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Abstract MicroRNAs are endogenous noncoding RNAs
that play critical roles in biological processes and can be
considered as molecular markers for early diagnosis and
pathogenesis of diseases. The authors describe a highly
sensitive electrochemical biosensor for microRNA that is
based on the use of tetrahedral DNA nanostructure probes
and guanine nanowire amplification. The DNA tetrahedral
probe is self-assembled on a gold electrode and enhances
reactivity, accessibility, and molecular recognition efficien-
cy. Combined with the tetrahedral probe, the guanine nano-
wire amplifies the signal and improves the analytical per-
formance of the biosensor. Operated best at a voltage of
typically 150 mV (vs. Ag/AgCl), the sensor has a linear
response to the logarithmic microRNA concentration in the
500 f. to 10 nM range, with a 176 f. detection limit. It is
highly selective and can be applied to real samples. It is
concluded that this strategy has a good potential with re-
spect to the determination of microRNA in clinical diag-
nosis and in biological research.
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Introduction

MicroRNAs (miRNAs) belong to small noncoding RNAs
consisting of 19–24 nucleotides. They are involved in regu-
lating gene expression through cell proliferation, differentia-
tion, apoptosis and cancer development [1–3]. It has been
reported that miRNAs levels are highly associated with can-
cers, viral infections and cardiovascular diseases [4, 5].
Therefore, miRNAs have been regarded as promising clinical
biomarkers for cancer diagnosis, prognosis, and prediction [6,
7]. Simple, sensitive and selectivemethods for the detection of
miRNAs become more attractive in disease diagnosis and bi-
ological research [8–11].

Manymethods have been introduced for miRNAs analysis,
such as northern blotting [12], in situ hybridization [13],
microarray-based detection [14], surface Raman spectroscopy
[15], surface plasmon resonance (SPR) [16], and reverse tran-
scription polymerase chain reaction (TR-PCR) [17]. Northern
blotting is considered as a good standard method for miRNA
analysis, but it requires sophisticated equipment and has low
detection sensitivity. Microarray-based detection has the ad-
vantages including high throughput and fast response.
Nevertheless, the low sensitivity and poor specificity limit
its applications. Real-time RT-PCR is used widely for highly
sensitive and quantitative analysis of miRNA. However, it
requires extraction and purification of miRNA from the real
samples. The short length of miRNA also increases the so-
phistication to the experimental design. In addition, most of
the techniques are time-consuming and require specialized
reagents, sophisticated instruments and complicated
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decorating procedure. Therefore, a rapid, inexpensive and sen-
sitive method is imperative for miRNA analysis [18, 19].

Electrochemical biosensors are attractive for bioanalysis
owing to the inherent features such as low cost, simplicity,
low detection limit, excellent selectivity and sensitivity [11,
20–22]. However, it is a challenge to control the orientation
and density of probes on the electrode surface. Single-
stranded DNA and hairpin DNA have been used widely as
capture probes of the electrochemical biosensor [23, 24].
Generally, nonspecific interactions, the steric hindrance and
the entanglement between the probes have a negative effect on
the selectivity and reproducibility of the biosensor. To address
these challenging problems, tetrahedral DNA nanostructure,
which can use as a recognition probe, has attracted great at-
tention [25–27]. Generally, there are three vertices of the tet-
rahedral structure which were modified on the gold electrode
by Au-S bonds. And the fourth vertex appended with an ex-
tended DNA probe hybridizes with the target. Therefore, the
rigid tetrahedral nanostructure can avoid the introduction of
spacer molecules, and improves the reactivity and accessibil-
ity. Thus, the analytic performance of the electrochemical bio-
sensor is enhanced significantly [28, 29].

There remains another challenge in the sensitivity for target
detection and signal amplification of the electrochemical bio-
sensor. Afterwards, guanine nanowire (G-wire) amplification
has been reported with a potential use in the analysis by our
group [30]. Guanine nanowire is considered as an efficient
amplification method, which improves the sensing ability sig-
nificantly in biosensor construction. Compared with the single
G-quadruplex signal unit, the electrode signal was improved
obviously via the signal amplification of guanine nanowire.
However, research about the combination of DNA tetrahedral
nanostructure and guanine nanowire amplification for miRNA
detection has not been reported.

