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ABSTRACT: A DNA tetrahedral nanostructure-based electro-
chemical biosensor was developed to detect avian influenza A
(H7N9) virus through recognizing a fragment of the
hemagglutinin gene sequence. The DNA tetrahedral probe
was immobilized onto a gold electrode surface based on self-
assembly between three thiolated nucleotide sequences and a
longer nucleotide sequence containing complementary DNA to
hybridize with the target single-stranded (ss)DNA. The
captured target sequence was hybridized with a biotinylated-
ssDNA oligonucleotide as a detection probe, and then avidin-
horseradish peroxidase was introduced to produce an
amperometric signal through the interaction with 3,3′,5,5′-tetramethylbenzidine substrate. The target ssDNA was obtained by
asymmetric polymerase chain reaction (PCR) of the cDNA template, reversely transcribed from the viral lysate of influenza A
(H7N9) virus in throat swabs. The results showed that this electrochemical biosensor could specifically recognize the target
DNA fragment of influenza A (H7N9) virus from other types of influenza viruses, such as influenza A (H1N1) and (H3N2)
viruses, and even from single-base mismatches of oligonucleotides. Its detection limit could reach a magnitude of 100 fM for
target nucleotide sequences. Moreover, the cycle number of the asymmetric PCR could be reduced below three with the
electrochemical biosensor still distinguishing the target sequence from the negative control. To the best of our knowledge, this is
the first report of the detection of target DNA from clinical samples using a tetrahedral DNA probe functionalized
electrochemical biosensor. It displays that the DNA tetrahedra has a great potential application as a probe of the electrochemical
biosensor to detect avian influenza A (H7N9) virus and other pathogens at the gene level, which will potentially aid the
prevention and control of the disease caused by such pathogens.

KEYWORDS: electrochemical DNA biosensor, tetrahedral nanostructure probe, avian influenza A (H7N9) virus, asymmetric PCR,
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■ INTRODUCTION

Influenza virus can cause a highly infectious respiratory illness
in humans, other mammals and birds. In the spring of 2013, a
novel reassortant avian influenza A (H7N9) virus, causing
human infections, was identified in China.1 This new virus
spread rapidly causing worldwide concern. Although the spread
of this disease was largely controlled, it reemerged to cause
sporadic infections in 2015.2 The possibility that this avian
influenza A (H7N9) virus could obtain high transmissibility
through gene mutation leading to an epidemic cannot be
excluded in the future. To prevent and control this disease,
adequate detection methods for the rapid and accurate
identification of A (H7N9) virus infected carriers are crucial.
Traditional methods for the detection and identification of

influenza A (H7N9) virus, such as polymerase chain reaction
(PCR),3 enzyme-linked immunosorbent assay4 and serological
methods5 are usually laborious, time-consuming and expensive,
and require specialized facilities and highly trained staff.6 There
is therefore increasing interest in the development of DNA
electrochemical biosensors for the diagnosis of infectious
pathogens because of their simplicity, low cost, high sensitivity,
fast response time, easy operation and portability.7,8 To date,
DNA electrochemical biosensors have been applied for the
detection of pathogens, such as Aeromonas hydrophila9 and
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Salmonella,10 and for the detection of anthrax lethal factor.11

They have also been applied for the detection of influenza
viruses, including avian influenza A (H5N1) virus,12 influenza
viruses H5N213,14 and H7N9.15 However, there have been no
reports of the detection of natural nucleic acid from influenza A
(H7N9) virus using DNA electrochemical biosensors.
High detection capabilities, that is, selectivity, specificity and

