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ABSTRACT: Abnormal expression of miRNAs always occurs
in solid tumors. Thus, it is critical to sensitively and selectively
detect such biomarkers for the diagnosis and prognosis of
diseases. Here, we report a biosensing scheme for the
determination of miRNA with triple signal amplification
based on target-triggered cyclic duplex specific nuclease
digestion and bridge DNA−gold nanoparticles. Electro-
chemical signals are recorded to present initial levels of
miRNA. This method is ultrasensitive with a wide linear range
of 10−17 to 10−11 M. The limit of detection is down to 6.8 aM.
Moreover, the overexpression of miR-21 is confirmed in lung
cancer patients by the proposed method, which is in good
accordance with qRT-PCR results. In addition, the developed
biosensor does not need a reverse transcription process or any thermal cycling processes. Its performance satisfies the
requirement for convenient, rapid, sensitive, and specific early diagnosis of cancers. Therefore, it may have great potential utility
in the near future.

MicroRNAs (miRNAs) are a class of short noncoding
RNAs (18−25 nucleotides) acting as sequence-specific

post-transcriptional regulators.1 They play critical roles in the
cellular network of animals, plants, and protozoa.2,3 miRNAs
participate in various biological processes such as cell
differentiation, proliferation, apoptosis, stress-specific cellular
outcome, and tissue development.4−7 Recently, many re-
searches have focused on the convergent and cooperative
miRNA network that drives angiogenesis and tumor meta-
stasis.8 It is also indicated that a number of diseases show
abnormal expression of miRNAs; thus, they may serve as
reliable disease biomarkers.9,10 For instance, miR-21 is found to
be a potential broad-spectrum biomarker for the detection of
many cancers such as lung cancer,11 hepatocellular carcinoma,12

breast cancer,13 lymphoma,14 and glioma.15

Cancers are currently the most serious threats to human
health, and the mortality is very high.16 To understand the
functions of miRNA in cancer diagnosis and chemotherapy
response, accurate and sensitive detection of miRNA in
biological samples is critical. Traditional techniques for
miRNA analysis include Northern blotting analysis,17 quanti-
tative PCR,18 and microarray.19 However, due to the intrinsic
features of miRNA such as short length, low expression level,
and analogical sequences, improved methods are highly
required to meet the latest analytical demands. So far,
increasing interest in signal amplification has led to the
development of many advanced nanomaterials such as

luminescent quantum dots,20 two-dimensional nanosheets,21

and three-dimensional heterostructured nanocomposites.22

Nucleic acid structure engineering is also an emerging hotspot,
including hybridization chain reaction (HCR),23 catalyzed-
hairpin-assembly (CHA) amplification,24 rolling circle amplifi-
cation (RCA),25,26 and strand displacement amplification
(SDA).27

In this contribution, we introduce a novel amplified detection
method for miRNA assay based on duplex specific nuclease
(DSN) and bridge DNA−gold nanoparticles (AuNPs). This
approach has several attractive features. First, DNA sequences
are ingeniously designed to accurately control the aggregation
of three AuNPs. The commonly undesired aggregation event is
integrated in the triple signal amplification process, which also
involves DSN-assisted cleavage cycles and AuNPs based
enrichment of electrochemical species. Thus, ultrahigh
sensitivity is promised for the detection of miRNA. Second,
“turn-off” mode of biosensors always has low signal/back-
ground ratio, and certain nonspecific disturbances may lead to
false positive results. Because the capture of signals is activated
in the presence of target miRNA, this method belongs to the
“turn-on” biosensor, which has intrinsic merits over traditional
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turn-off biosensors.28 Third, it does not require any reverse
transcription process, and thermal cycling is eliminated, which
benefits practical applications and challenges the technique of
qRT-PCR. Fourth, this strategy is highly generalized, which is
applicable to different DNA and RNA sensing tasks. Therefore,
further biomolecular sensing applications may be extended.

