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ABSTRACT: MicroRNAs are not only important regulators of a wide range of cellular processes but are also identified as
promising disease biomarkers. Due to the low contents in serum, microRNAs are always difficult to detect accurately . In this
study, an electrochemical biosensor for ultrasensitive detection of microRNA based on tetrahedral DNA nanostructure is
developed. Four DNA single strands are engineered to form a tetrahedral nanostructure with a pendant stem-loop and modified
on a gold electrode surface, which largely enhances the molecular recognition efficiency. Moreover, taking advantage of strand
displacement polymerization, catalytic recycling of microRNA, and silver nanoparticle-based solid-state Ag/AgCl reaction, the
proposed biosensor exhibits high sensitivity with the limit of detection down to 0.4 fM. This biosensor shows great clinical value
and may have practical utility in early diagnosis and prognosis of certain diseases.

KEYWORDS: microRNA, tetrahedral DNA nanostructure, strand displacement reaction, silver nanoparticles,
linear sweep voltammetry

■ INTRODUCTION

MicroRNAs belong to small endogenous noncoding RNAs and
regulate almost every cellular process, including cell growth,
differentiation, apoptosis, and autophagy at the post-transcrip-
tional level.1−3 Recently, the investigation of biological roles of
microRNA and potential clinical applications have been paid
more and more attention.4−7 It is reported that the variation of
numerous abnormal cellular processes accompanies the up- or
down-regulation of microRNA expression.8 Therefore, micro-
RNAs may provide a rich platform of biomarkers associating
different diseases and may greatly improve disease diagnosis in
decreasing the percentage of false positives or replacing
uncomfortable traditional diagnostic procedures.9,10 For
example, although colonoscopy is the gold standard for the
detection of colorectal cancer, the resulting discomfort makes it
unsuitable for cancer screening in the general population.
Plasma miR-409-3p, miR-7, and miR-93 levels can be detected
and used to distinguish colorectal cancer from healthy groups
with high diagnostic accuracy.11 Lung cancer is a major cause of
death not only in China but also in many western countries.

Most screening methods involve invasive operations and are
inaccurate. The level of miRNA-21 is found to be much higher
in the serum or exhaled breath condensate of non-small cell
lung cancer patients and may have significant diagnostic
value.12

At present, tremendous progress has been made for the
detection of microRNA.13−15 Northern blotting is widely
accepted as the gold standard. Quantitative polymerase chain
reaction (qPCR) is also a popular technique for microRNA
detection.16 However, these methods are labor intensive or
require expensive instruments and reagents, which cannot meet
the high standards for point-of-care testing (POCT) of
microRNAs. Electrochemical biosensors have been utilized in
many bioanalytical applications, owing to the advantages of
simplicity, low cost, high sensitivity, and fast response
compared with other techniques, such as fluorescent
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assays.17−23 Therefore, electrochemical techniques are promis-
ing analytical tools. However, due to the features of low
contents, short sequences, and high sequence homology among
family members of microRNAs, signal amplification strategies
should be included in electrochemical detection of micro-
RNA.24,25 Moreover, optimization of electrode surface
modification can also help improve the sensitivity and
specificity.26,27

Herein, we fabricate an electrochemical biosensor for
ultrasensitive detection of microRNA based on tetrahedral
DNA nanostructure coupled with catalytic recycling of
microRNA. The application of tetrahedral DNA nanostructure
makes DNA monolayers well aligned on the surface of
electrode with controlled density and orientation,28,29 which
cuts the “backfilling” process (i.e., mercaptohexanol incubation)
and simplifies the immobilization steps.30 The reactivity and
accessibility can also be improved due to the DNA scaffold.31 In
addition, strand displacement polymerization is employed
which leads to the recycling of microRNA and the enzymatic
amplification contributes to the high sensitivity of this
method.32,33 The limit of detection (LOD) is as low as 0.4
fM. Single-base mismatch can be distinguished. This method
also performs well for the detection of microRNA levels of
breast cancer patients. Therefore, it offers a great promise for
early diagnosis and prognosis of certain diseases.

■ EXPERIMENTAL SECTION
Materials and Chemicals. Tris(2-carboxyethyl)phosphine hydro-

chloride (TCEP), diethypyrocarbonate (DEPC), silver nitrate
(AgNO3), sodium borohydride (NaBH4), and trisodium citrate were
purchased from Sigma-Aldrich (St. Louis, MO). Klenow fragment was
obtained from New England Biolabs, Ltd. (Beijing, China). Human
serum samples were supplied by a local hospital (Suzhou, China).
Other reagents were of analytical grade and were used as received. All
solutions were prepared with Milli-Q water (18 MΩ·cm resistivity)
from a Millipore system. Oligonucleotides used were synthesized and
purified by Takara Biotechnology Co., Ltd. (Dalian, China). The
corresponding sequences are listed in Table 1.
Preparation of AgNPs-Labeled Signal Probe. Bare AgNPs

were prepared by the borohydride reduction of AgNO3 following the
previously reported protocol.34 Briefly, 100 mL of AgNO3 and
trisodium citrate solution was prepared with the concentration of 0.25
mM. Then, it was mixed with 3 mL of NaBH4 solution (10 mM)
under stirring for 30 min. The mixed solution exhibited the color of
bright yellow and were left overnight in the dark. The prepared AgNPs
were then purified by three cycles of centrifugation at 12000g for 30
min. Afterward, AgNPs were incubated in signal probe (10 μM) for 24
h and were then further purified by centrifugation.
Self-Assembly of Tetrahedral DNA Nanostructure at Gold

