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ABSTRACT: On the basis of the use of silver nanoclusters
(AgNCs) in situ synthesized by cytosine (C)-rich loop DNA
templates as signal amplification labels, the development of a label-
free and highly sensitive method for electrochemical detection of
microRNA (miRNA-199a) is described. The target miRNA-199a
hybridizes with the partial dsDNA probes to initiate the target-
assisted polymerization nicking reaction (TAPNR) amplification to
produce massive intermediate sequences, which can be captured on
the sensing electrode by the self-assembled DNA secondary probes.
These surface-captured intermediate sequences further trigger the
hybridization chain reaction (HCR) amplification to form dsDNA
polymers with numerous C-rich loop DNA templates on the
electrode surface. DNA-templated synthesis of AgNCs can be
realized by subsequent incubation of the dsDNA polymer-modified electrode with AgNO3 and sodium borohydride. With this
integrated TAPNR and HCR dual amplification strategy, the amount of in situ synthesized AgNCs is dramatically enhanced,
leading to substantially amplified current response for highly sensitive detection of miRNA-199a down to 0.64 fM. In addition,
the developed method also shows high selectivity toward the target miRNA-199a. Featured with high sensitivity and label-free
capability, the proposed sensing scheme can thus offer new opportunities for achieving sensitive, selective, and simple detection
of different types of microRNA targets.
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■ INTRODUCTION

MicroRNAs (miRNAs), typically about 19−25 nucleotides in
length produced by digesting single-stranded hairpin structure
RNA precursors (about70−90 bases) in the Dicer enzyme
processing, are a class of single-stranded, endogenous, non-
protein-coding RNAs.1,2 MiRNAs exhibit a variety of important
regulatory roles in the living process by specifically binding to the
target messenger RNAs (mRNAs),3 thereby inhibiting gene
expression after transcription, including cell proliferation,
differentiation, apoptosis, and metabolism.4 The regulatory
ability of the cellular miRNAs can alter the majority of human
mRNA expressions and affect the downstream production of
many gene products and eventually the proteins. It has been
shown that the aberrant (increased or decreased) expression of
miRNA is associated with several diseases, such as cancer,5

hepatitis,6,7 malignancies,8 and neurodegeneration.9 The ex-
pression profiles of miRNAs can thus serve as desirable
biomarker candidates for prognosis, diagnosis and even treat-
ment of cancer and other diseases. Therefore, the development
of highly sensitive, selective and simplemethods for the detection
of miRNA is urgently demanded.
Early traditional miRNA detection methods include micro-

arrays,10 real-time polymerase chain reaction (RT-PCR),11

Northern blot,12 in situ hybridization13 and bioluminescence.10

The detection approaches of Northern blot and in situ
hybridization have low sensitivity and generally require
cumbersome steps, limiting their routine applications for
miRNA analysis.14 The RT-PCR assay methods are prone to
external contamination due to the extra primer extension
amplification techniques, while the microarray approaches
require expensive instruments and intricate operations to prevent
excitation light or environment effects from quenching
fluorescence.15 The bioluminescence-based miRNA assays,
however, need expensive reagents and instruments and the
enrichment of the target miRNA as well. These limitations of the
traditional miRNA detection methods therefore intrigue the
development of new alternatives for miRNA monitoring. In
recent years, a number of approaches based on fluorescence,16−18

electrochemiluminescence (ECL)19 and electrochemistry20−22

for miRNA detection have been reported. Among these
detection schemes, the electrochemistry-based approaches are
particularly suitable for achieving convenient, sensitive and
selective detection of miRNA because of the intrinsic advantages
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of the electrochemical techniques in terms of simplicity, easy
miniaturization, low cost, and high sensitivity.
To achieve sensitive detection of miRNA, electrochemical

labels are commonly used to amplify the signal output, and a
variety of nanomaterials are increasingly employed as effective
signal enhancers, because of their unique electronic and catalytic
properties, as well as their high specific surface area and the high
loading capacity for the receptor molecules.23−25 However,
extensive conjugation of the nanomaterial labels to the probe
molecules is commonly required in most electrochemical assays,
which potentially increases the complexity and cost of the
methods. The development of label-free, nanomaterial-based
amplification strategies would therefore facilitate the monitoring
of miRNA.
Herein, we report on a new label-free strategy for highly

