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An ultrasensitive electrochemical DNA biosensor for human papillomavirus (HPV) detection was devel-
oped by electrochemical impedance spectroscopy and differential pulse voltammetry. A capture probe
was immobilized on a glassy carbon electrode modified with graphene/Au nanorod/polythionine (G/Au
NR/PT). Two auxiliary probes were designed and used to long-range self-assemble DNA nanostructure.
The target DNA can connect DNA structure to the capture probe on the electrode surface. [Ru(phen)3]

2þ

was selected as a redox indicator for amplifying electrochemical signal significantly. Enhanced sensitivity
was obtained through combining the excellent electric conductivity of G/Au NR/PT architecture and the
long-range self-assembly DNA nanostructure with the multi-signal amplification. The DNA biosensor
displayed excellent performance for HPV DNA detection over the range from 1.0�10–13 to
1.0�10–10 mol/L with a detection limit of 4.03�10–14 mol/L. Furthermore, the proposed method can also
be used for the detection of HPV DNA in human serum samples and provides a potential application of
DNA detection in clinic research.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Human papillomavirus (HPV) is a group of non-enveloped,
double stranded DNA virus composed of more than 100 genotypes
(Piro et al., 2011). 93%–100% of worldwide invasive carcinomas
have been shown to be associated with a limited spectrum of HPV
types, mostly HPV 16 and 18 (Zari et al., 2009). The detection of
DNA sequences is of central importance to the virus and genetic
detection, and early diagnosis of diseases (Wang et al., 2011a; Lu
et al., 2009). Many techniques have been developed to detect DNA,
such as, radiochemical, enzymatic, fluorescent, surface plasmon
resonance spectroscopy and quartz crystal microbalance (Suther-
land and Mulley, 1989; Peterlinz et al., 1997; Okahatz et al., 1998).
Especially, to develop ultrasensitive methods for low-abundant
HPV DNA detection is essential. A numerous ultrasensitive se-
quence-specific DNA detection methods including polymerase
chain reaction (PCR) (Saiki et al., 1988), rolling circle amplification
(RCA) (Christian et al., 2011; Cheng et al., 2009; Li et al., 2010), and
nucleic-acid sequence-based amplification (Compton, 1991) were
reported, but these methods require complex operation costly
ang).
polymerase, tedious labels, and dedicated instrumentation (Chen
et al., 2012). Electrochemical DNA biosensor with low-cost and
simplicity can reach a high sensitivity via signal amplification. DNA
biosensors were designed to detect a specific of target DNA (TD) by
hybridization with complementary probes (Tosar et al., 2010;
Campos-Ferreira et al., 2013). Xia investigated the hybridization of
signal probes and TD, and created a supersandwich construction to
achieve the detection limit of 1�10–13 mol/L (Xia et al., 2010). As
the development of modern technology, most researches paid at-
tention to detect DNA via long-range self-assembling DNA na-
nostructure (Chen et al., 2012; Chen et al., 2011b). Two auxiliary
probes (AP) were used to create one-dimensional DNA nanos-
tructure and fabricate an ultrasensitive biosensor for DNA
detection.

Graphene, a single-atom-thick sheet of hexagonally arrayed
sp2-bonded carbon atoms (Allen et al., 2010), has shown great ap-
plication potential biochemical sensors (Fowler et al., 2009). Elec-
trochemical detection of HPV related sequences has been reported
using oxidized graphene and polyaniline nanowires modified glassy
carbon electrode (GCE) (Bo et al., 2011). A HPV DNA electrochemical
biosensor was developed based on thionine-graphene nanocompo-
site modified gold electrode and achieved a limit of detection of
0.126 pmol/L (Zhu et al., 2012). Graphene-based composites may
combine the outstanding properties of graphene with the special
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functions of the other components. There have been many attempts
to synthesize hybrid structures of graphene and Au nanoparticles
(Muszynski et al., 2008; Coros et al., 2013; Chen et al., 2011a) which
have been widely utilized in the fields of electrochemical biosensor
(Hu et al., 2012; Du et al., 2010; Gautam and Jayatissa, 2012; Wang
et al., 2011b). Au nanorods (Au NR) could exhibit the advantages of
sensor devices due to their tunable and stronger Vis/NIR absorption,
higher surface-enhanced Raman scattering cross-sections, and the
possibility of unidirectional plasmon propagation (Xu et al., 2011).
However, it is still a challenge for the combinations of Au NR onto the
graphene sheets with good water-dispersibility. Our previous work
reported the synthesis of well water-dispersible graphene/Au na-
norod composites by one-step method (Bai et al., 2014).