Electrode. The gold electrode with the diameter of 2 mm was cleaned
prior to any modification.35 It was first soaked in piranha solution
(98% H2SO4, 30% H2O2 = 3:1) for 5 min.
Caution: Piranha solution reacts violently with organic solvents and

should be handled with great care.
Then, it was polished on P5000 sand paper and alumina slurry (1,

0.3, and 0.05 μm). Afterward, the electrode was cleaned by
ultrasonicating in ethanol and double-distilled water. The electrode
was then treated with 50% HNO3 for 30 min and electrochemically
cleaned with 0.5 M H2SO4.
The tetrahedral DNA nanostructure consisted of four DNA strands

were formed based on a modified protocol.36 Tetrahedron A, B, C, and
D were separately dissolved in the buffer solution (10 mM Tris-HCl,
10 mM TCEP, 50 mM MgCl2, pH 8.0) with the concentration of 4
μM. To form the tetrahedral DNA nanostructure, wee mixed 25 μL of
each strands, heated them to 95 °C for 2 min, and then cooled them to
4 °C. Afterward, 10 μL of the tetrahedral DNA nanostructure was
dipped on the cleaned gold electrode and the reaction lasted for 8 h. T
ab
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Strand Displacement and MicroRNA Recycling. We prepared
50 μL polymerase reaction solution (10 mM Tris-HCl, 50 mM NaCl,
10 mM MgCl2, 1 mM dithiothreitol) containing 5 units of Klenow
fragment, 2.5 nmol of dNTPs, 1 nmol of signal probe and different
amount of microRNA. The tetrahedral DNA nanostructure modified
electrode was incubated in the above polymerase reaction solution at
37 °C for 4 h.
Electrochemical Measurements. All electrochemical experi-

ments were carried out on a CHI 660D electrochemical workstation
(CH Instruments, Shanghai, China). A three-electrode system was
used, which contained the platinum auxiliary electrode, the Ag/AgCl
reference electrode, and the tetrahedral DNA nanostructure modified
working electrode. Electrochemical impedance spectra (EIS) were
performed in 5 mM Fe(CN)6

3−/4− with 1 M KNO3. The bias potential
was 0.204 V, the amplitude was 5 mV, and the frequency range was
from 1 to 100 000 Hz. Linear sweep voltammetry (LSV) experiments
were performed at room temperature. The scan rate was 100 mV/s,
and the electrolyte was 0.1 M KCl.

■ RESULTS AND DISCUSSION

Sensing Principle. Generally, a tetrahedral DNA nano-
structure is designed with a pendant stem-loop to recognize
target microRNA. As shown in Figure 1, four DNA single
strands, tetrahedron A, B, C, and D, are engineered to form the
six edges of the tetrahedral nanostructure through hybrid-
ization. Three vertices of tetrahedron are modified with thiols,
which facilitates the immobilization on the gold electrode
surface.37 Tetrahedron A also includes the stem−loop
sequence, in which the underlined parts hybridize with each
other, and the italic part is the complementary sequence of
target microRNA. Because tetrahedral DNA nanostructure-
bottomed scaffold supports the stem-loop in the upright
orientation, molecular recognition efficiency can be largely
enhanced. In the presence of microRNA, the loop of
tetrahedron A is opened by hybridization, which also releases
single-stranded stem part that is complementary to the
sequence within the signal probe. The signal probe is labeled
with AgNPs, the diameter of which is around 4 nm (Figure S1,
Supporting Information). Because the −(CH2)6− spacer
between AgNPs and DNA sequence in the signal probe is
flexible, the hybridization between signal probe and tetrahedron
A is feasible. Moreover, Klenow fragment can then initiate the
polymerization of signal probe and the lengthening of new
strand releases microRNA, which opens more loops, helps

more signal probe hybridizations, and triggers new strand
displacement polymerization reactions. Finally, multiplication
of AgNP-labeled signal probes are localized on the electrode
surface, which provide intensive electrochemical signals from
highly characteristic solid-state Ag/AgCl reaction.38

