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Abstract
Early diagnosis of hepatitis C virus (HCV) infection is essential to prevent disease from spreading and progression. Herein, a
novel electrochemical biosensor was developed for ultrasensitive detection of HCV core antigen (HCVcAg) based on terminal
deoxynucleotidyl transferase (TdT) amplification and DNA nanowires (DNW). After sandwich-type antibody-antigen recogni-
tion, the antibody-conjugated DNAwas pulled to the electrode surface and further extended into a long DNA sequence by robust
TdT reaction. Then, large numbers of methylene blue–loaded DNW (MB@DNW) as signal labels are linked to the extended
DNA sequence. This results in an amplified electrochemical signal for HCVcAg determination, typically measured at around
−0.25 V (Ag/AgCl). Under the optimum conditions, the proposed biosensor achieved a wide linear range for HCVcAg from 0.1
to 312.5 pg/mL with a low limit of detection of 32 fg/mL. The good practicality of the biosensor was demonstrated by recovery
experiment (recoveries from 98 to 104% with RSD of 2.5–4.4%) and comparison with enzyme-linked immunosorbent assay
(ELISA). Given the highlighted performance, the biosensor is expected to act as a reliable sensing tool for HCVcAg
determination in clinics.
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Introduction

Hepatitis C virus (HCV) has infected more than 170 million
people throughout the world [1–3]. The HCV core antigen
(HCVcAg) can be detected in serum or plasma within 1 week
after HCV infection [4], while HCV antibodies have a long
window period of 2–6 months [5, 6]. Therefore, HCVcAg is
regarded as an effective biomarker for early diagnosis of HCV
infection [7, 8].

Currently, enzyme-linked immunosorbent assay (ELISA)
based on HRP enzyme has been reported for HCVcAg anal-
ysis [6, 9]. However, ELISA method suffers from low sensi-
tivity. Recently, some novel strategies have been constructed
for HCVcAg detection. For example, Roushani's group devel-
oped several HCVcAg electrochemical biosensors using dif-
ferent nanomaterials, including TiO2-doped celestine blue tag
[10], vanadium oxide nanobelts [11], silver nanoparticle and
thiol graphene quantum dots nanocomposite [12], and multi-
walled carbon nanotubes-chitosan nanocomposite [13]. In an-
other study, Zhou’s group engineered a plasmonic HCVcAg
nanoplatform composed of catalytic hairpin assembly–
induced G-quadruplex/hemin DNAzyme and nanofibrous
membrane [14]. Although these strategies possessed high sen-
sitivity, certain defects still remain: (i) the synthesis of the
nanocomposite needs multiple steps, resulting in time-
consuming preparation process; and (ii) it is hard to control
the same size of the nanocomposite in different batches, lead-
ing to the poor repeatability of the biosensors [15]. Thereby,
there is a need for methods that enable simple, accurate, and
ultrasensitive analysis of HCVcAg.
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Using deoxyribonucleic acid (DNA) as architecture com-
ponent to construct signal amplification strategies has gained
increasing attention in developing high-performance biosen-
sors owing to its precise base pairing [16, 17]. Accordingly,
various strategies have been used to analyze cells, nucleic
acids, and proteins [18, 19]. These strategies are mainly spit-
ted into two groups: dynamic systems that can change the
structure of substrates in response to target (catalytic hairpin
assembly, ro l l ing ci rc le ampl i f ica t ion, terminal
deoxynucleotidyl transferase (TdT) amplification, and so
forth) and static framework devices that structure of their sub-
strates remains unchanged (origami and nanotube) [20, 21].
Among them, TdT amplification and DNA nano-frameworks
are noteworthy events. Specifically, TdT is a protein enzyme
responsible for introducing extra nucleotides into DNA
strands without the need for a template sequence, which is
recognized as a potential tool for controlled DNA synthesis
[22–24]. The bases of the synthesized DNA strands can be
easily adjusted by changing the constitution of the substrate
deoxyribonucleoside triphosphate (dNTP) [25–27]. For DNA
nano-frameworks, several signal labels have been developed
based on tetrahedron [28], nanosheet [29], and dendrimer
[30]. Different from three-dimensional structures, one-
dimensional DNA nanotubes or nanowires possess unique
structural and functional properties, such as tunable geometry
[31], high aspect ratio [32], high cargo encapsulation [33], and
precise cargo anchorage [34]. This makes one-dimensional
DNA materials have a high level of signal label loading capa-
bility. Therefore, TdT amplification strategy and DNW are
attractive tools for the construction of biosensors for sensing
HCVcAg.