In this study, we constructed an enzyme-free and label-free
electrochemical biosensor based on graphene/Au nanorod/poly-
thionine (G/Au NR/PT) modified glassy carbon electrode (GCE) for
ultrasensitive detection for HPV DNA. Graphene could increase the
electrode surface area and electrical conductivity, and Au NRs
were used to enhance the immobilization of the probe DNA and
ability for hybridization (Gupta et al., 2013). Thionine with good
electron transfer ability has been widely used in sensor fields, and
the nitrogen atom of the NH2 moieties of thionine can strongly
bind to the Au NRs surface (Wang et al., 2013). Polythionine films
prepared by electrooxidative polymerization of thionine could
enhance the sensitivity and lower the detection limit (Ahammad
et al., 2011). The 34-base TD for the detection was from HPV-16
long terminal repeat sequences. Two AP were designed for the
hybridization with TD via long-range self-assembly. 1,10-Phenan-
throlineruthenium dichloride ([Ru(phen)3]2þ) was selected as the
electrochemical indicator. The experiment was optimized with
Fig. 1. Schematic representation of the long-range
different factors, and TD was also detected in complex human
serum sample.
2. Experimental

2.1. Materials

All the oligonucleotides (listed in Fig. 1) were synthesized and
purified by HPLC by Shanghai Shenggong Biotechnology Co.
(Shanghai, China). [Ru(phen)3]2þ , 6-mercapto-1-hexanol (MCH),
thionine, Tris–HCl, tri(2-carboxyethyl) phosphine hydrochloride
(TCEP) and disodium ethylene-diaminetetraacetic acid (Na2EDTA)
were purchased from sigma-aldrich (USA). Other chemicals were
of analytical grade. Deionized water was prepared from a Milli-Q
water purification system (Bedford, MA). The buffers and solutions
were prepared as follows: DNA immobilization buffer (I-buffer,
pH¼7.4, 10 mmol/L Tris–HCl þ1 mmol/L EDTAþ500 mmol/L
NaClþ10 mmol/L TCEP), DNA hybridization buffer (H-buffer,
pH¼7.4, 10 mmol/L Tris–HCl þ1 mmol/L EDTAþ500 mmol/L
NaClþ1 mmol/L MgCl2), electrochemistry buffer (E-buffer,
pH¼7.4, 10 mmol/L Tris–HCl), MCH solution (2 mmol/L in water),
and [Ru(phen)3]2þ solution (pH¼7.4, 5 mmol/L [Ru(phen)3]2þ in
E-buffer).

2.2. Electrode pretreatment

The 3 mm-diameter glassy carbon electrode (GCE) was initially
polished with 0.05 μm alumina slurry, and then sonicated in water
for 2 min to give a clean surface. Well dispersed G/Au NRs
self-assembled DNA electrochemical biosensor.



Fig. 2. EIS at bare GCE (a), G/Au NR/PT GCE (b), G/Au NR/PT/CP GCE (c), G/Au NR/
PT/CP/TD GCE (d) and G/Au NR/PT/CP/TD/AP GCE (e) in 0.02 mol/L PBS solution
containing 5 mmol/L [Fe(CN)6]3� /4� .
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composites were synthesized and characterized as our previous
work (Bai et al., 2014).