We herein fabricate an electrochemical miRNA biosensor
by the combination of DNA tetrahedral nanostructure and gua-
nine nanowire amplification. The detection limit for miRNA is
176 fM. The specificity of the biosensor allows single-based
mismatch to be distinguished. Furthermore, the biosensor ex-
hibits an excellent analytical performance and can be applied
in breast cancer serum samples. Therefore, this strategy might
offer a potential use in clinical research and disease diagnosis.

Experimental

Materials and chemicals

The oligonucleotides were purchased and HPLC-purified by
Sangon Biotech Co., Ltd. (Shanghai, China, www.sangon.
com). The corresponding sequences are illustrated in
Table S1 (Electronic Supplementary Material). Hemin was
purchased from Sangon Biotech Co., Ltd. (Shanghai, China,

www.sangon.com). Tris (2-carboxyethyl) phosphine hydro-
chloride (TCEP) was purchased from Sigma Chemical Co.
(St. Louis, MO, USA, www.sigmaaldrich.com). 3,3′,5,5′-
Tetramethyl benzidine dihydrochloride (TMB⋅2HCl) was
purchased from Xiya Chemical Industry Co., Ltd.
(Shandong, China, www.xiyashiji.com). Hydrogen peroxide
(H2O2, 30%) and dimethylsulfoxide were purchased from
Chengdu Kelong Chemical Reagents Factory (Chengdu,
China, www.cdkelong.com). Human serum samples from
breast cancer patients were supplied by the local hospital
(Wuhan, China). Other chemicals mentioned were analytical
reagent grade. Ultrapure water was used to prepare all
solutions (18.2 MΩ cm resistivity).

Electrochemical measurements

Electrochemical experiments were measured with CHI660D
electrochemical workstation (Shanghai CH Instruments Co.,
China, www.chinstruments.com). The traditional three
electrode system was employed. The 2 mm diameter gold
electrode acted as the working electrode. A platinum wire
and Ag/AgCl (sat.KCl) acted as the auxiliary electrode and
the reference electrode, respectively. The fabrication steps
were recorded by cyclic voltammetry (CV) and electrochemi-
cal impedance spectroscopy (EIS). The CV curves were per-
formed between −0.3 and 0.7V. The scan rate was 100mV s−1.
EIS curves were measured in 0.1 M phosphate buffer (pH 7.4)
containing 5 mM [Fe(CN)6]

4−/3− with an amplitude of 5 mV.
The frequency range was from 0.1 Hz to 10 kHz.
Amperometric detection was measured at 150mVand a steady
state was recorded within 100 s.

Electrode preparation

Initially, the gold electrode was pretreated with piranha solu-
tion (30% H2O2: 98% H2SO4 = 1: 3) for 5 min (Caution:
Piranha solution reacts violently with organic solvents and
must be handled with care). Then the electrode was polished
with 0.5 and 0.05 μm alumina powder to get a mirror-like
surface. After that, the electrode was cleaned by sonication
with ultrapure water, ethanol and ultrapure water for 5 min,
respectively. The cleaned gold electrode was electrochemical-
ly cleaned in 0.5 MH2SO4 solution from a potential of −0.2 to
1.6 V with a scan rate of 100 mV s−1 until the stable cyclic
peak was observed. Finally, the prepared electrode was dried
with nitrogen and was ready for surface modification.

Self-assembly of DNA tetrahedron-structured probes
on gold electrode surfaces

Buffer for dissolution of four DNA strands (tetrahedral A, B,
C, and D) was 10 mM Tris-HCl (pH 8.0) containing 50 mM
MgCl2 and 10 mM TCEP. The final concentration of each
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strand was 4 μM. Then, each strand with the volume of 25 μL
was mixed. Afterward, the mixture was heated to 95 °C for
2 min and then cooled to 4 °C to form the tetrahedral DNA
structure [31]. After that, the final concentration of tetrahedral
structure probe was 1 μM. Then, the cleaned electrode was
incubated with 10 μL of 1 μM tetrahedral structure probe and
the reaction lasted for 8 h.

Hybridization with target miRNA

The tetrahedral DNA-modified electrode was carefully rinsed.
Then, it was incubated with miRNA solution (10 mM phos-
phate buffer, 250 mMNaCl, pH 7.4) with different concentra-
tions for 1.5 h, followed by thoroughly rinsing with washing
buffer (10 mMphosphate buffer, 2.7 mMKCl, 140 mMNaCl,
pH 7.4).