Herein, we developed a novel electrochemical biosensor
for ultrasensitive HCVcAg analysis, combining TdT amplifi-
cation and DNW. This periodically ordered DNW was one-
step assembled from only four short single-stranded DNA,
which enabled a label-free and efficient load of methylene
blue (MB) to form MB@DNW signal tag (Scheme 1A).
Target HCVcAg recognized Ab1 immobilized on the elec-
trode surface and DNA-tagged Ab2 (DNA-Ab2). The DNA
was then added poly(T) sequence at its 3′ end extended by
TdT using thymidine as substrate. The extended DNA hybrid-
ized with MB@DNW, producing an amplified signal for de-
tection of HCVcAg (Scheme 1B). The proposed strategy did
not need additional nanomaterials, possessing appealing ad-
vantages of simple operation and good repeatability.

Experimental section

Materials and reagents

Bovine serum albumin (BSA), 25-bp DNA marker, and
DNA oligonucleotides (listed in Table S1) were obtained

from Sangon Inc. (Shanghai, China). Monoclonal
HCVcAg antibodies (Ab1) and polyclonal HCVcAg anti-
bodies (Ab2) were purchased from ViroStat, Inc. (Portland,
USA). Sulfosuccinimidyl-4-(N-maleimidomethyl)
cyclohexane-1-carboxylate (SMCC), dithiothreitol (DTT),
and MB were gained from Sigma-Aldrich (USA). 2′-
Deoxythymidine 5′-triphosphate (dTTPs) was obtained
from ThermoFisher Scientific. Terminal deoxynucleotidyl
transferase (TdT) and 10× TdT buffer were purchased from
Beyotime Biotechnology (Shanghai, China). PBS1 buffer
(pH 7.40) contained 55 mM Na2HPO4, 55 mM NaH2PO4,
150 mM NaCl, and 20 mM EDTA. PBS2 buffer (pH 7.40)
contained 55 mM Na2HPO4, 55 mM NaH2PO4, 150 mM
NaCl, and 5 mM EDTA. The thiolated DNA was dissolved
in 10 mM Tris-HCl buffer (pH 8.0) containing 1 mM
EDTA. All other reagents were of analytical grade, and
aqueous solutions were prepared using Milli-Q water
(18 MΩ cm−1).

Apparatus

CHI660D electrochemical workstation (Shanghai Chenhua
Instruments Co., Ltd., China) was used to perform electro-
chemical experiments. The workstation has a three-electrode
system including a working electrode (gold electrode with
3 mm diameter, GE), a counter electrode (platinum wire),
and a reference electrode (Ag/AgCl). An ultraviolet–visible
(UV–vis) spectrophotometer (Shimadzu, Kyoto, Japan) was
used to characterize the features of DNA-Ab2 conjugate and
MB@DNW.

Synthesis of the DNA-Ab2 conjugate

The DNA-Ab2 conjugate was synthesized based on a cou-
pling reaction between the sulfhydryl group of the
thiolated DNA and amino group of the antibody according
to the references [35, 36]. First, the Ab2 solution was di-
luted to 0.2 mg/mL using PBS1. To activate Ab2, 50 μL of
0.4 mM SMCC in anhydrous DMSO was mixed with
500 μL of the prepared Ab2 solution and incubated at room
temperature for 2 h under shaking slightly. Subsequently,
the activated Ab2 was purified by ultrafiltration using a
100-kD Millipore (10,000 rpm, 10 min), and then dis-
solved in 500 μL of PBS2. Second, 200 μL of 100 mM
DTT was added into 150 μL of 100-μM thiolated DNA,
and diluted with 2.5 mL of 55 mM PBS1 for 1 h at 37 °C to
reduce dimerization of the thiolated DNA. The reduced
DNA was purified by ultrafiltration using a 10-kD
Millipore (10,000 rpm, 10 min), and then dissolved in
500 μL PBS2. Third, 500 μL of the reduced DNA was
mixed with 500 μL of the activated Ab2 solution, incubat-
ed overnight at 4 °C. Then, the unreacted DNA was re-
moved by ultrafiltration using a 100-kD Millipore
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(10,000 rpm, 10 min), and washed with PBS1 at least 3
times. The remained DNA-Ab2 conjugate was dissolved
in 1.0 mL of PBS2.