5.0 μL of G/Au NRs dispersion (0.5 mg/mL) was dropped onto
the surface of a GCE and dried naturally at room temperature.
Thionine was then electropolymerized on the G/Au NR GCE fol-
lowed the reported method (Zhang and Huang, 2012). The de-
position experiment was carried out from an acetate buffer solu-
tion (0.1 mol/L, pH¼6.0) containing 0.5 mmol/L thionine using
cyclic voltammetry (CV). The electrode potential was cycled from
�0.4 mV to 0.1 mV for 15 cycles at 50 mV/s scan rate. After the
electrodeposition, the G/Au NR/PT modified electrode was dried in
air.

2.3. DNA self-assembly

The electrodeposited GCE was incubated in 6 μL of I-buffer
containing 1 μmol/L thiolated capture probes (CP) for 3 h, rinsed
with deionized water and then dried under nitrogen gas en-
vironment. After the electrode was incubated in 1.0 μmol/L MCH
solution for 90 min to remove nonspecific DNA adsorption, it was
washed and dried in nitrogen again. 6 μL of target DNA (1.0 μmol/L
in H-buffer) was pipetted to the modified GCE surface and in-
cubated for 90 min. The modified GCE was also rinsed and dried.
Then, 10 μL of H-buffer containing AP1 and AP2 was dropped on
the electrode surface and incubated for 90 min to complete the
self-assembly. Finally, the desirable electrode self-assembled with
DNA was rinsed and dried in nitrogen for further electrochemical
detection.

2.4. Detection procedure

Electrochemical measurements were performed with a CHI
600D electrochemical workstation (Shanghai Chenhua Instrument
Co. Ltd., China) with a conventional three-electrode system. The
working electrode is a modified GCE, the reference electrode is a
Ag/AgCl electrode, and the counter electrode is a platinum wire.

The biosensor was characterized by electrochemical impedance
spectroscopy (EIS) in 0.02 mol/L phosphate buffer solution (PBS)
containing 5 mmol/L [Fe(CN)6]3�/4� at perturbation amplitude of
0.1 V within the frequency range of 0.1 Hz–0.1 MHz. Differential
pulse voltammetry (DPV) was recorded from �0.6 to 0.1 V in 3 mL
[Ru(phen)3]2þ solution degassed with nitrogen for 15 min. The
pulse amplitude was 50 mV, and the pulse width was 0.05 s.
3. Results and discussion

3.1. Design of electrochemical biosensor

The fabrication of the biosensor and detection of DNA is shown
in Fig. 1. G/Au NRs were first deposited onto the bare GCE and then
thionine was electropolymerized on G/Au NRs film. G/Au NR/PT
modified GCE provided an excellent platform for further im-
mobilization. CP was immobilized on G/Au NR/PT GCE both
through strong Au–S bond (Zhang et al., 2014; Zhang and Huang,
2012), and the electrostatic interaction with the positively charge
Au NRs (Lu et al., 2013). The presence of MCH aimed to block the
nonspecific binding sites. Subsequently, one terminal of TD was
immobilized on the electrode via hybridizing with CP, and the
other terminal of TD hybridized with AP1. AP2 was introduced to
hybridize with AP1. The liberated target triggered the connection
of a long DNA nanostructure to CP. Numerous [Ru(phen)3]2þ were
bound to the DNA nanostructure with negative charges via elec-
trostatic interaction and enhanced significantly electrochemical
signals.
3.2. Electrochemical characterization

EIS was an effective technique to investigate the changes of the
electrode behavior after each assembly step. The impedance of
spectra included a semicircle portion at higher frequencies corre-
sponding to the electro-transfer resistance (Ret) and a linear por-
tion at lower frequencies representing the diffusion process. Fig. 2
exhibits the Nyquist plots at bare GCE, G/Au NR/PT GCE, G/Au NR/
PT/CP GCE, G/Au NR/PT/CP/TD GCE and G/Au NR/PT/CP/TD/AP GCE.
The bare GCE displayed a semicircle with a Ret of about 725Ω. The
electrode modified with G/Au NR/PT composite film showed a
much lower resistance (330Ω), which indicated that G/Au NR/PT
was an excellent electric conducting material and accelerated the
electron transfer. The Ret increased evidently (970Ω) because CP
loaded on the surface of G/Au NR/PT modified electrode formed an
additional barrier and further prevented the redox probe to the
electrode surface. Enhancement Ret (1670Ω) is found after hy-
bridization of TD with CP as a result of increase in the negative
charge owing to double-stranded DNA formation. Furthermore,
the Ret reached to about 2515Ω after self-assembled with AP,
which indicated the formation of complex layer embarrassing the
electrode transfer.