stability, are a crucial feature of DNA biosensors.16 The
selectivity of nucleic acid hybridization assays primarily depend
on the selection of the probe.17 Therefore, several DNA probes
such as single-stranded (ss) DNA, hairpin DNA,18 peptide
nucleic acid,19 and locked nucleic acid,20 have been developed
for the construction of DNA biosensors. However, since most
of these probes are attached to the electrode surface via a
single-point-attachment, a passivation step with a blocker is still
necessary to increase the heterogeneity of the biosensor
surface.21 Hence, it is vital to precisely control the surface
density of the biosensor to obtain high reproducibility. DNA
nanotechnology might potentially provide a new solution of
these challenging problems. A DNA nanostructure, known as
DNA tetrahedra, has been developed for molecular identi-
fication,22−25 providing a convenient method of controlling the
biomolecule-confined surface to increase molecular recognition
at the biosensing interface.21−23 When the three vertices of the
tetrahedra were modified with thiol, it could be anchored onto
the gold surface by strong Au−S chemical bonds, resulting in a
5000-fold greater affinity than single point-tethered oligonu-
cleotides.21,26 The fourth vertex at the top of the bound
tetrahedra, appended with a pendant ssDNA probe, could
further capture target DNA.22 Importantly, the high mechanical
rigidity of the tetrahedral nanostructural probe fixed it to the
gold surface in an upright orientation, even in the absence of
the “helper” molecule 6-mercapto-1-hexanol (MCH).22 Some
biosensors have been developed using DNA tetrahedra-
structured probes to detect synthetic ssDNA samples with
encouraging outcomes.22,27 However, to date, this method has
not been applied to the detection of clinical samples.
In recent years, conventional electrochemical detection

methods have been able to sensitively detect DNA targets
with high sequence specificity in pure DNA samples but the
results do not meet clinical diagnostic requirements because of
the high signal to background ratio resulting from the
complexity of the sample.28 Some DNA biosensors have also
been developed for the detection of PCR products from
practical samples.29,30 However, similar problems were
encountered, with low hybridization efficiency between target
sequences and probes caused by background interference.31

Ideally, for convenient detection, electrochemical biosensors for
the detection of target DNA should be PCR-free or, at least,
less dependent on PCR. PCR-free electrochemical biosensors
mainly target the DNA analyte with high abundance. For target
DNA of low abundance, although there have been reports on
the detection of products by few PCR cycles (up to five
cycles),31 these reports are not based on DNA biosensor
technology, but instead involved detection by quantitative real-
time PCR.31 In addition, to obtain ssDNA target sequences for
biosensing detection, asymmetric PCR has been used,31 which
avoids the need for heat denaturation before hybridization with
probes and reduces background interference.31 The asymmetric
PCR ssDNA products can then effectively hybridize with
probes and many DNA biosensors can detect trace ssDNA
sensitively.32−34

In this study, an electrochemical biosensor using DNA
tetrahedral nanostructure as the probe was developed to detect
the hemagglutinin (HA) gene of influenza A (H7N9) virus by
amperometric measurements. In this system, three vertices of
the tetrahedra modified with thiol were immobilized onto the
gold surface and the fourth vertex appended with a pendant
ssDNA as the coated probe. Then, a biotin-labeled (bio)-
ssDNA was introduced as the detection probe to form a
sandwich-type arrangement in the presence of target sequence.
Avidin-horseradish peroxidase (HRP) was used as signal
amplifier to transduce the DNA hybridization events to
electrochemical signals by specific binding with the bio-
ssDNA detection probes. To obtain ssDNA target sequences,
asymmetric PCR was also used, employing A (H7N9) virus
cDNA as template. The degree of dependence of electro-
chemical biosensing on PCR was also studied. To the best of
our knowledge, this is the first report of the application of a
tetrahedral DNA probe functionalized electrochemical bio-
sensor for the detection of target DNA copied from clinical
samples.

■ EXPERIMENTAL SECTION
Materials. All chemicals were obtained from commercial sources

and used without further purification. Tris (2-carboxyehtyl) phosphine
hydrochloride (TCEP), MCH and avidin-HRP were purchased from
Sigma-Aldrich (St. Louis, MO, USA); avidin-HRP was diluted with
0.1% bovine serum albumin (Solarbio, Beijing, China). K2HPO4 was
obtained from Strem Chemicals (Newburyport, MA, USA). TMB
(enhanced K-blue substrate) was from Neogen (Pittsburgh, PA,
U.S.A.). H2SO4 was from Merck (Darmstadt, Germany). KH2PO4 and
KCl were from J&K Scientific (Beijing, China). All other reagents were
purchased from Sinopharm Chemical Reagent Company (Shanghai,
China). All solutions were prepared with double-distilled water (Milli-
Q, 18 MΩ·cm resistivity from a Millipore system; Millipore, Bedford,
MA, U.S.A.).