Preparation of the MB@DNW

The DNW consisted of four DNA strands (S1–S4). These
strands were first mixed with correct stoichiometry at
4.0 μM in 1× TAE/Mg2+ buffer (40 mM Tris-Acetate,
1 mM EDTA, 12.5 mM MgCl2, pH 8.0). The mixture was
placed at 95 °C for 5 min, and then slowly cooled down to
room temperature to form DNW nanostructure. Afterwards,
100 μL of MB (1.0 μM) was added into 20 μL of the mixture
and incubated at 37 °C for 2 h under shaking to form the
MB@DNW signal label. The prepared MB@DNW was
stored at 4 °C before use.

Preparation of the GE

The bare GE was first polished with 0.3-μm alumina slurry.
The polished GE was treated by ultrasonication in deionized
water. Then, the electrode was immersed in a freshly prepared
piranha solution (30% H2O2, 70% H2SO4) for 10 min, and
rinsed thoroughly with deionized water to eliminate residues.
Subsequently, 10 μL of Ab1 (50 μg/mL) was dropped on the
treated electrode surface and incubated at 4 °C overnight.
After rinsing with PBS1 buffer, the GE was incubated in 1%
(w/v) BSA for 2 h to block nonspecific sites. The prepared GE
was stored at 4 °C before use.

Immunoassay and electrochemical measurement

Various concentrations of HCVcAg were dropped onto the
prepared GE and reacted for 30 min. Then, 10 μL of DNA-
Ab2 (20 nM) was dropped onto the electrodes and reacted for
30 min. Subsequently, the electrodes were loaded with 10 μL
of the mixture containing 0.5 mM dTTPs, 5 U μL−1 TdT, and
1× TdT buffer, followed by reaction for 60 min. Furthermore,
10 μL of DNW was dropped onto these electrodes and incu-
bated for 30 min. At each step, the electrodes were washed
three times with Tris-HCl to remove unbound substances.
Finally, the electrochemical measurements were performed
with differential pulse voltammetry (DPV) in PBS. The
DPV measurement conditions included scanning potentials
ranging from −0.5 to 0 V, a potential step of 5 mV, a pulse
amplitude of 50 mV, a pulse width of 50 ms, and a pulse
period of 200 ms. For electrochemical impedance spectrosco-
py (EIS), the parameters included bias potential of 0.26 V and
amplitude of 5 mV.

Polyacrylamide gel electrophoresis

A polyacrylamide gel electrophoresis (PAGE) experiment
was performed on a DYY-6C electrophoresis analyzer
(Liuyi Instrument Company, China) in 1× TBE buffer (pH
8.3, 89 mM Tris-boric acid, 2 mM EDTA) at 110 V for
50 min. After GoldView staining for 30 min, the prepared
gel was imaged on a Bio-Rad ChemDoc XRS (Bio-Rad,
USA).