■ EXPERIMENTAL SECTION

Materials and Reagents. Gold(III) chloride trihydrate
(HAuCl4·3H2O), tris(2-carboxyethyl)phosphine hydrochloride
(TCEP), trisodium citrate, diethypyrocarbonate (DEPC),
ethylenediaminetetraacetic acid (EDTA), mercaptohexanol
(MCH), and hexaammineruthenium(III) chloride ([Ru-
(NH3)6]

3+) were purchased from Sigma (United States). All
other reagents were of analytical grade and were used as
received. Water used in this work was purified by a Millipore
system (18 MΩ·cm resistivity). It was further treated with
DEPC (0.1%) before use. DSN was supplied by Genomax
Technologies Pte Ltd. (Singapore). qRT-PCR kit was
purchased from Life Technologies (United States). All
oligonucleotides were synthesized and purified by Takara
Biotechnology Co., Ltd. (Dalian, China). Detailed sequences
are shown in Table S1.
Instrumentation. Transmission electron micrograph

(TEM) was taken using an FEI Tecnai G20 transmission
electron microscope (FEI Company, United States). Dynamic
light scattering (DLS) characterization was performed using a
Zetasizer Nano ZS90 (Malvern Instruments, UK). Electro-
chemical experiments were performed on a CHI 660D
electrochemical workstation (CH Instruments, China). A
traditional three electrode system was utilized, which consisted
of a saturated calomel reference electrode, a platinum wire
auxiliary electrode, and a gold working electrode. Electro-
chemical impedance spectroscopy (EIS) experiments were
performed using 5 mM [Fe(CN)6]

3−/4− containing 1 M KCl
with the parameters of 0.21 V bias potential, 5 mV amplitude,
and 0.1−100 000 Hz frequency range. Chronocoulometry
experiments were performed in 10 mM Tris-HCl solution
containing 50 μM [Ru(NH3)6]

3+. The pulse period was 250 ms.
Gold Electrode Treatment. The substrate gold electrode

with the diameter of 3 mm was first soaked in piranha solution
(98% H2SO4:30% H2O2 = 3:1) for about 5 min (Caution:
highly corrosive). It was rinsed with double-distilled water and
then polished to a mirror-like surface using P5000 silicon
carbide paper and 1, 0.3, and 0.05 μm alumina slurry,
successively. After that, to remove any residual alumina, the
electrode was sonicated in ethanol and then double-distilled
water, respectively. The electrode was further incubated with
50% nitric acid for 0.5 h and then electrochemically cleaned
with 0.5 M H2SO4. Afterward, it was dried by nitrogen and then
incubated with 0.5 μM capture probe (10 mM Tris-HCl, 10
mM TCEP, 1 mM EDTA, 0.1 M NaCl, pH 7.4) for 10 h.
Subsequently, the electrode was washed and then immersed in
0.1 M MCH for 0.5 h.
Preparation of Bridge DNA−AuNPs Nanocomposites.

Bare AuNPs were synthesized according to a previous report.29

Briefly, the solutions of HAuCl4 (0.01%, w/v) and trisodium
citrate (1%, w/v) were prepared separately. After 100 mL of
HAuCl4 was boiled, 3.5 mL of trisodium citrate was injected to
the refluxing solution under violent stirring for 15 min. Next,
the mixture solution was cooled slowly, but the stirring
continued for another 30 min. Bare AuNPs were thus

synthesized, which were purified by 3 cycles of centrifugation
at 12 000 rpm for 30 min.
Two thiolated probes (DNA probes 1 and 2) was dissolved

in Tris-HCl buffer solution (10 mM, 10 mM TCEP, 1 mM
EDTA, 0.1 M NaCl, pH 7.4). Two μM DNA probe 1 and 1 μM
DNA probe 2 we incubated in 1 mL of AuNPs. After 16 h, the
DNA−AuNPs conjugates were aged in phosphate buffered
saline (10 mM, pH 7.0) with 0.1 M NaCl for 24 h. The
multifunctional AuNPs were purified by removing the excess
reagents through centrifugation process. The precipitate was
redispersed in 1 mL of phosphate buffered saline (10 mM, pH
7.4) with 0.2 M NaCl.
Bridge DNA were formed by the hybridization of two single-

stranded DNA probes. Briefly, bridge DNA probe 1 and 2 were
separately dissolved in phosphate buffered saline (10 mM, pH
7.4) with 0.2 M NaCl. The concentration of each DNA probe
was 8 μM. The two solutions were mixed with equal volumes
and heated to 95 °C for 2 min. After being cooled to room
temperature, the formed bridge DNA was mixed with the
multifunctional AuNPs for 2 h. Subsequently, the formed
nanocomposites were purified by centrifugation and redis-
persion.