All of the DNA nucleotide sequences used as primers and probes in
this work were supplied by Takara (Dalian, China), and their
sequences are illustrated in Supporting Information Table S1, among
which s1, s2, s3, and s4 were used to form DNA tetrahedral structured
probes through self-assembling hybridization. Single primer H7-R,
designed by DNAMAN v6 (Lynnon Biosoft, Los Angeles, CA, USA)
according to the target sequence, was used to obtain ssDNA target
sequences by asymmetric PCR. FluA-F30 and FluA-R264 were used in
PCR for comparisons with established electrochemical biosensing
methods.

Preparation of Samples. Influenza A (H7N9) RNA templates
were viral lysates from throat swabs provided by the Chinese Center
for Disease Control and Prevention (Beijing, China). Influenza A
viruses, H3N2 and H1N1, from clinical samples were provided by the
Beijing Center for Disease Prevention and Control (China), and
routine laboratory methods were used for the propagation of influenza
viruses. Viruses were cultured in Madin−Darby canine kidney
(MDCK) cells supplemented with trypsin, as described by the
World Health Organization guidelines.35

RNA from influenza A viruses, H3N2 and H1N1, was isolated after
culturing with MDCK cells using the RNeasy Mini Kit according to
the manufacturer’s instructions (Qiagen, Hilden, Germany). cDNA
was obtained using the Reverse Transcription System according to the
manufacturer’s instructions (Promega, Madison, WI, USA). To obtain
ssDNA target sequences, asymmetric PCR was performed using the
following reaction mixture: 25 μL Ex Taq Mix (Version 2.0, Takara), 1
μL cDNA, 0.5 μL H7-R, and 23.5 μL nuclease-free water, and the
following cycling conditions: 1 min at 95 °C followed by 35 cycles of
95 °C for 30 s, 50 °C for 30 s, and 72 °C for 1 min; the reaction
system was further incubated for 10 min at 72 °C to extend any
incomplete products. The PCR products of the H7 sequences were
confirmed by agarose gel electrophoresis and quantified by real-time
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PCR (the details are provided in Supporting Information). The primer
sequences for real-time PCR (shown in Supporting Information Table
S1) were based on the World Health Organization guidelines.36

Apparatus. All electrochemical measurements were performed
using a CHI660D electrochemical workstation (CH Instrument Inc.
3700 Tennison Hill Drive Austin, TX 78738−5012 USA). The gold
working electrode (CHI101), platinum wire counter electrode
(CHI115) and Ag/AgCl reference electrode (CHI11) were also
purchased from CH Instrument. The PCR thermal cycler (Veriti) was
from Applied Biosystems (Foster City, CA, USA) and the iQ5 real-
time PCR detection system was from Bio-Rad (Hercules, CA, USA).
Fabrication of the Electrochemical DNA Biosensor. The

biosensor was fabricated through self-assembly via Au−S bonds
between the thiolated tetrahedral structured DNA probes and the
clean gold electrode, mainly according to previously reported
methods.37,38 The tetrahedral structured DNA probes were self-
assembled by DNA hybridization between three thiolated DNA
nucleotide sequences and a longer DNA nucleotide sequence
containing the complementary sequence of the target sequence
through a change in temperature. First, equimolar quantities of
nucleotides (s1, s2, s3, s4) were mixed in TM buffer (10 mM Tris, 5
mM MgCl2). Second, the mixture was heated to 95 °C for 2 min.
Finally, the mixture was cooled at 4 °C for 30 s to form a DNA
tetrahedral structure.22,26,39 The successful assembly of the DNA
tetrahedra was confirmed using polyacrylamide gel electrophoresis
(PAGE), as described in the Supporting Information.
The gold electrode was polished with 1.0 μm alpha alumina powder