[Ru(phen)3]2þ was utilized as the electrochemical indicator.
The bindings of [Ru(phen)3]2þ to the phosphate backbone of DNA
were completely through electrostatic interaction. The redox
charge of [Ru(phen)3]2þ was a direct function of the amounts of
DNA localized on electrode surfaces. Fig. 3 shows DPV responses of
GCE modified with various oligonucleotides. CP was immobilized
on the electrode surface via gold–thiol bindings. A weak oxidation
peak can be observed in the absence of TD, because there were a
few of [Ru(phen)3]2þ binding to CP. More [Ru(phen)3]2þ cations
were binding to CP and TD, and the electrochemical response was
slightly higher under the existence of TD. AP1 and AP2 can self-
assemble to be DNA nanostructure and can not link to the elec-
trode surface without TD. From Fig. 3, it can be seen that there was
still a small oxidation peak in the presence of TD and AP1. The
electrochemical response enhanced significantly owing to a great
number of [Ru(phen)3]2þ binding to DNA nanostructure, after AP1
and AP2 were immobilized on the electrode surface via TD and CP.

3.3. Optimization of self-assembled DNA

Fig. S1 shows the effects of accumulation time on the oxidation
peak current. The peak current increased greatly as the



Fig. 3. DPV response of GCE modified with various oligonucleotides. The con-
centration of TD is 1.0�10�10 mol/L and the concentration of AP1 and AP2 are both
1.0�10�6 mol/L.

Fig. 4. DPV responses for different concentrations of TD (1.0�10�13, 3.0�10�13,
3.0�10�12, 1.0�10�10, 1.0�10�9 and 1.0�10�8 mol/L).
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accumulation time increased from 0 to 6 min and decreased
slightly after 6 min, because the nonspecific adsorption increased
after the specific adsorption was saturated. From the perspective
of sensitivity, 6-min accumulation was selected in this work. The
effects of thionine concentration on the oxidation peak current
were investigated and shown in Fig. S2. The oxidation peak current
increased with increasing thionine concentration from 0 to
1.0 mmol/L. The phenomenon revealed that it was efficient for
thionine to improve the detection sensitivity. The oxidation peak
response remained a relative constant with improving thionine
concentration from 0.5 to 1.0 mmol/L, so 0.5 mmol/L of thionine
was employed owing to consider sensitivity and analytical cost.
The effects of the concentration of AP1 and AP2 a on the oxidation
peak current were studied. Fig. S3 shows effects of the con-
centration of AP1 and AP2 for detection TD. AP1 and AP2 were
both the same concentration. It can be seen that the electro-
chemical response increased with increasing the concentration up
to 1.0 mol/L and tended to a steady value from 1.0 to 2.0 μmol/L.
The optimal concentration of AP was 1.0 μmol/L. The effects of
hybridization time on the electrochemical signal were also in-
vestigated (Fig. S4). The signal increased dramatically with the
hybridization time from 0 to 90 min and then remained nearly
constant. Therefore, 90 min was selected as the optimized hy-
bridization time.

