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a b s t r a c t
The detection of human enterovirus 71 (EV 71), an important etiological agent of foot, hand and
mouth disease, by a hybrid voltammetric immunosensor was proposed in this paper for the ﬁrst time.
Poly(o-phenylenediamine) (PoPD) ﬁlm was formed on a glassy carbon electrode (GCE) by utilizing electropolymerization, which yielded an interface with amino groups for the subsequent assembly of gold
nanoparticles (AuNPs). The electrochemical characteristics of the immunosensor were investigated by
cyclic voltammetry (CV). The parameters inﬂuencing the performance of the resulting immunosensor
were studied in detail. The current response of the proposed immunosensor decreased linearly in the EV
71 concentration range from 0.1 to 80 ng mL−1 with a detection limit of 0.04 ng mL−1 (signal-to-noise ratio
of 3). Due to its simple preparation, good reproducibility and long-time stability, the proposed voltammetric immunosensor will be promising in the point-of-care diagnostics application of clinical screening
of multiple diseases.
© 2013 Elsevier B.V. All rights reserved.

1. Introduction
Enterovirus 71 (EV 71) is one of the important etiological agents
of foot, hand and mouth disease, which is commonly characterized
by papulovesicular rash on the skin of limbs and buttocks, multiple oral ulcers, and mild fever [1]. It is associated with neurological
complications such as brainstem encephalitis, aseptic meningitis,
and poliomyelitis-like paralysis, which have led to severe cases
with high mortalities in recent outbreaks in the Asia-Paciﬁc region
[2,3]. Traditional methods for virus detection, including enzymelinked immunosorbent assays (ELISA) [4,5], immune polymerase
chain reaction (PCR) assay [6], optical immunoassay and cell culture [7], are complicated and time consuming. Therefore, great
efforts are urgently needed for the simple and fast detection of EV
71.
As a new generation of functional polymer, conducting polymers have attracted considerable attention due to their unique
electrical, thermal, and mechanical properties since their discovery [8]. Recently, there have been many research groups who have
developed electrochemical immunosensors based on conducting
polymers, especially polypyrrole (PPy) and polyaniline (PAn), for
virus detection. Ionescu et al. [9] have fabricated a PPy-based

∗ Corresponding author. Tel.: +86 25 83597204; fax: +86 25 83597204.
E-mail address: jjzhu@nju.edu.cn (J.-J. Zhu).
0925-4005/$ – see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.snb.2013.03.139

amperometric DNA sensor for the detection of West Nile Virus
(WNV). Tahir et al. [10] have synthesized ﬁve PAn compounds using
different protonic acids and incorporated them into conductometric biosensors for bovine viral diarrhea virus detection.
The emergence of nanomaterials has opened up new opportunities for electrochemical immunosensors [11], since nanoparticles
are excellent candidates for the ampliﬁcation of signals produced
in recognition events [12–14]. Among them, gold nanoparticles
(AuNPs) have become the most widely used nanomaterial due to
its advantages of easy synthesis, low cost, good biocompatibility
and ability to be readily modiﬁed by various chemical methods
[15–17].
Herein, a novel voltammetric immunosensor for the detection
of EV 71 was proposed based on AuNPs/poly(o-phenylenediamine)
(AuNPs/PoPD) hybrid on a glassy carbon electrode (GCE). Since
cyclic voltammetry (CV) could be used to indirectly detect antigen
in the presence of speciﬁc molecular probes because the effective diffusion area was decreased along with immunocomplex
produced by antibody–antigen immunoreaction [18–20], it was
applied in this work to fully characterize each step of the surface modiﬁcation and to probe EV 71 bound to the anti-EV 71
terminated AuNPs/PoPD surface. The change of the cyclic voltammetric responses in the speciﬁc immuno-interaction observed at
the immunosensor surface was used for sensitive detection of EV
71. Compared with the dual-color ﬂuorescence immunoassay by
Chen et al. [1], the detection strategy is simple, convenient and
practical. More important, the use of the organic–inorganic hybrid
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material shows great promise to meet the rigorous demands in the
point-of-care diagnostics applications of clinical laboratory.
2. Experimental
2.1. Reagents and materials
Human EV 71, anti-EV 71, and bovine serum albumin (BSA) were
obtained from BoYao Biological Technology Co. Ltd. (Shanghai,
China). Chloroauric acid (HAuCl4 ), sodium citrate, K3 [Fe(CN)6 ] and
K4 [Fe(CN)6 ] were purchased from Sinopharm Chemical Reagent
(Shanghai, China). All other reagents were of analytical reagent
grade and used without further puriﬁcation. Clinical human serum
specimens were provided by the No. 2 People’s Hospital of
Changzhou, China. Phosphate buffer solutions (PBS, 0.1 M) with different pHs were prepared with Na2 HPO4 and NaH2 PO4 , and the
pH was adjusted with 0.1 M NaOH and H3 PO4 . The solutions were
prepared by doubly distilled water.
Electrochemical measurements were carried out on a CHI
660D electrochemical workstation (Chenhua Instruments, Shanghai, China) with a conventional three-electrode system comprised
of platinum foil as counter electrode, saturated calomel electrode
(SCE) as reference electrode and AuNPs/PoPD modiﬁed GCE (3 mm
diameter) (AuNPs/PoPD/GCE) as working electrode. Scanning electron microscope (SEM) (JSM-6360LA, Japan) was used to analyze
the morphology of the AuNPs/PoPD hybrid.