Direct growth of guanine nanowire

The oligonucleotide, c-myc, was heated at 95 °C for 5 min and
cooled to room temperature. The above electrode was im-
mersed in 50 μL of 10 mM Tris-HCl buffer (pH 7.4) contain-
ing 0.5 M K+ for 1 h to form G-quadruplex structure. Then,
the electrode was incubated in 1.5 μMc-myc solution (10mM
Tris-HCl buffer, 0.12 M Mg2+, 0.5 M KCl, pH 7.4) to form
guanine nanowire structure. After the reaction, the electrode
was incubated in 25 μL of 0.2 mM hemin solution (10 mM
HEPES buffer, 1% dimethylsulfoxide, 50 mM KCl, pH 8.0)
for 1 h, and then rinsed before the electrochemical measure-
ments in a 2 mM TMB – 5 mM H2O2 system (pH 6.5).

Results and discussion

Sensing mechanism

The DNA tetrahedral structure is designed by four single strand
oligonucleotides with a pendant hairpin. Tetrahedral A, B, C and
D, four ssDNAs, are self-assembled to constitute the six edges of
the DNA tetrahedral nanostructure [32, 33]. Tetrahedral B, C
and D are modified with thiols, which can be fixed on the elec-
trode via thiols [34]. As shown in Scheme 1, a hairpin structure
of the tetrahedron is designed to recognize target miRNA. The
presence of target opens the hairpin of tetrahedral A. Then, the
released stem sequence from the hairpin, which consists of c-
myc sequence at 3′ termini, can self-assemble with K+ to con-
stitute the parallel G-quadruplex. In the presence of c-myc, the
parallel G-quadruplex induces the construction of guanine nano-
wire within 10 min with the help of Mg2+ [30, 35]. After the
addition of hemin, the G-quadruplex-hemin repeat units can
catalyze the oxidation of TMB. And the increased electrochem-
ical signals reflect target miRNA concentration.

Electrochemical characterization of electrode
modification

CVwas used to characterize the stepwise modification process
of the Au electrode. As shown in Fig. 1a, the cyclic voltam-
mogram showed the behavior of [Fe(CN)6]

3−/4- over the gold
electrode surface before and after the process of modification.
The bare gold electrode exhibited a pair of redox peaks (curve
a), indicating the redox behavior in [Fe(CN)6]

3−/4-. After the
modification of DNA tetrahedral nanostructure, the peak cur-
rent decreased (curve b). This was because the successful

Scheme 1 Illustration of the
electrochemical biosensor for
miRNA assay
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immobilization of tetrahedral DNA nanostructure occurred on
the electrode surface, which hindered interfacial electron trans-
fer between solution and electrode surface. In the presence of
miRNA, the peak current decreased slightly compared to that
of the tetrahedral DNA nanostructure modified electrode
(curve c). After the treatment with c-myc (curve d), the peak
current decreased observably, demonstrating that the high-
order guanine nanowire superstructure formed on the elec-
trode surface.

To confirm the stepwise process of modification on the
electrode surface, EIS was performed. The Randles circuit
(inset, Fig. 1b) was used to fit the EIS data, including the
solution resistance (Rs), the charge transfer resistance (Rct),
the double-layer capacitance (Cdl), and theWarburg impedance
(Zw). As depicted in Fig. 1b, the bare gold electrode showed a
very small semicircle domain (curve a, Rct = 189.9 Ω), which
can be attributed to the rapid electron transfer of the redox
probe [Fe(CN)6]

3−/4-. After the modification of the thiolated
tetrahedral DNA structure onto the electrode surface, the elec-
tronic transfer resistance Rct increased obviously (curve b,
Rct = 10,870 Ω). The reason was that the negatively charged
tetrahedral DNA structure effectively repelled the negatively
charged redox probe [Fe(CN)6]

3−/4-, and the charge-transfer
resistance was enhanced. After the incubation with miRNA,
the Rct increased substantially (curve c, Rct = 14,770Ω). And a
further increased Rct was observed (curve d, Rct = 21,700 Ω)
when the c-myc was added, indicating the formation of gua-
nine nanowire on the electrode surface.