sensitive detection of miRNA (miRNA-199a) based on in situ,
DNA template-synthesized silver cluster (AgNC) signal
amplification labels. AgNCs are ultrasmall particles containing
2−30 of Ag atoms.26 These AgNCs exhibit dramatically different
optical, electronic, and chemical properties when compared to
nanoparticles or bulk materials due to their extremely small
sizes.27,28 Since the first report on DNA-templated synthesis of
AgNCs by Dickson’s group in 2004,29 AgNCs have been widely
used as fluorescent tags in live cell staining30 and the detection of
different types of molecules such as metal ions,31 small
molecules,32 DNA33 and proteins.34 Although increasingly
used as fluorescent tags, the employment of AgNCs as
electrochemical labels has been rarely explored.35 Similar to
the redox property of Ag nanoparticles, AgNCs can be
potentially used as electrochemical tags for amplified detec-
tions.36 Besides, in our miRNA detection approach, two
amplification strategies, target-assisted polymerization nicking
reaction (TAPNR) and hybridization chain reaction (HCR),37

are incorporated into the assay method to increase the amount of
the in situ-synthesized AgNCs to achieve subfemtomolar
detection of miRNA-199a.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Tris-HCl, tris(2-carboxyethyl) phos-

phine hydrochloride (TCEP), and 6-mercapto-1-hexanol (MCH) were
purchased from Sigma-Aldrich (St. Louis, MO). The nicking enzyme
Nt.BbvCI (an endonuclease that recognizes the specific nucleotide
sequence of 5′-CC↓TCAGC-3′ in a dsDNA and cuts the nucleotide

sequence in the arrow), Bst-DNA polymerase (Large Fragment) and
NEB buffer (10 × ) (50 mM NaCl, 10 mM Tris-HCl, 10 mMMgCl2, 1
mM dithiothreitol, pH 7.9) were purchased from New England Biolabs
Inc. (Beijing, China). Ethylenediaminetetraacetic acid (EDTA), sodium
citrate and sodium borohydride (NaBH4) were obtained from Kelong
Chemical Inc. (Chengdu, China). Silver nitrate (AgNO3) was purchased
from Aladdin Reagents (Shanghai, China).

The HPLC-purified miRNAs, all synthetic DNAs with sequences
listed below and the deoxyribonucleoside 5′-triphosphate (dNTPs)
mixture were all provided by Invitrogen Biotechnology Co. Ltd.
(Shanghai, China). Target miRNA-199a: 5′-ACA GUA GUC UGC
ACA UUG GUU A-3′; MiRNA-21:5′-UAG CUU AUC AGA CUG
AUG UUG A-3′; MiRNA-141:5′- UAA CAC UGU CUG GUA AAG
AUG G-3′; one-base mismatched miRNA-199a: 5′-ACA GUC GUC
UGC ACAUUGGUU A-3′; Three-base mismatched miRNA-199a: 5′-
ACA GUC GUC UGA ACC UUG GUU A-3′; amplification template
probe (TP): 5′-TTACATAAGGCTGATCAGCTGAGGTAACCA
ATG TGC AGA CTA CTG T-3′; thiolated capture probe (SH−CP):
5′-SH-TTA CAT AAG-3′; hairpin probe H1: 5′-GCT GAT CAG CCC
CCC CCC CCC CTG ATC TGC ATC TAG AT-3′; hairpin probe H2:
5′-TCA GCTGATCAGCATCTCCCCCCCCCCCCAGATGCA
GA-3′; hairpin probe H1 without the C-rich region: 5′- GCTGATCAG
TTAGATTAGATTCTGATCTGCATCTAGAT-3′; hairpin probe
H2 without the C-rich region: 5′- TCA GCT GAT CAG CAT CTT
TAG ATT AGA TTA GAT GCA GA-3′. All reagents were analytical
grade and solutions were prepared using ultrapure water (specific
resistance of 18 MΩ-cm).

Target-Assisted Polymerization Nicking Reaction (TAPNR).
The TAPNR was carried out by incubating the mixture of TP (1.0 μM),
Bst-DNA polymerase (0.4 U), Nt.BbvCI nicking enzyme (0.2 U),
dNTPs (250 μM) and a series of various concentration of the target
miRNA-199a in 1 ×NEB buffer at 37 °C for 60 min to produce massive
intermediate sequences. After that, the mixtures were heated to 90 °C
and kept for 10 min to deactivate the Bst-DNA polymerase and
Nt.BbvCI enzyme, followed by cooling down to room temperature.