EIS Characterization. Electrochemical impedance spectra
are employed to characterize the electrode modification steps.
As shown in Figure 2a, the Nyquist plot of bare gold electrode

contains no semicircle domain, indicating limited interfacial
charge transfer resistance. After the immobilization of
tetrahedral DNA nanostructure, a large semicircle is observed
due to electrostatic repulsion toward Fe(CN)6

3−/4− (Figure
2b). In the presence of microRNA and Klenow fragment, a
large number of signal probes can be localized on the electrode
surface. Figure 2c shows an even larger semicircle, which is
ascribed to the repulsion from the hybridized signal probes
without AgNPs labels. In the case of AgNP-labeled signal
probe, the semicircle gets much smaller (Figure 2d). The
reason is that AgNPs is oxidized to Ag+, which facilitates the
electron transfer between electrochemical species and elec-

Figure 1. Schematic illustration of the tetrahedral DNA nanostructure-based microRNA biosensor.

Figure 2. Nyquist diagrams of impedance spectra for (a) bare gold
electrode, (b) tetrahedral DNA nanostructure modified electrode, (c)
after strand displacement and catalytic recycling of microRNA with
signal probe which is not labeled with AgNPs, (d) is the case using
AgNP-labeled signal probe.
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trode, and the interfacial charge transfer resistance declines
sharply. EIS results have confirmed the electrode modification
steps.
Linear Sweep Voltammetry Measurement of Micro-

RNA. We have then carried out LSV39 to quantitatively
determine microRNA concentration. As depicted in Figure 3,

no current peak is present on bare gold electrode and
tetrahedral DNA nanostructure modified electrode in the
absence of microRNA. A sharp current peak is observed with
100 fM microRNA-mediated loop opening, signal probe
immobilization and catalytic recycling (curve c). However, if
the signal probe is not labeled with AgNPs, no peak appears
(curve d), which demonstrates that the electrochemical signal
comes from the stripping of AgNPs. Figure 4 shows the LSV
curves for the detection of microRNA with a series of
concentrations. The inset reveals a linear relationship between
peak current and the logarithmic microRNA concentration.
The fitting equation is y = −4.646x − 71.316 (n = 3, R2 =

0.995), where y is peak current and x is the logarithm of
microRNA concentration. LOD is calculated to be 0.4 fM
(signal-to-noise ratio of 3), which is quite low.
The selectivity of this microRNA biosensor is then checked

by comparing the LSV results of single-base mismatch
microRNAs, which are displayed in Figure 5. The obtained

low peak currents in the cases of mismatch microRNAs
demonstrate that they cannot initiate signal probe immobiliza-
tion effectively, which verifies the high selectivity of this
method.

Detection of MicroRNA in Human Serum Samples.
Serum is a kind of samples that can be conveniently obtained
and tested for the detection of different disease biomarkers. To
further check the practical utility of this microRNA biosensor,
serum samples from breast cancer patients are directly detected.
Then, we add different amounts of target microRNA to the
samples and again measure target microRNA levels by the
proposed method. Table 2 shows the detected results and the
recoveries, which verify that this method is accurate and can be
effectively applied in biological fluids.

■ CONCLUSIONS
In summary, we have fabricated an electrochemical biosensor
for ultrasensitive detection of microRNA based on tetrahedral
DNA nanostructure, coupled with strand displacement
polymerization-mediated catalytic recycling of microRNA.
The electrochemical signal originates from AgNP-based solid-
state Ag/AgCl reaction on signal DNA probe. This method is
simply operated and highly sensitive due to the tetrahedral
DNA nanostructure and strand displacement amplification. The
LOD is 0.4 fM and a wide linear range is obtained from 1 fM to
1 nM. We also examined human serum samples, and the
satisfactory results demonstrate its potential practical utility

Figure 3. Linear sweep voltammograms of (a) bare gold electrode and
of tetrahedral DNA nanostructure modified electrode after strand
displacement reaction in the (b) absence and (c) presence of 100 fM
microRNA and (d) in the presence of 100 fM microRNA using signal
probe without AgNPs labels.

Figure 4. Linear sweep voltammograms of tetrahedral DNA
nanostructure modified electrode for the detection of microRNA
with the concentration of (from top to bottom) 1 fM, 5 fM, 10 fM,
100 fM, 1 pM, 10 pM, 100 pM, and 1 nM. (Inset) Calibration plot of
the peak current versus the logarithmic microRNA concentration.
Error bars represent standard deviations of three independent
measurements.

Figure 5. Comparison of LSV signal intensity in the cases of target and
three single-base mismatch microRNAs with the concentration of 100
fM.

Table 2. Measurements of miRNA-21 in Serum Samples
from Breast Cancer Patients

sample detected (pM) added (pM) found (pM) recovery (%)

serum 1 0.86 1.0 1.92 103.2
5.0 5.99 102.2

serum 2 1.43 1.0 2.37 97.5
5.0 6.53 101.6
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toward microRNA assay for early diagnosis and prognosis of
certain diseases.
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