3.4. Electrochemical detection of TD

The linear range and detection limit of TD were tested with
DPV under the optimized conditions. As shown in Fig. 4, it was
found that the DPV peak current increased with increasing the
concentration of TD. The inset showed the good linear relationship
between the peak current (ip, A) and the logarithm of TD con-
centration (C, mol/L) over the range from 1.0�10�8 to
1.0�10�13 mol/L. The linear regression equation is ip
¼2.2212� lgCþ36.4478, and the correlation coefficient is 0.9986.
The detection limit was evaluated to be 4.03�10�14 mol/L based
on three signal-to-noise ratio. For comparison, the HPV DNA de-
tection with G/Au NR/PT modified GCE and the previous published
electrochemical methods were listed in Table 1. It can be seen that
the present method achieved a broader linear range and a lower
detection limit for HPV DNA detection than other methods. Hence,
G/Au NR/PT modified GCE was confirmed to be an efficient plat-
form for the electrochemical sensor. The obtained ultrasensitivity
can be explained by two reasons (Chen et al., 2012). On one hand,
the significant length of the self-assembled DNA nanostructure
enhanced the electrochemical responses. On the other hand, DNA
nanostructures with biocompatibility and hydrophilicity were less
prone to nonspecific adsorption onto the electrode surface.

3.5. Selectivity of the biosensor

In order to investigate the selectivity of the biosensor, four
kinds of DNA sequences were chosen to compare, including TD,
single-base mismatch target (1MT), two-base mismatch target
(2MT), and noncomplementary sequence (NC). Fig. 5 shows the
peak current of the blank and the four kinds of DNA sequences.
The concentration of TD was 1.0�10�12 mol/L, and the con-
centration of other DNA sequences was 1.0�10�9 mol/L. Although
the concentration of the disrupting DNA was higher than that of
TD, the DPV signal of 1MT was approximately one third of TD
signal. It can be explained that the non-complementary DNA could
not be hybridized with CP and the response of the mismatch DNA
was induced by the non-specific hybridization. The results re-
vealed that the biosensing platform could be used to detect HPV
with high specificity and ultrasensitivity.

3.6. Interference

TD was detected in human serum in order to evaluate the
performance of the method in complex condition. The examina-
tion was performed by standard addition method. TD sample with
known concentration was prepared with human serum. Fig. S5
shows the comparison of the peak currents in H-buffer and human
serum under the same experimental condition. The DPV signal
was decreased a little in complex serum sample due to the inter-
ference of the sample matrix during the hybridization between TD
and CP. However, DPV response of the blank was higher in the
serum than in H-buffer, which meant that the existence of the
nonspecific adsorption from the components in biological sample.
From Fig. S5, it can be seen that a lower concentration of TD
(6.0�10–12 mol/L) was still detected in human serum. The results
indicated the feasibility of the prepared biosensor in real physio-
logical media.

4. Conclusions

An ultrasensitive electrochemical DNA biosensor was devel-
oped for specific detection of HPV DNA based on G/Au NR/PT



Table 1
Comparison of the detection limits and linear ranges of different electrochemical biosensors for HPV DNA.

Modified material and electrode Detection technique Linear range (nmol/L) Detection limit (nmol/L) Reference

L-Cysteine gold electrode DPV 18.75–250 18.13 Campos-Ferreira et al. (2013)
Pyrrolidinyl peptide nucleic acid carbon electrode SWV 20–1.2�104 4.0 Jampasa et al. (2014)
Brilliant cresyl blue carbon past electrode DPV 10–5000 9.0 Hejazi et al. (2010)
Polyaniline/MWCNT platinum electrode SWV 10–50 0.49 Tran et al. (2011)
Graphene/polyaniline nanowires glassy carbon electrode CV 2.12�10�3–2120 3.25�10�4 Bo et al. (2011)
Thionine/grapheme gold electrode DPV 1�10�3–100 1.26�10�4 Zhu et al. (2012)
Graphene/gold nanorod/polythionine glassy carbon electrode DPV 1�10�4–10 4.03�10�5 This work

Fig. 5. Comparison of DPV responses of the blank and the four different DNA se-
quences. (Single-base mismatch target: 1MT; two-base mismatch target: 2MT;
noncomplementary sequence: NC).
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composites. The signal amplification was carried out via a long-
range self-assembled DNA nanostructure. The proposed biosensor
demonstrated good selectivity and remarkable detection limit.
HPV DNA was also can be detected in human serum with the
present method. The designed DNA biosensor without any enzyme
and label has a great potential in HPV DNA diagnostics and clinical
analysis.
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