Scheme 1 Operation principle of the electrochemical biosensor for HCVcAg analysis. (A) the assembly procedure of MB@DNW and (B) the steps of
DCP detection
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Result and discussion

Characterization of DNA nanowires and DNA-Ab2

First, the designed DNW was characterized by using
PAGE. As shown in Fig. 1A, compared to the S1 strand
in lane 1, the hybridization of S1 and S2 (lane 2) and the
hybridization of S3 and S4 (lane 3) appeared a new band
with slower mobility. When they were mixed together at
the same concentration, the main DNA strands were locat-
ed in the top band (lane 4), suggesting the successful as-
sembly of DNW. Furthermore, the loading efficiency of
the designed DNW toward MB was evaluated. As shown
in Fig. 1B, the UV–vis adsorption value of MB (1.0 μM) at
680 nm gradually decreased with increasing the concentra-
tion of DNW from 160 to 240 nM, and then had an ignor-
able change even at the higher DNW concentration. These
results indicated that 1.0 μM of MB could have been al-
most entirely loaded into 240 nM of DNW, demonstrating
the good loading efficiency of the DNW toward MB. In
addition, the prepared DNA-Ab2 was characterized. As
shown in Fig. S1, compared with a typical peak of DNA
at 260 nm (curve a) and a representative peak of the Ab2 at
280 nm (curve b), a merged peak at 260 nm was observed
in the absorption spectrum of the synthesized DNA-Ab2.
The result indicated that the DNA was successfully bound
to Ab2. Based on the absorbance ratio (260 nm vs 280 nm)
[37, 38], five DNA strands were tethered to an antibody in
DNA-Ab2.

Valuation of the feasibility of the electrochemical
biosensor

To verify the feasibility of the electrochemical biosensor,
the stepwise construction process was characterized by
Nyquist plots of electrochemical impedance spectroscopy
(EIS) and cyclic voltammograms (CVs), and the results are
shown in Figs. 2A and S2. The bare GE revealed a

negligible semicircle of EIS and a pair of reversible redox
peaks of [Fe(CN)6]

−3/−4, reflecting its good charge-transfer
(curve a). When the GE was modified with Ab1 and BSA,
the redox peak current decreased and the interfacial
charge-transfer resistance (Ret) increased, suggesting that
the electron transfer was suppressed by Ab1 and BSA
(curve b). After HCVcAg was incubated with the prepared
electrodes, the Ret continually increased and the CV value
further decreased (curve c), indicating that HCVcAg was
bound to Ab1. The Ret and redox peak current continued to
change after recognizing with DNA-Ab2 (curve d). Adding
TdT and dTTPs to the electrodes, a reduced CV response
and an increased Ret were observed, suggesting that TdT
amplification could produce long DNA strands (curve e).
The change was attributed to the repulsive reaction be-
tween negative charged [Fe(CN)6]

−3/−4 and DNA, which
impeded electron transfer. Furthermore, DPV signals of
the electrochemical biosensor responding to HCVcAg
and blank control were recorded, and the results were
depicted in Fig. 2B. Compared to the blank control exper-
iment, an obviously improved current intensity was ob-
served in the presence of HCVcAg. These results demon-
strated that the developed electrochemical biosensor was
feasible for the detection of HCVcAg.

Optimization of experimental conditions

To gain the excellent detection performance of the biosen-
sor, several important reaction parameters were optimized
systematically. (1) First, the concentration of Ab1 was
studied, because it determined the efficiency of the binding
of HCVcAg to the electrode surface. As shown in Fig. 3A,
the DPV signal gradually improved with the increase of
Ab1 concentration from 5 to 50 μg/mL, and remained sta-
ble at the higher Ab1 concentration. According to these
results, 50 μg/mL Ab1 made the biosensor achieve the
highest DPV signal, which thus was chosen as the optimal
concentration. (2) Then, various concentrations of TdT

Fig. 1 A Characterization of
DNW by using PAGE: (M) 20 bp
marker, (1) S1, (2) S1 + S2, (3) S3
+ S4, (4) S1 + S2 + S3 + S4. The
concentrations of all DNA sub-
strates were 1.0 μM. B Loading
MB into DNW: the UV–vis ad-
sorption spectrum of MB
(1.0 μM) solution in the presence
of different concentrations of
DNW ranging from 160 to
280 nM. The incubation time was
2.0 h
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were evaluated, because it directly affected the extended
efficiency of DNA chain. As shown in Fig. 3B, an upward
trend in the DPV signal was observed from 2.0 to 5.0 U/μL
TdT; after which, the signal intensity showed ignorable
change. Thus, 5.0 U/μL TdT was demonstrated to be op-
timized for the developed biosensor. (3) Subsequently, the
reaction time of TdT was studied, due to the fact that it
determined the length of the extended DNA strand. As
depicted in Fig. 3C, the DPV signal increased dramatically
as the incubation time increased from 15 to 60 min, while
the signal decreased obviously at the longer reaction time.
This is probably because overlong DNA strands tended to
aggregate, leading to the frustrated binding of signal tags to

