in
biomedical research and early clinical diagnosis.
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