on a nylon polishing pad for about 1 min, then with 0.3 μm alpha
alumina powder on a nylon polishing pad for about 1.5 min, and finally
with 0.05 μm gamma alumina powder on a microfiber polishing pad
for about 2 min. The gold surface was rinsed with double distilled
water after each polishing step. Next, the gold electrode was cleaned
with piranha solution (7:3 ratio of H2SO4/30% H2O2 (v/v)) for 10
min to remove organic impurities and then rinsed with double-distilled
water. (Caution: Piranha solution reacts violently with organic solvents
and is a skin irritant, so extreme caution should be exercised when handling
piranha solution.) The cleaned gold electrode was further activated
through an electrochemical cycle (about 15 cycles at 100 mV·s−1)
from a potential of −0.3 to 1.55 V in 0.5 M H2SO4 solution until a
stable gold oxidation peak at 1.06 V vs Ag/AgCl was observed. The
bare gold electrode was reused as described above after each detection
event.
The activated electrode was incubated with 1 μM of DNA

tetrahedral structured probe in immobilization buffer (0.5 M
KH2PO4, 0.5 M K2HPO4, 1 mM TCEP pH 7.4) at 4 °C overnight.
The DNA tetrahedral structured probe modified electrode was then
rinsed with double-distilled water to remove nonspecifically absorbed
probes. Thus, the DNA nanostructure-based electrochemical biosensor
was ready for the detection of target DNA sequences.
Electrochemical Measurements. During the process of electro-

chemical detection, synthetic targets (with concentrations of 0, 1 pM,
10 pM, 100 pM, 500 pM, 1 nM, 2.5 nM, 5 nM, 7.5 nM, 10 nM, 50 nM,
and 100 nM) were mixed with 100 nM of bio-ssDNA detection probe
solution at 37 °C for 30 min. Then, 4 μL of the mixture was incubated
on the decorated gold electrode surface for 30 min at 37 °C to interact
with the DNA tetrahedral structured probes. The mixture system was
washed with PBS buffer followed by double-distilled water, and
incubated with avidin-HRP (5 μg/mL) for 15 min at room
temperature. After removing the remaining nonspecifically adsorbed
HRP through washing with distilled water, amperometric detection
was performed. Amperometric detection was performed at a fixed
potential of 150 mV and a steady state was reached and recorded
within 100 s, using TMB substrate as the electrolyte, under 300 r·
min−1 agitation. A batch of parallel prepared electrodes modified with
DNA tetrahedral probe were used to test their response to various
concentration of targets, and this test was carried out 3 times to obtain
error bars.
To evaluate the applicability of the fabricated biosensor to target

sequences from clinical samples, asymmetric PCR ssDNA product
targets were chosen at various concentrations (with dilution ratios of 1,

1/10, 1/100, 1/1000, 1/10000) and different cycle(s) (from 0 to 5) of
asymmetric PCR ssDNA products, copied from cDNA of influenza A
(H7N9) from swab samples. We also analyzed its detection capability
for asymmetric PCR products compared with that for PCR-free
products, which were obtained by heating the PCR-free samples at 95
°C for 5 min, then immediately chilling them on ice to obtain
denatured ssDNA as described previously.40

To evaluate the specificity of the biosensor, 10 nM of various
synthetic DNA sequences (complementary target, single-base
mismatch mutant sequence, two-base mismatch, three-base mismatch
and a random control sequence), and using three different asymmetric
PCR products (cDNA from H7N9, H1N1, and H3N2 as templates)
were tested.

The steps involved in fabricating the biosensor and detecting target
DNA were also characterized by cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS). CV, EIS, and
amperometric detection (current versus time, I−t) were carried out
on a CHI660D electrochemical workstation with a conventional three-
electrode system composed of platinum wire as the auxiliary, Ag/AgCl
electrode as the reference and a 2 mm diameter gold electrode as the
working electrode. The CV curves were measured between −0.2 and
0.6 V in a solution of 1 mM K4Fe(CN)6, 1 mM K3Fe(CN)6, and 0.1 M
KCl with a scan rate of 0.1 V·s−1. EIS measurements were conducted
in the same solution under an AC amplitude of 0.01 V and a frequency
ranging from 100 kHz to 0.01 Hz.