Capture Probe Activation and Nanocomposites
Recruitment. Capture probe modified gold electrode was
immersed in the 50 mM Tris-HCl (0.1 U DSN, 5 mMMgCl2, 1
mM DTT, pH 8.0) which was previously spiked with different
concentrations of miRNA. After reacting at 50 °C for 2 h, the
electrode was carefully rinsed by 10 mM Tris-HCl containing
0.5% Tween and then pure water, respectively. The pretreated
electrode was further immersed in the bridge DNA−AuNPs for
1 h before being transferred to the electrochemical system for
measurement.

■ RESULTS AND DISCUSSION
Sensing Principle. The principle behind the amplified

electrochemical detection of miRNA is illustrated in Scheme 1.

Generally, multifunctional AuNPs are constructed by mixing
AuNPs with two thiolated DNA (DNA probes 1 and 2) via
gold−sulfur chemistry. Next, by the hybridization of two
partially complementary sequences (bridge DNA probes 1 and
2), bridge DNA is formed with a double-stranded middle
section and four single-stranded tails. Two are designed to
hybridize with DNA probe 1, and one is designed to hybridize
with DNA probe 2. In addition, the last single-stranded tail is
left for further electrode localization. Therefore, the bridge

Scheme 1. Illustration of the Electrochemical Approach for
Triple Amplified Detection of miRNA
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DNA links three AuNPs specially to form the DNA
nanocomposites. For the fabrication of the electrochemical
miRNA biosensor, the gold working electrode is first cleaned,
which is then immobilized with thiolated capture probe. The
hairpin structure of the DNA probe is inactivated to capture
bridge DNA−AuNPs. However, after the introduction of target
miRNA, the hairpin is opened, and the formed DNA/RNA
duplex can be recognized by DSN, which digests DNA in the
duplex. The remained DNA sequence is activated, which
hybridizes with the fourth single-stranded end of bridge DNA
to localize the DNA nanocomposites. Meanwhile, miRNA is
released, which triggers more cycles of capture probe activation
and bridge DNA−AuNPs localization events. This strategy
involves triple signal amplification. First, target miRNA triggers
cycles of DSN-catalyzed digestion reaction for further local-
ization of electrochemical signals; second, the bridge DNA−
AuNPs contains three nanoparticles, and thus the density of
AuNPs on the electrode surface is enhanced compared with the
case of single DNA modified AuNPs. Third, because the
AuNPs with large surface area are attached with numerous
DNA probes, which absorb [Ru(NH3)6]

3+ via electrostatic
interaction, significant electrochemical response can be
obtained to indicate the initial level of miRNA.
Characterization of AuNPs and Electrode Interface.

The synthesized AuNPs and constructed nanocomposites of
bridge DNA−AuNPs were characterized by TEM. Figure 1a
indicates that the prepared AuNPs are spherical with average
size of 13 nm and are well-dispersed. The result is also
consistent with DLS characterization (Figure S1). In the case of

bridge DNA−AuNPs, three nanoparticles are combined by the
bridge DNA. The phenomenon can be clearly observed in the
TEM image (Figure 1b), demonstrating the successful
construction of the nanocomposites. This commonly undesired
aggregation event is used to enhance the final signals by
accurate control of DNA sequences.
The electrode interface modified with capture probe is then

investigated by chronocoulometry. The coverage density of
capture probe is estimated by the measurement of [Ru-
(NH3)6]

3+.30 According to the Cottrell equation, the sum of the
charge from the reaction of [Ru(NH3)6]

3+ and double layer
charge equals the chronocoulometric intercept (charge versus
t1/2). By comparing the chronocoulometry curves of bare MCH
modified electrode and capture probe modified electrode, the
charge from the reaction of [Ru(NH3)6]

3+ can be obtained
(Figure S2). The coverage density of capture probe is further
calculated by referring to the equation:

Γ = Q
nAF

in which, Γ stands for the surface coverage density, A stands for
the area of the electrode surface, n is the number of electrons
transferred in one redox reaction, F is the Faraday constant, and
Q is the obtained charge. Finally, the surface density of capture
probe is calculated to be 1.79 pmol cm−2.