Label-Free and Amplified Electrochemical Detection of
miRNA-199a. First of all, the gold electrodes (AuEs, 3 mm in
diameter) were soaked in fresh piranha solution (mixture of 98%H2SO4
and 30% H2O2 at a volume ratio of 3:1) for at least 30 min, followed by
polishing with 0.3 and 0.05 μmalumina slurries for 5min separately after
rinsing thoroughly with ultrapure water. After that, the electrodes were
sonicated sequentially for 5 min in ultrapure water, ethanol and
ultrapure water to remove the residual alumina powder. Then, the
electrodes were further electrochemically cleaned in 0.5 M H2SO4 with
potential scanning from −0.3 and 1.55 V until a remarkable
voltammetric peak was obtained, followed by rinsing with ultrapure
water and drying with nitrogen. Next, a droplet of 10 μL SH−CP (0.5

Scheme 1. Schematic Illustration of Ultrasensitive and Label-Free Electrochemical Detection of miRNA-199a Based on In Situ
Generated AgNCs by Coupling TAPNR with HCR Amplifications
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μM) in the immobilization buffer (10 mM Tris-HCl, 1 mM EDTA, 10
mM TCEP, 0.1 M NaCl, pH 7.4) was dropped on the pretreated
electrodes and incubated overnight at room temperature. After being
rinsed with deionized water, the resulting SH−CP-assembled electrode
was blocked with 1 mMMCH (10 μL) for 2 h to obtain the MCH/SH−
CP/AuE. After rinsed and dried, the MCH/SH−CP/AuE modified
electrode was then incubated with the mixture of the reaction product of
TAPNR for 1 h at room temperature to capture the intermediate
sequences on the gold sensing electrodes by their complementary
sequences (SH−CP) through DNA hybridizations. Followed by
washing with HB buffer (10 mM Tris-HCl, 500 mM NaCl and 1 mM
MgCl2, pH 7.4), the electrodes were exposed to the mixture of H1 (0.5
μM) and H2 (0.5 μM) in HB at room temperature for 2 h. Then, the
electrodes were rinsed with HB and dried, and 10 μL of AgNO3 solution
(100 μM) in citrate buffer (20 mM sodium citrate, pH 7.0) was dropped
on the electrode surface for 15 min in dark. Subsequently, 2 μL of fresh
NaBH4 solution (500 μM) in citrate buffer was carefully added to the
electrode surface covered by AgNO3 solution at room temperature for 2
h in dark to reduce AgNO3 to AgNCs.38 Finally, the electrodes were
washed with phosphate buffer (PB, 0.15M, pH 5.5) and electrochemical
measurements were performed.
Electrochemical Measurements. Cyclic voltammetry (CV) and

differential pulse voltammetry (DPV) were performed on a CHI 621D
electrochemistry workstation (CH Instruments Inc., Shanghai, China).
A conventional three-electrode system with a Ag/AgCl (3 M KCl)
reference electrode, a platinum wire counter electrode, and the modified
AuE was used for the measurements. DPV measurements were carried
out in PB by scanning the potential from 0.0 to 0.4 V with the pulse
amplitude of 50 mV, pulse width of 25 ms and sampling width of 16.7
ms.