■ RESULTS AND DISCUSSION

Characterization of DNA Tetrahedra. The successful
assembly of DNA tetrahedra was characterized by PAGE, as
shown in Figure S1 in Supporting Information. The DNA
tetrahedra was found to move more slowly than the ssDNA and
two or three strands of DNA combinations, in accordance with
previous reports.22,39 The results indicated the successful
assembly of the DNA tetrahedra nanostructure. PAGE analysis
demonstrated that the yield of tetrahedra was more than 90%,
as estimated by the TotalLab TL100 1D v. 2009 computer
software package (Nonlinear Dynamics. Ltd.).

Electrochemical Characterization of the Biosensor
Fabrication. The process of biosensor fabrication was
characterized by the electrochemical methods of CV and EIS.
Figure 1A shows the cyclic voltammogram behavior of the
electroactive ion pair [Fe(CN)6]

3−/4− over the surface of the
gold electrode before and after the process of modification of
the DNA tetrahedral structured probes, the interaction with the
target sequences and HRP labeling. For the bare gold electrode,
there was a pair of redox peaks at 0.17 V (anodic, Epa) and 0.24
V (cathodic, Epc), and a peak potential difference ΔEp of 0.07 V
(a), which is attributed to the redox behavior of [Fe-
(CN)6]

3−/4−.41 After modification of the DNA tetrahedral
structured probes through the thiol groups, the redox peak
current decreased and the ΔEp increased significantly (b),
which indicated that the binding of the thiol groups on the gold
electrode surface hindered interfacial electron transfer between
the gold surface and the bulk solution, and also suggested that
the tetrahedral structured probes had been immobilized on the
gold electrode surface.37 However, after immersion in the target
ssDNA/bio-ssDNA solution for 30 min, the CV curve
presented almost no change compared with that of the
modified DNA tetrahedral probes (c). This phenomenon
might be attributed to the fact that the nanoscale interior pore
space of the DNA tetrahedra makes the electrode surface
accessible to the bulk solution by small molecules/ions such as
[Fe(CN)6]

3−/4−. This result was in accordance with reports that
the DNA tetrahedra has mechanical rigidity and structural
stability,39 making the probes on top of the DNA tetrahedra
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“stand up” in an orderly manner and a uniform orientation.21,26

This structure may reduce the surface effects and place the
probes in a solution-phase-like environment, enhancing
biomolecular recognition and allowing enzyme amplification
to increase the detection signal.21,26 However, after incubation
with avidin-HRP for 15 min, the redox peaks were significantly
suppressed (e) compared with those for no target ssDNA/bio-
ssDNA (d), indicating that the bulky streptavidin−HRP
molecules adsorbed onto the electrode surface by bio-
ssDNA/ssDNA blocked electron transfer and provided an
effective barrier against electron transfer of the redox species in
solution.
These findings were confirmed by EIS analysis. Figure 1B

shows the EIS Nyquist plots after each electrode modification
detailed in Figure 1A. As shown in Figure 1B (insert), the basic
equivalent circuit model of the working electrode surface
modified with an organic layer is made up of four parts, Rs, Ret,
Cdl, and ZW, representing the electrolyte resistance, electronic

transfer resistance, double layer capacitance and the Warburg
impedance, respectively. It is known that the impedance spectra
includes a linear part at lower frequencies corresponding to
diffusion and a semicircular portion at higher frequencies
relating to the electron transfer-limited process, whose
semicircular diameter was equal to electron-transfer resistance
Ret.

37 The bare gold electrode exhibited an almost straight line
(a, Ret = 1268 Ω), which was characteristic of the mass diffusion
limiting step of the electron-transfer process. When the
thiolated DNA tetrahedral structured probes were immobilized
onto the electrode surface, a semicircular portion appeared in
the higher frequency region, indicating an increase in Ret (b, Ret
= 13110 Ω). This characteristic result was because the
negatively charged phosphate backbone of the oligonucleotides
produced an electrostatic repulsion force to [Fe(CN)6]

3−/4−.37

After the target ssDNA, hybridized with the introduced bio-
ssDNA detection probes, the EIS Nyquist plots barely changed
(c, Ret = 13840 Ω), which was consistent with the results
obtained for CVs. When the avidin-HRP was introduced to
bind to bio-ssDNA, a greater increase was observed in the
semicircular portion (e, Ret = 37250 Ω), also in agreement with
the results of CVs represented in Figure 1A.