Electrochemical Behavior of the Electrochemical
Sensor. The molecular events occurred on the electrode
surface can be studied by the techniques of EIS and
chronocoulometry. As shown in Figure 2a, a straight line is
observed in the Nyquist diagram, indicating the fine
conductivity of the bare electrode (curve i). After modified
with capture probe, a semicircle domain appears, which is due
to the interfacial charge transfer resistance from the repellent
between DNA phosphate backbone and Fe(CN)6

3‑/4‑ (curve ii).
In the absence of miRNA, DSN cannot digest capture probe,
and thus the semicircle barely changes (curve iii). In addition,
because the capture probe is not activated, bridge DNA−
AuNPs cannot be effectively loaded, and the semicircle does
not increase significantly (curve v). Only after the hybridization
of miRNA and capture probe, DSN-assisted cleavage cycles can
be conducted, and the semicircle decreases with shorter DNA
on the electrode surface (curve iv). The activated capture probe
hybridizes with bridge DNA−AuNPs and then localizes the
nanocomposites on the electrode surface, which is reflected by
the remarkably increased semicircle (curve vi). EIS result is in
agreement with that of chronocoulometry. As shown in Figure
2b, the charge of electrochemical species is decreased only with
the miRNA-triggered capture probe digestion. In addition, we
studied the amplification efficiency of bridge DNA−AuNPs.
Chronocoulometry curves of activated capture probe modified
electrode before and after the loading of AuNPs are compared
(Figure 3c). DNA probe 3 is designed with complementary
sequence of activated capture probe. However, the localization
of DNA probe 3 modified AuNPs contributes only to limited
increase of charge. On the other hand, the bridge DNA
combines three AuNPs, which leads to significant increase of
charge value (Figure 3d). This result demonstrates that the
design of bridge DNA−AuNPs is beneficial to signal enhance-
ment compared with single AuNP-mediated signal amplifica-
tion.

Quantitative Detection of Target miRNA. As shown in
Figure 3a, we recorded the curves of capture probe modified
electrode before and after DSN-assisted cleavage reaction in the

Figure 1. TEM images of (a) freshly prepared AuNPs and (b) bridge
DNA−AuNPs.
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presence of different amount of miRNA. With the increase of
the concentration of miRNA, more capture probes are cleaved,
thus the chronocoulometry curves are becoming lower. The
chronocoulometric intercept (charge versus t1/2) is defined as
Q2. In addition, the curves after further loading of bridge
DNA−AuNPs are also recorded. Larger amount of miRNA
creates more activated capture probe for the immobilization of
AuNPs, thus higher chronocoulometry curves are achieved. The
corresponding chronocoulometric intercept (charge versus t1/2)
is defined as Q1. The ratio of Q1 to Q2 may be an excellent
index of the concentration of miRNA compared with single
charge values. We then studied the relationship between Q1/
Q2 and miRNA concentration. A linear range from 10−17 to
10−11 is obtained with the fitting equation of

= + = =y x n R6.13 0.30 ( 3, 0.99)2

in which y is the value of Q1/Q2 and x is the logarithmic
miRNA concentration. The semilog relationship is ascribed to
the triple amplification process. The limit of detection is
calculated to be 6.8 aM, which is lower than most previously
reported electrochemical protocols (Table 1).

Selectivity and Practical Utility Investigation. To
evaluate the selectivity of this novel method, three single-
mismatched miRNA sequences (see Table S1 for details) were
chosen in the sensing system replacing target miRNA. Figure 4
shows the comparison of the chronocoulometry responses of
target and mismatched miRNAs with the concentrations of 10
fM and 10 pM, respectively. The Q1/Q2 values of target
miRNA are much higher than those of the other mismatched
sequences, which confirms that the proposed method is able to
discriminate target miRNA with high selectivity.
The expression of miR-21 is upregulated in numerous tissues

and serum plasma, which is recognized as an oncomir. We
tested the effectiveness of the developed biosensing system in
the analysis of real biological samples by measuring miR-21
levels in serum samples from lung cancer patients and a healthy
individual as a control. miR-21 concentrations of all patient
cases are much higher than that of the healthy person, which
are consistent with the results of a commercial qRT-PCR kit.
Therefore, excellent practical utility of this method is
demonstrated.