the extended strand. Therefore, 60 min was selected as the
optimized reaction time of TdT. (4) Finally, the concentra-
tion of MB@DNW was optimized. As illustrated in Fig.
3D, the DPV signal had an increasing trend from 0.1 to
0.6 μM of MB@DNW, and then the signal remained sta-
ble. Thus, we adopted 0.6 μM of MB@DNW for the fol-
lowing experiments.

Analytical performance of the electrochemical
biosensor

To evaluate the analytical performance of the electrochem-
ical biosensor for HCVcAg, various concentrations of

Fig. 2 Valuation of the feasibility of the electrochemical biosensor. A
Nyquist plots of the biosensor construction process in 5 × 10−3 M
[Fe(CN)6]

−3/−4 containing 0.4 M KCl at (a) GE, (b) BSA/Ab1/GE, (c)
HCVcAg/BSA/Ab1/GE, (d) DNA-Ab2/HCVcAg/ BSA/Ab1/GE, and (e)
TdT/DNA-Ab2/HCVcAg/BSA/Ab1/GE. Inset is the equivalent circuit for
Nyquist plots, in which Rs is the solution resistance, Cdl is the double

layer capacitance, Ret is the charge-transfer resistance, and Zw is the
Warburg impedance. B DPV curves responding to target and blank con-
trol. The concentrations of DNA-Ab2, dTTPs, TdT, and target were
20 nM, 0.5 mM, 5 U/μL, and 0.35 ng/mL, respectively. Analytical
DPV signals were measured at the peak, that is around −0.25 V (Ag/
AgCl)

Fig. 3 Optimization of the
reaction conditions: the effect of
(A) Ab1 concentration, (B) TdT
concentration, (C) reaction time
of TdT, and (D) MB@DNW
concentration on the DPV signal.
The concentration of HCVcAg
was 312.5 pg/mL. Error bars are
standard deviations obtained from
three independent experiments
conducted on three different
electrodes
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HCVcAg were tested under the optimized reaction condi-
tions. As shown in Fig. 4A, the DPV signal gradually im-
proved as the concentration of HCVcAg increased from 0
to 312.5 pg/mL, indicating that the produced DPV signal
depended on HCVcAg concentration. As shown in Fig.
4B, the biosensor exhibited a good linear relationship be-
tween the DPV signal and the logarithm of HCVcAg con-
centration ranging from 0.1 to 312.5 pg/mL. The corre-
sponding linear equation was I = 2.70 + 1.10 lg C (R2 =
0.997), where I refers to the DPV current intensity and c
indicates HCVcAg concentration. The standard deviation
of the sensitivity and intercept of the linear equation were
0.03 and 0.04, respectively. The limit of detection (LOD)
was calculated to be 32.0 fg/mL on the basis of the expres-
sion S/N = 3. Compared with other reported biosensors for
HCVcAg analysis, the developed biosensor showed com-
parable or even superior performance in terms of LOD and
linear detection range (Table S2). Moreover, the sensitivity
of the biosensor was much better than that of the commer-
cial ELISA kit (5 pg/mL). The excellent performance of
the biosensor primarily benefited from the integration of
the TdT amplification system and MB@DNW.