Response of the Biosensor to Synthetic Target DNA.
Figure 2A compares the signal obtained with the synthetic
target DNA from the tetrahedral DNA probe functionalized
biosensor with that obtained from the ssDNA probe biosensor.
The results show that these two kinds of DNA probe
biosensors have comparatively low background signals no
matter through blocking with MCH or not. However, when
detecting the targets, for instance under the same concentration
of target synthetic DNA (1 nM), the tetrahedral DNA probe
biosensor yielded 74.5% larger amperometric signal than the
ssDNA probe biosensor without the blocking of MCH,
showing significant statistical difference (P < 0.01 for t test).
The blocking of MCH could increase the amperometric signal
for these two kinds of biosensors, probably because of the
orientation effect of MCH on the DNA probe on the electrode
surface. However, the increase in the signal for the tetrahedral
DNA probe functionalized biosensor (5.2%) was much lower
than for the ssDNA probe biosensor (40%), which was perhaps
due to the mechanical rigidity and structural stability of the
tetrahedral nanostructure. The statistical analysis shows that the
blocking of MCH could significantly increase the response
signal of ssDNA probe functionalized biosensor (P < 0.01 for t
test), but not for DNA tetrahedral probe functionalized
biosensor (P = 0.6 for t test). These results indicate that the
decoration of the tetrahedral nanostructured DNA probes on
the electrode surface would not need further blocking with
MCH to obtain a signal approximately equivalent to that with
MCH blocking. Therefore, compared with the ssDNA probe,
the tetrahedral DNA probe could not only increase the
detection signal but could also reduce further decoration to
facilitate the stability of the DNA biosensor.
To characterize the quantitative response capability of the

fabricated biosensor to the target, synthetic oligonucleotides
were used as targets in various concentrations to interact with
the biosensor. Figure 2B (insert) presents the amperometric
response value of the biosensor with target concentrations from
1 pM to 100 nM. The amperometric signals increased along
with the concentration of target DNA. In general, the
relationship between the signal and the logarithmic value of
the target concentration was not linear, as usually reported.42

However, when the curve was divided into two sections, from 1

Figure 1. CV (A) and EIS (B) characteristics of the bare gold
electrode (a), the modification with DNA tetrahedral probes (b), the
hybridization with target ssDNA (10 nM)/bio-ssDNA (c), the binding
with avidin-HRP (5 μg/mL) (e), and the binding with avidin-HRP
directly after b but without c (d). The CV curves were measured
between −0.2 and 0.6 V with a scan rate of 0.1 V·s−1, EIS
measurements were conducted under an AC amplitude of 0.01 V
and a frequency range from 100 kHz to 0.01 Hz. Work solution: 1 mM
K4Fe(CN)6 + 1 mM K3Fe(CN)6 + 0.1 M KCl.
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pM to 2.5 nM (I on Figure 2B) and from 2.5 nM to 100 nM (II
on Figure 2B) at the critical point 2.5 nM, the relationship
between the amperometric signal and the logarithmic value of
the target concentration was linear (the R2 values were 0.995
and 0.966, respectively). The slope of the linearity curve
increased with the target concentration. This result indicated
that the hybridization of target DNA with the tetrahedral
structured probes recognized the spatial conformation of DNA
over the probes, which benefited the hybridization of
subsequent DNA sequences to bind more avidin-HRP and
significantly increase the signal.
To determine the detection limit of the biosensor for

synthetic target DNA, the linearity plot of the amperometric
signals against the target concentrations from 1 pM to 2.5 nM
(I in Figure 2B) was used to estimate 3σ (where σ was the
standard deviation of the signal for the blank solution). Thus,

the detection limit was estimated to be 0.75 pM, slightly lower
than that of a previous report (1 pM).22