■ RESULTS AND DISCUSSION
Scheme 1 illustrates our approach for highly sensitive and label-
free electrochemical detection of miRNA-199a based on the in
situ-synthesized AgNCs. To achieve significant signal enhance-
ment, two amplification means, TAPNR and HCR, are
integrated into the assay protocol. As depicted in Scheme 1, in
the TAPNR process, the target miRNA-199a first hybridizes with
the amplification template probe (TP). TP contains three
functional regions: a miRNA-binding domain that is comple-
mentary to the target miRNA-199a (the pink region), a
complementary domain of the recognition sequences for the
nicking enzymes Nt.BbvCI (the short blue region in the middle
of TP), and an amplification domain (the red region) that acts as
the template to produce massive intermediate sequences (the
cyan sequence) with the aid of the Bst-DNA polymerase and
Nt.BbvCI nicking enzyme. Upon the formation of the partial
duplex by the hybridization between the miRNA-199a and TP,
the Bst-DNA polymerase (with the presence of dNTPs)
catalyzes the extension of miRNA-199a starting from the 3′
terminus to form fully complementary duplex with specific
recognition sequence (5′-CC↓TCAGC-3′) and site (in the
arrow) for the Nt.BbvCI nicking enzyme, which cleaves the fully
complementary duplex and releases the intermediate sequence.
The release of the intermediate sequence can result in another
round of polymerase extension of the miRNA-199a and the
generation of duplicated intermediate sequences. By following
this TAPNR mechanism, the generation of the intermediate
sequences is amplified exponentially and numerous intermediate
sequences can thus be produced. After the completion of the
TAPNR, these intermediate sequences are captured by the SH−
CPs self-assembled on the AuE and further trigger the HCR
formation of the dsDNA ploymers on the AuE with the presence
of the cytosine (C)-rich loop hairpin probes (H1 and H2),

39

which can facilitate the formation of stable AgNCs.40 After HCR,
DNA polymers with multiple C-rich loop hairpins are assembled

on the electrode surface and numerous AgNCs can thus be in situ
generated upon incubation of the electrode with AgNO3 and
NaBH4. These in situ-generated AgNCs are expected to exhibit
substantially amplified current response under DPV scan for
indirect detection of trace amounts of miRNA-199a.
CV, an effective tool for the investigation of self-assembled

monolayers on the electrode surface, was employed to
characterize the fabrication process of the electrochemical
biosensor at different stages with the sensitive redox couple of
[Fe(CN)6]

3−/4− in KCl solution (0.1 M). As shown in Figure 1, a

couple of reversible, well-defined redox peaks of [Fe(CN)6]
3−/4−

(curve a) with maximum current intensity is observed on the
pretreated bare AuE because of the strong electron transfer
ability of [Fe(CN)6]

3−/4− to the bare AuE. After the formation of
the self-assembled monolayer of the SH−CP and MCH on the
pretreated AuE, the current responses of [Fe(CN)6]

3−/4− exhibit
dramatic decreases (curve b vs a), because of the electrostatic
repulsion of [Fe(CN)6]

3−/4− from the electrode surface by the
negative charges on the DNA backbones. As expected, the
hybridizations between the intermediate sequences (generated
by the TAPNR process) and the self-assembled SH−CPs lead to
further deceases in the current responses (curve c) due to the
introduction of more negative charges to the electrode surface.
Subsequent HCR triggered by the surface-hybridized inter-
mediate sequences causes significant suppression of current
responses and dramatic peak separation (curve d) because of the
formation of the dsDNA polymers on the electrode surface.
These results suggest the successful fabrication of the self-
assembled monolayer and surface-initiated HCR on the sensing
electrode.
To verify the signal amplification capability of our new

protocol, the signal outputs with/without the TAPNR and HCR
amplifications were first compared in the absence/presence of
the miRNA-199a (10 pM) target sequences (see Figure 2). In the
absence of miRNA-199a, the TAPNR amplification process is
inhibited, subsequent generation of the intermediate sequences
is suppressed, and a small background current response at ∼0.24
V (curve a) is observed because of the direct adsorption of Ag+ on
the self-assembled SH−CP by electrostatic interaction between
the negatively charged DNA backbones and the positively
charged Ag+ and reduction by NaBH4.

41 In the presence of
miRNA-199a (10 pM), the TAPNR process proceeds to
generate massive intermediate sequences, which hybridize with
the SH−CPs on the AuE. The capture of the intermediate
sequences (without subsequent HCR) leads to apparent increase
in the current response (curve b) due to the adsorption of more

Figure 1.Typical cyclic voltammograms of different modified electrode:
(a) bare AuE, (b) SH−CP/AuE, (c) intermediate sequence/SH−CP/
AuE, and (d) HCR/intermediate sequence/SH−CP/AuE. CV
measurements were performed in 0.1 M KCl solution containing 1
mM [Fe(CN)6]