Specificity, stability, and repeatability of the
biosensor

To evaluate the specificity of the electrochemical biosensor,
some interfering proteins were tested, such as HCV structural
protein (c22), HCV non-structural protein (NS4), HBV sur-
face antigen (HBsAg), and immunoglobulin G (IgG). As
shown in Fig. 5A, the DPV intensity of these interfering pro-
teins was almost the same as that of the blank control, while
the DPV signal enhanced distinctly in the presence of
HCVcAg. These results demonstrated that the biosensor pos-
sessed good specificity for HCVcAg detection and could
avoid the interference of other proteins. Furthermore, to eval-
uate the stability of the biosensor, 18 prepared electrodes and
MB@DNW were placed at 4 °C, and TdT was stored at
−20 °C. At intervals of 3 days, three different electrodes were
taken out and then measured in response to 2.5 pg/mL
HCVcAg. As illustrated in Fig. 5B, although the components
of the developed biosensor were stored for 15 days, the elec-
trochemical signal had small undulation. Therefore, the good
stability of the electrochemical biosensor was demonstrated.
In addition, to investigate the repeatability of the biosensor,

Fig. 4 Evaluation of the sensitivity of the biosensor. A DPV signals
responding to different target concentrations: (a) 0, (b) 0.1 pg/mL, (c)
0.5 pg/mL, (d) 2.5 pg/mL, (e) 12.5 pg/mL, (f) 62.5 pg/mL, and (g)
312.5 pg/mL HCVcAg. B Linear relationship between the DPV signal

and the logarithm of HCVcAg concentration from 0.1 to 312.5 pg/mL.
Analytical DPV signals were measured at the peak, that is around
−0.25 V (Ag/AgCl). Error bars are standard deviation obtained from three
independent experiments conducted on three different electrodes

Fig. 5 A Evaluation of the
specificity of the biosensor: DPV
signals of blank control, four
interferences (5.0 ng/mL), and
HCVcAg (312.5 pg/mL). B
Evaluation of the stability of the
biosensor: DPV signals
responding to 12.5 pg/mL
HCVcAg from 1 to 15 days. Error
bars are standard deviations
obtained from three independent
experiments conducted on three
different electrodes
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five different electrodes were tested for 12.5 pg/mL HCVcAg,
and the relative standard deviation (RSD) of the signal values
was analyzed. The RSD was calculated to be 4.1%, indicating
that the developed biosensor had good repeatability.

Clinical application of the electrochemical biosensor

To evaluate the practicability of the biosensor, the standard
addition experiment was first performed by adding various
concentrations of HCVcAg to diluted healthy serum samples.
As shown in Table S3, the recoveries ranged from 98.0 to
104% with the RSD of 2.5–4.4%. These results demonstrated
that the constructed electrochemical biosensor possessed good
accuracy for the detection of HCVcAg in serum samples. The
good analytical performance of the biosensor powered us to
further evaluate its feasibility in clinical samples. Eight clini-
cal serum samples (4 HCV patients and 4 healthy volunteers)
were collected from our hospital, and these samples were
parallelly analyzed by the developed biosensor and ELISA
kit. As shown in Fig. 6, the results of the electrochemical
biosensor were consistent with that of ELISA, and the testing
value of HCVcAg from HCV patients (P1–P4) obviously en-
hanced compared with healthy volunteers (H1–H4). These
results demonstrated that our developed biosensor could be
applied to analyze HCVcAg in clinical samples. Although this
strategy holds good potential in practical application, some
limitations remain: the preparation of electrodes was complex,
and the modified electrodes cannot be used repeatedly.

Conclusion

We successfully constructed a new electrochemical biosensor
based on TdT reaction as signal amplification and
MB@DNW as a signal label for ultrasensitive HCVcAg anal-
ysis. Compared to other HCVcAg sensing strategies reported
previously, the method we developed was easy to operate and
has good reproducibility due to the lack of need for
nanomaterials. The DNA nanowire was easily assembled by
four short DNA chains, which could be label-free and have

efficient load amounts of MB. Benefiting from TdT
amplification–induced MB@DNW linkage, the biosensor
achieved reliable and ultrasensitive detection of HCVcAg
with the detection limit down to femtomole level. More im-
portantly, through a recovery test and comparison with
ELISA, the feasibility of the biosensor for HCVcAg detection
in clinical samples was verified. Therefore, the developed
electrochemical strategy offers a potential tool for accurate
and sensitive detection of HCVcAg in the clinic.
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