Response of the Biosensor to Target DNA Sequences
Derived from Clinical Samples Containing Influenza A
(H7N9) Virus. Figure 3 shows the response of the biosensor to
target DNA sequences derived from clinical samples containing
influenza A (H7N9) virus. The amperometric signal of the
biosensor to asymmetric PCR ssDNA products was larger than
that for PCR-free samples at the same concentration (both 12
and 1.2 pM), except for the zero-sample (in the same
hybridization reaction system but without samples), as
displayed in Figure3A, which is due to less interference from
the ssDNA target sequence from asymmetric PCR than that
from the normal target DNA sequence without PCR. This
result indicated that the application of asymmetric PCR can
reduce the interference from complementary DNA sequences
to the target DNA sequence, thereby increasing the detection
signal. Furthermore, as shown in Figure 3B, the amperometric
signals of the biosensor increased along with the concentration
of asymmetric PCR products. The relationship between the
signal and the logarithmic function of the concentration of
asymmetric PCR ssDNA products was linear, indicating the
quantitative detection ability of this biosensor for target DNA,
as shown in Figure 3C. The detection limit of the biosensor for
asymmetric PCR ssDNA products was determined to be 97 fM.
These findings indicate that the biosensor could potentially be
applied to the detection of clinical biological samples.

Specificity of the Biosensor for the Detection of the
Influenza A (H7N9) HA Gene. The specificity of the
biosensor was analyzed using artificial synthetic DNA and the
products of asymmetric PCR from influenza A (H7N9) virus
and negative control viruses including influenza A H3N2 and
H1N1 viruses. Figure 4A shows the detection signal of the
biosensor to synthetic DNA sequences at a concentration of 10
nM. The greatest amperometric response signal was observed
with the complementary target sequence H7-T, this response
signal was approximately an order of magnitude larger than that
of the blank and random control DNA sequences. This result
confirmed the high affinity of the biosensor to its
complementary DNA target. As expected, significantly reduced
amperometric signals were observed with DNA target
sequences containing single-base, two-base or three-base
mismatches. The response signals to synthetic nucleotide
sequences indicated that the fabricated biosensor could
discriminate different DNA sequences effectively, with excellent
selectivity.
For the specific characterization of the fabricated biosensor

with DNA sequences from clinical samples, three kinds of
different asymmetric PCR products (diluted 1:100) were
assayed: the ssDNA of influenza A viruses H7N9, H1N1, and
H3N2, except for zero-samples. The concentration of the
cDNA templates was checked after PCR by agarose gel
electrophoresis, as shown in Figure 4B (insert). The results
showed that the amperometric signal of the DNA biosensor for
the target DNA from influenza A (H7N9) virus (labeled H7 in
Figure. 4B) was greater than for influenza A H1N1 and H3N2
viruses (labeled H1 and H3 in Figure 4B), suggesting that the
biosensor could specifically distinguish influenza A (H7N9)
virus from other influenza A control viruses. This demonstrated
the excellent specificity of the biosensor for the detection of the
HA gene from influenza A (H7N9) virus.

Detection of Asymmetric PCR Products within
Limited Cycles. To further test the ability of the biosensor

Figure 2. Amperometric response of the fabricated biosensor to
synthetic target DNA. (A) Comparison between the signals for the
biosensor of the tetrahedral DNA probe to 0 (blank) and 1 nM of
synthetic target DNA and that for the ssDNA probe, with or without
blocking by MCH. (B) The current variation of the tetrahedral DNA
biosensor against the logarithmic value of the synthetic target DNA
concentration from 1 pM to 100 nM. I and II show a linear
relationship between the amperometric signal and the logarithmic
value of the target concentration from 1 pM to 2.5 nM and from 2.5
nM to 100 nM, respectively (the R2 values equal 0.995 and 0.966 for I
and II, respectively). The inset shows the amperometric response
against the target concentration. Error bar represents the relative
standard deviation of three independent experiments.
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to detect clinical samples and potentially shorten the detection
time, ssDNA asymmetric PCR products from 0 to 5 cycles were
tested. As shown in Figure 5A, ssDNA products obtained from
one cycle of asymmetric PCR could be distinguished by the
DNA biosensor. This demonstrated the lack of dependence of
the biosensor on PCR, a characteristic that would benefit the
development of a PCR-free DNA biosensor for the detection of
clinical nucleic acid samples with a greatly decreased processing
time.
The specificity of this biosensor to ssDNA asymmetric PCR

products, that had undergone three cycles of asymmetric PCR,
were also evaluated with influenza A H7N9, H1N1 and H3N2
cDNA as templates, respectively. As shown in Figure 5B, the
biosensor also displayed excellent sensitivity and specificity for
the detection of three-cycle ssDNA asymmetric PCR products