3−/4− by scanning the potential from −0.1 to 0.6 V at a
scan rate of 50 mV S1−.
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Ag+ on the DNA strands. Subsequent HCR assembly of H1 and
H2 without the C-rich loop regions on the electrode surface
results in further increase in current response (curve c) because
of the enhanced adsorption of Ag+ instead of the formation of the
AgNCs on the self-assembled DNA polymers. Moreover, when
H1 and H2 with the C-rich loop regions are self-assembled on
the electrode surface through the intermediate sequence-
triggered HCR, significant amplification of the current response
is observed (curve d), which is due to the electro-oxidation of the
DNA-templated, in situ synthesized AgNCs. The experimental
comparisons here clearly indicate the significant signal
amplification capability of the proposed method for miRNA-
199a detection via the combination of the TAPNR and HCR
dual signal amplification strategy.
To achieve optimal performance for amplified electrochemical

detection of miRNA-199a by using our approach, the effect of
different assay parameters, including the immobilization
concentration of SH−CP, TAPNR time, and the concentration
of AgNO3, on the signal output were investigated. On the basis of
our previous report on surface initiated HCR, the HCR time was
fixed at 2 h in all experiments.39 We first optimized the
immobilization concentration of SH−CP at 0.2, 0.5, and 1.0 μM,
respectively, for the detection of miRNA-199a (10 pM). As
shown in Figure 3A, the immobilization concentration of SH−
CP at 0.5 μM exhibits the best signal-to-noise ratio (i/i0, i and i0
correspond to the DPV peak currents with the presence and
absence of the target miRNA-199a, respectively) for miRNA-
199a. Although the low density of SH−CP (0.2 μM) results in a

low background current due to decreased adsorption of Ag+, the
DPV signal current response with the presence of the target
miRNA-199a is also low because of the reduced capture of the
intermediate sequences for subsequent HCR. This leads to a
lower signal-to-noise ratio. High density of SH−CP (1.0 μM)
results in a slightly decreased current response for the presence of
the target miRNA-199a. Such decrease is possibly due to the
partial inhibition of HCR by the steric hindrance of the increased
amount of the intermediate sequences captured by the high
density of SH−CP. On the other hand, high density of SH−CP
also leads to the adsorption of more Ag+ and relatively high
background, and the lowest signal-to-noise is obtained.
According to the results, the medium density (0.5 μM) of
SH−CP is selected as the optimal immobilization concentration
for all subsequent experiments. Figure 3B depicts the effect of the
TAPNR time on the DPV response in the presence of the target
miRNA-199a (10 pM). As anticipated, the DPV peak current
increases rapidly along with the extension of the TAPNR
duration and reaches a plateau at 60 min, which is due to the fact
that with longer TAPNR time, more intermediate sequences can
be generated and captured by SH−CP to trigger the HCR
amplification. However, the amount of intermediate sequences
captured on the electrode is close to saturation with the TAPNR
for 60 min, leading to the plateau in Figure 3B. Based on the
results, 60 min is selected as the optimal TAPNR duration.
Considering the important role of AgNO3 in the synthesis of the
AgNCs, the effect of the concentration of AgNO3 on the signal-
to-noise ratio was also investigated. From Figure 3C, we can see
that the vlaue of i/i0 increases gradually with increasing
incubation concentration of AgNO3 from 20 μM to 100 μM
and decreases thereafter (from 100 to 500 μM). Such a decrease
is assumably due to the reason that the synthesis of AgNCs tends
to saturate at the concentration of AgNO3 higher than 100 μM,
whereas a further increase in the concentration of AgNO3 is
prone to cause an increase in the background current, resulting in
decreased i/i0 value. The concentration of AgNO3 is therefore
fixed at 100 μM for subsequent experiments.
The DPV response of the sensor for different concentrations

of the target miRNA-199a was measured to serve as the basic
values for miRNA-199a determination. As shown in Figure 4A,
the DPV response increases accordingly with increasing
concentration of miRNA-199a from 1.0 fM to 0.1 nM under
optimized conditions. Figure 4B displays the calibration curve for
quantitative analysis of the target miRNA-199a, in which the
DPV peak current response shows a strong linear dependence
upon the logarithm of the concentration of the target miRNA-
199a. The linear regression equation is determined to be i (μA) =
14.9753 + 0.9428 log c (i is the peak current and c is the

Figure 2. Typical DPV responses of the sensing electrodes for (a) the
absence and (b) the presence of miRNA-199a (10 pM) with TAPNR
amplification, (c) the presence of miRNA-199a (10 pM) with both
TAPNR and HCR by using H1 and H2 without and (d) with the C-rich
loop regions. The immobilization concentration of SH−CP: 0.5 μM;
The TAPNR time: 50min; The concentration of AgNO3: 200 μM.DPV
measurements were performed in 0.15 M PB (pH 5.5) with the pulse
amplitude of 50 mV, pulse width of 25 ms and sampling width of 16.7
ms. Error bars, SD, n = 3.