Feasibility for miRNA detection

To investigate the feasibility of this method for miRNA anal-
ysis, amperometric measurements were carried out on the
tetrahedral DNA nanostructure modified electrode in the
absence/presence of miRNA with/without guanine nanowire
amplification. As depicted in Fig. 2, in the absence of
miRNA, a tiny signal (recorded as I0) was observed on the
tetrahedral DNA nanostructure modified electrode (curve a).
However, in the presence of 10 nM miRNA without the in-
cubation of c-myc solution (curve b), the current increment

was 12.2 nA. This was attributed to the formation of G-
quadruplex at 3′ terminus of tetrahedral A, which can strong-
ly bind hemin to form the catalytic DNAzyme. When the
tetrahedral DNA nanostructure modified electrode incubated
with 10 nM miRNA and c-myc solution (curve c), there was
an evident increase of the response current (recorded as I) and
the current increment was 24.9 nA. Such change was basical-
ly due to the construction of guanine nanowire, which signif-
icantly improved the electrochemical signal. CV was utilized
to verify the feasibility of designed amplification process
(Fig. S1). With the formation of G-wire, a pair of asymmetric
redox peaks was the characteristic of the occurrence of
electrocatalysis. These results indicate that this strategy can
detect miRNA sensitively.

Sensitivity for miRNA analysis

To achieve the high hybridization efficiency and maximize the
sensitivity, the following parameters were optimized: (a)
miRNA hybridization time; (b) incubation time of hemin.
Respective data and figures are given in Figs. S2 and S3.
We found the following experiment conditions to give best
results: (a) the hybridization time of 90 min was chosen as

Fig. 2 Amperometric responses in the TMB – H2O2 system of (a) 0 nM
miRNA after guanine nanowire amplification, 10 nM miRNA before (b)
and after (c) guanine nanowire amplification. The voltage was held at
150 mV (vs. Ag/AgCl) and the reduction current was recorded at 100 s

Fig. 1 CV (a) and EIS (b)
characteristics of the bare gold
electrode (a), the modification
with tetrahedral DNA
nanostructure (b), the
hybridization with target miRNA
(c), and the incubation with c-myc
(d). Work solution: 0.1 M
phosphate buffer (pH 7.4)
containing 5 mM [Fe(CN)6]

4−/3−
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optimum hybridization time between miRNA and the tetrahe-
dral DNA nanostructure modified electrode; (b) the incuba-
tion time of hemin was set as 60 min in the detection assay.
Moreover, miRNA hybridization time of the DNA tetrahedron
decorated electrode was much shorter than that of the hairpin
probe modified electrode (Fig. S4).

The analytical performance of this method was investigated
under the optimal conditions. Amperometry, a simple and clas-
sic electrochemical method, was used to characterize the
enzyme-catalyzed electrochemical process. As depicted in
Fig. 3a, it demonstrates that the amperometric current increases
with increasing miRNA concentration. Fig. 3b reveals the lin-
ear relationship between the current variation (ΔI = I - I0,
where I0 and I denote the amperometric current with and with-
out miRNAs, respectively) and the logarithm of miRNA con-
centration ranging from 500 f. to 10 nM. The detection limit is

176 f. (S/N = 3). The fitting equation isΔI = 66.4201 + 5.2803
log C (R = 0.9935), where ΔI is the amperometric current
variation and C denotes the miRNA concentration. As shown
in Table 1, compared with other reported electrochemical bio-
sensors for miRNA analysis, this biosensor demonstrates a
lower detection limit than other methods.

Selectivity, repeatability and stability
of the electrochemical biosensor

To investigate the selectivity of the method, a comparison
study was performed on single-base mismatch miRNAs and
the complementary target miRNA under the same and opti-
mum conditions. As shown in Fig. 4, the amperometric cur-
rent variation (ΔI) of the complementary target miRNA was
much higher than those of the single-base mismatched

Table 1 Comparison of
analytical performances of
different methods for the
detection of miRNA

Strategy Linear range

(pmol L−1)

Detection
limit

(pmol L−1)

Reference

Hemin-G-quadruplex complex 5–5000 3.96 [36]

Catalytic hairpin assembly 1–25,000 0.6 [37]

Functional BDNAzyme ferriswheel^ nanostructure 0.5–50,000 0.5 [38]

DNA-templated in situ growth of AgNPs a on SWNTs b 10–50,000 3 [39]

Rolling circle amplification 10–400 10 [40]

Graphene oxide and cyclic enzymatic amplification 20–1000 9 [41]

Gold nanoparticles 3.8–10,000 3.8 [42]