Figure 2. (a) Nyquist diagrams corresponding to (i) bare electrode, (ii) capture probe modified electrode, after DSN-assisted digestion in the (iii)
absence and (iv) presence of miRNA, and further loading of bridge DNA−AuNPs after DSN-assisted digestion in the (v) absence and (vi) presence
of miRNA. (b) Chronocoulometry curves for (i) capture probe modified electrode and after DSN-assisted cleavage reaction in the (ii) presence and
(iii) absence of miRNA. (c) Chronocoulometry curves for (i) capture probe modified electrode after DSN-assisted cleavage reaction in the presence
of miRNA, (ii) after capture of DNA probe 3 modified AuNPs, (iii) after capture of bridge DNA−AuNPs. (d) Corresponding variation of charge
values.
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■ CONCLUSIONS
In summary, we reported an electrochemical approach for the
detection of miRNA based on DSN and bridge DNA−AuNPs.
This miRNA assay is able to quantify miRNA down to 6.8 aM.
The ultrahigh sensitivity originates from triple signal

amplification combining DSN-assisted recycling of capture
probe activation, AuNPs enrichment by bridge DNA, and
numerous [Ru(NH3)6]

3+ concentrated around single AuNP.
The method is also direct, without the need of reverse
transcription process and any thermal cycling processes. In
addition, it distinguishes target miRNA with low concentration
from amounts of spurious analogues, which ensures excellent
performance in real sample applications. This approach was
successfully tested for the evaluation of miRNA in serum
samples. We are confident that it may find practical applications
of biomolecules assays and clinical diagnosis. We also believe
this work will inspire future miRNA profiling methods and
applications of DNA−AuNP nanocomposites.

■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.anal-
chem.7b05447.

DLS characterization of AuNPs, chronocoulometry
curves for stepwise modified electrode, real sample
analysis by the developed method, and DNA and RNA
sequences used in the study (PDF)

Figure 3. (a) Chronocoulometry curves for (i) capture probe modified
electrode, (ii) after DSN-assisted cleavage reaction in the presence of
miRNA (10−17 to 10−11 M, from top to bottom), and (iii) after further
capture of bridge DNA−AuNPs (miRNA concentration: 10−17 to
10−11 M, from bottom to top). (b) The logarithmic calibration curve
for miRNA concentration determination. The error bars represent
relative standard deviations for three independent measurements.

Table 1. Comparison of the Analytical Performances of Recent Electrochemical miRNA Assays

technique strategy detection range (M) LOD (M) ref

differential pulse voltammetry HCR with multiple G-quadruplex 10−12 to 8 × 10−10 10−12 31
square wave voltammetry thionine and AuNPs cofunctionalized MoS2 nanosheet 10−12 to 10−8 2.6 × 10−13 32
electrochemical impedance spectroscopy AuNPs-decorated MoS2 nanosheet 10−14 to 10−9 4.5 × 10−16 33
linear sweep voltammetry tetrahedral DNA and SDA 10−15 to 10−9 4 × 10−16 34
square wave voltammetry shape-controlled hierarchical Au nanostructures 10−16 to 10−13 10−16 35
square wave voltammetry a triple-stem DNA redox probe 10−16 to 5 × 10−10 10−16 36
chronocoulometry DSN and AuNPs 10−16 to 10−10 5 × 10−17 37
differential pulse voltammetry Ru(III) release and redox recycling 10−16 to 1.5 × 10−12 3.3 × 10−17 38
amperometric i−t curve HCR and catalytic enzymes 10−17 to 10−12 10−17 39
amperometric i−t curve DNAzyme and DSN 5 × 10−17 to 5 × 10−16 8 × 10−18 40
chronocoulometry DSN and AuNPs-bridge DNA nanocomposites 10−17 to 10−11 6.8 × 10−18 this work

Figure 4. Selectivity assessment comparing Q1/Q2 values of target
miRNA and mismatched miRNAs.
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