Figure 3.Optimization of (A) immobilization concentration of SH−CP (with the TAPNR time for 50min and the concentration of AgNO3 at 200 μM),
(B) TAPNR time (with immobilization concentration of SH−CP at 0.5 μM and the concentration of AgNO3 at 200 μM), and (C) the concentration of
AgNO3 (with the immobilization concentration of SH−CP at 0.5 μMand the TAPNR time for 60min) for amplified detection of miRNA-199a (10 pM)
by using the proposed sensing method. Error bars: SD, n = 3. Other conditions, as in Figure 2.
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concentration of the target miRNA-199a) with a correlation
coefficient (R2) of 0.9972 and the detection limit is estimated to
be 0.64 fM (three times the standard deviation above the blank, n
= 11). In addition, the relative standard deviation (n = 6) of the
target miRNA-199a at the 10 pM level was 6.7% with different
electrodes, indicating good reproducibility of the proposed
sensing method.
The selectivity of the proposed method was evaluated by using

four control microRNA sequences, including the miRNA-21,
miRNA-141, and one- and three-base mismatched miRNA-199a
sequences. As exhibited in Figure 5 (bar b to d), the DPV peak

currents for the presence of the control sequences (miRNA-21,
miRNA-141 and three-base mismatched miRNA-199a all at 0.5
nM) show insignificant changes compared to that of the blank
test (bar a, background current with the absence of the target
miRNA-199a). Despite the apparent increase in the peak current
for the one-base mismatched miRNA-199a (bar e), the presence
of a much lower (50-fold) concentration of the target miRNA-
199a (10 pM) yields a significantly higher DPV peak current, and
the mixture of the target miRNA-199a (10 pM) with miRNA-21,
miRNA-141 and three-base mismatched miRNA-199a (each at
0.5 nM) has negligibly influence on the current intensity (bar g vs
f). These comparisons indicate the high selectivity of the method,
in which only the perfectly complementary miRNA can trigger
the TAPNR and HCR amplifications to generate significantly
enhanced current response. That is to say, the developed
detection method is highly selectively toward miRNA-199a
against other control sequences.
The feasibility of the sensing strategy for the detection of

miRNA-199a in real samples were evaluated by performing
recovery tests of miRNA-199a in human serum samples
(obtained from healthy volunteer) using the standard addition

method. Different concentrations of miRNA-199a at 10 fM, 1.0
pM, 50 pM were separately spiked into the serum samples
diluted 10 times with 1 × NEB buffer and the measured results
are shown in Table 1. From this table, we can see that the

recoveries for the added miRNA-199a are in the range from 96.5
to 103.8%, and the RSD is below 4.8%, indicating that the
proposed sensing platform can be applied to monitor miRNA-
199a in complex biological samples.

■ CONCLUSIONS
In summary, we have demonstrated a label-free and highly
sensitive method for electrochemical detection of miRNA-199a
by using AgNC labels. The AgNC signal amplification labels can
be synthesized in situ on the sensing electrode to avoid any signal
probe conjugation steps to achieve label-free detection of
miRNA-199a. Besides, the TAPNR and HCR amplification
approaches are integrated into the assay protocol to assemble
multiple C-rich loop DNA templates on the electrode surface to
increase the synthesis of AgNCs, which leads to significantly
enhanced current response for highly sensitive detection of
miRNA-199a at 0.64 fM. Moreover, the developed method is
also selective toward the target miRNA-199a against other
control microRNA sequences and can be used to detect miRNA
in human serum samples. With the advantages in terms of label-
free and high sensitivity, we expect the developed microRNA
detection method to be expanded for the monitoring of more
general nucleic acid sequences in addition to microRNA targets
at ultralow levels.
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