Figure 3. Amperometric response of the fabricated biosensor to
various concentrations of target DNA derived from clinical throat-
swab samples containing influenza A (H7N9) virus. (A) The
amperometric response in the detection of asymmetric PCR ssDNA
products and PCR-free samples (0, 1.2 pM and 12 pM). (B) The
amperometric response with different concentrations of asymmetric
PCR ssDNA products using influenza A (H7N9) cDNA as template
(the electrophoretic profile of which is shown in Supporting
Information Figure S2). (C) The linear relationship between the
amperometric signal and the logarithmic function of the concentration
of asymmetric PCR ssDNA products (the concentration of which was
calculated according to the standard curve shown in Figure S3 in
Supporting Information). Error bar represents relative standard
deviation of three independent experiments.

Figure 4. Specific response of the biosensor to the artificial synthetic
DNA sequences and the asymmetric PCR products from influenza
viruses. (A) Current signal response of the biosensor to synthetic
complementary target sequences (H7-T) and control sequences with
various numbers of mismatches or random control DNA sequences at
a 10 nM concentration. (B) Current signal response of the biosensor
to asymmetric PCR products using the cDNA templates of influenza A
H7N9, H3N2, H1N1 viruses and zero-sample (labeled as H7, H3, H1,
and blank respectively). The inset shows the electrophoretic
separation of the PCR products amplified from the three cDNA
templates described above using the Flu A primers (FluA-F30 and
FluA-R264). Error bar represents the relative standard deviation of
three independent experiments.
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of the influenza A (H7N9) HA gene. The development of this
tetrahedral DNA probe functionalized biosensor is a significant
advance in the development of a PCR-free electrochemical
biosensor to greatly reduce the time of sample pretreatment for
on-site detection of influenza A (H7N9) virus. This biosensor
may be an important tool in the process of preventing and
controlling the disease caused by avian influenza A (H7N9)
virus.

■ CONCLUSION
The tetrahedral structured DNA was used as the probe of a
DNA electrochemical biosensor to detect the avian influenza A
(H7N9) virus by amperometric measurements. The successful
assembly of the DNA tetrahedral structure and its immobiliza-
tion on a gold electrode surface was characterized by PAGE,
CV, or EIS. Our findings demonstrated that the using of DNA
tetrahedra as probe can improve the detection performance of
electrochemical biosensor compared with ssDNA probe
biosensors. This newly developed biosensor could be used for
the detection of target DNA derived from clinical throat-swab

samples containing influenza A (H7N9) virus. The detection
sensitivity of the biosensor could reach 100 fM for target
nucleotide sequences through the combined use of the DNA
tetrahedral structure as probe and avidin-HRP as the signal
amplifier. The selectivity experiments showed that this
electrochemical biosensor could specifically recognize target
DNA of influenza A (H7N9) virus from other types of
influenza A viruses (H1N1 and H3N2), and even from single-
base mismatch oligonucleotides. The dependence of the
biosensor on PCR was also tested, and the results showed
that the biosensor was able to sensitively and specifically detect
asymmetric PCR ssDNA products of trace cDNA of the
influenza A (H7N9) HA gene after only three cycles of PCR.
This finding is promising with regard to the ultimate aim of
developing a PCR-free DNA biosensor for the detection of
nucleic acid samples on site, shortening sample processing time.
It displays that the DNA tetrahedra has a great potential
application as a probe of the electrochemical biosensor to
detect avian influenza A (H7N9) virus and other pathogens at
the gene level, which will potentially aid the prevention and
control of the disease caused by such pathogens.
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