WS2 nanosheet and duplex-specific nuclease signal
amplification

1–10,000 0.3 [43]

Graphene/gold-nanoparticle hybrids 10,000–980,000 3200 [44]

3D DNA origami nanostructures 100–1,000,000 10 [45]

Tetrahedral DNA nanostructure and G-wire 0.5–10,000 0.176 This
work

a AgNPs: silver nanoparticles
b SWNTs: single-walled carbon nanotubes

Fig. 3 a Amperometric responses in the TMB – H2O2 system of the
tetrahedral DNA decorated electrode for miRNA detection with the
concentrations of 0, 500 fM, 1 pM, 10 pM, 100 pM, 1 nM, and 10 nM.
b The linear relationship between the current variation and logarithm of

miRNA concentration. The voltage was held at 150 mV (vs. Ag/AgCl)
and the reduction current was recorded at 100 s. Error bars represent the
standard deviation of three independent experiments
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sequences at different concentrations. At the same concentra-
tion of 100 pM,ΔI of the complementary target was 12.0 nA,
which is much higher than that of other mismatch sequences
with ΔI of 2.6 nA (mismatch 1), 1.3 nA (mismatch 2) and
1.7 nA (mismatch 3). Even if the concentration of the single-
base mismatch (10 nM) is 100 times higher than the comple-
mentary target (100 pM), the values of single-base mis-
matches were significantly lower than that of the complemen-
tary target miRNA. These results indicated that this sensor is
selective for the target miRNA from its analogous sequences.

The repeatability of this method is also of great importance
in practical application. Five different electrodes were fabri-
cated under the same conditions and used for the detection
target miRNA (10 nM). The above five biosensors exhibited
similar amperometric currents, the relative standard deviation
(RSD) was 2.82%. The results demonstrated that this electro-
chemical biosensor has satisfactory repeatability for the detec-
tion of target miRNA. Furthermore, the stability of the biosen-
sor was investigated by three independent experiments. After
stored the DNA tetrahedral decorated gold electrode in the
refrigerator at 4 °C for 5 days, the response showed no appar-
ent change and can retain about 94.9% of its initial values. The

results indicated that the electrochemical biosensor has satis-
factory stability.

Detection of miRNA in human serum samples

Serum samples can be conveniently utilized for the analysis of
different disease biomarkers [46]. To investigate the practical
application of this strategy in serum sample analysis, we per-
formed the miRNA assay in serum samples from breast cancer
patients. Initially, serum samples were detected directly. Then,
two different concentrations (1 pM and 10 pM) of target
miRNA were added to the samples, and then the content of
target miRNA was tested by this electrochemical biosensor.
The detected results and the recoveries are listed in Table 2.
Accordingly, the electrochemical biosensor can be applied
directly for miRNA detection in serum samples without fur-
ther pretreatment. In addition, this strategy might be a poten-
tial tool for miRNA assay and possessed excellent practical
application in biological fluids.

Conclusions

In conclusion, we have fabricated an electrochemical biosen-
sor for miRNA analysis through guanine nanowire amplifica-
tion on a DNA tetrahedron decorated electrode. Compared to
traditional amplification methods, guanine nanowire can sig-
nificantly amplify the electrochemical signal and reduce the
reaction time from hours to minutes. This sensing system is
reliable, simple, easy to operate, and exhibits good analytical
characteristics like low LOD. The sensor also displays fine
selectivity, stability, and practical utility in real serum samples
from breast cancer patients, which demonstrates its great po-
tential application in clinical diagnostics and bioanalysis. This
biosensor cannot be regenerated, and we will do more re-
search on widening the linear range of target miRNA and
promoting the degree of automation in the future. We also
expect that our strategy would be extended in combination
with other detection methods like enzyme-assisted target
recycling and nanomaterials in sensing platform.
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Table 2 Detection of miRNA in serum samples from breast cancer
patients with the proposed biosensor (n = 3)

Sample Detected
(pM)

Added
(pM)

Found
(pM)

Recovery
(%)

RSD
(%)

1 0.70 1 1.78 108.0 5.02

10 10.54 98.4 6.15

2 1.28 1 2.34 106.0 4.30

10 11.65 103.7 5.61

Fig. 4 Selectivity of the proposed biosensor for the detection of
target and three single-base mismatch miRNAs with different con-
centrations (100 pM and 10 nM). Data were collected from three
independent experiments
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