2.3. Fabrication of the proposed immunosensor
Anti-EV 71 was immobilized onto the AuNPs/PoPD/GCE. 10 L of
20 ng mL−1 anti-EV 71 solution (0.1 M PBS, pH 7.4) was spread onto
the hybrids modiﬁed GCE surface. The electrode was incubated at
37 ◦ C for 60 min, and then unbound anti-EV 71 was washed away
with PBS. Subsequently, the as-prepared electrode was incubated
with 10 mg mL−1 BSA for 30 min at 37 ◦ C to block possible remaining active sites and avoid nonspeciﬁc adsorption. After washing
thoroughly with PBS, the electrode was stored at 4 ◦ C before use.
The fabrication process of the electrochemical immunosensor is
schematically illustrated in Scheme 1.
2.4. Electrochemical measurement procedure
The as-prepared immunosensor was incubated in 10 L of incubation solution containing different concentrations of EV 71 at
37 ◦ C for 60 min. After the residual was removed with 0.1 M PBS,
cyclic voltammograms between −0.4 and 0.8 V were recorded in
a 5 mM K3 [Fe(CN)6 ]/K4 [Fe(CN)6 ] redox probe solution with 0.1 M
PBS (pH 6.5). The measurement principle is based on the inhibition
of the current response of the redox probe after the formation of the
antibody–antigen complex [18–20], which is directly proportional
to the concentration of EV 71.
3. Results and discussion

2.2. Fabrication of AuNPs/PoPD hybrid modiﬁed GCE

3.1. Electrosynthesis of PoPD at GCE

The electrosynthesis of PoPD on GCE was performed in 20 mL
of 0.1 M PBS (pH 1.0) containing 0.5 mM o-phenylenediamine by
using repeated potential cycling. The electrolysis cell consisted of
GCE as working electrode, Pt foil as counter electrode and SCE as
reference electrode. The sweeping potential range was set between
−0.4 and 0.7 V with a scan rate of 100 mV s−1 . The electrolysis was
ﬁnished after 15 cycles, and then the obtained PoPD modiﬁed GCE
(PoPD/GCE) was rinsed with doubly distilled water and dried at
ambient temperature.
AuNPs were prepared according to the previous literature [21]
with slight modiﬁcation. Brieﬂy, 1 mL of 1% (wt%) HAuCl4 solution
was added to 100 mL doubly distilled water and heated under reﬂux
keeping boiling. Then, 1.5 mL of 1% (wt%) sodium citrate solution
was added rapidly. The color of the solution turned to red gradually,
indicating that AuNPs were formed [22]. The solution was kept boiling for another 10 min and then cooled to room temperature with
constant stirring. Finally, 5 L of the obtained AuNPs solution was
dropped onto the surface of the PoPD/GCE to allow the formation
of AuNPs/PoPD/GCE, and dried at ambient temperature for 90 min.

CV was used for the electropolymerization of ophenylenediamine. The upper potential of CV plays an important
role in the growth of the polymer. No polymer ﬁlm was observed
at the surface of GCE when the upper potential was below
0.7 V, indicating that the upper potential for the oxidation of
o-phenylenediamine monomer should be at least 0.7 V. Fig. 1A
shows different ﬁrst cycles in the cyclic voltammograms during
the growth of PoPD ﬁlms with different upper potentials. As can
be seen, the highest oxidation peak current is observed when the
upper potential is 0.7 V (curve a), indicating that an upper potential of 0.7 V is suitable for the electrosynthesis of PoPD. The peak
current decreases when the upper potential is increased further,
and the peak potential shifts positively at the same time (curves
b–d). The decay in peak current is caused by the over-oxidation of
the polymer at high potentials, since over-oxidation has often been
regarded as an undesirable degradation process, which leads to
the loss of conductivity of conducting polymers [23,24]. The electrochemical performance of the obtained PoPD/GCE was assessed
by CV using Fe(CN)6 4−/3− as the electroactive probe couple. As

Scheme 1. Schematic illustration of the fabrication process of the electrochemical immunosensor.
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Fig. 1. (A) Different ﬁrst cycles in the cyclic voltammograms during the growth of PoPD in 0.1 M PBS solutions containing 0.5 mM o-phenylenediamine with different upper
potentials. (B) Cyclic voltammograms of PoPD synthesized with different upper potentials in 0.1 M PBS (pH 6.0) with 5 mM Fe(CN)6 4−/3− electroactive probe. The upper
potential was set at 0.7 V (a), 0.8 V (b), 0.9 V (c), and 1.0 V (d).

shown in Fig. 1B, a couple of quasi-reversible redox peaks of the
probe is presented at the PoPD synthesized at an upper potential
of 0.7 V (curve a). An obvious decrease in the current response is
observed at the PoPD ﬁlm synthesized at higher upper potentials
(curves b–d), meanwhile, the redox reversibility of the probe
also becomes poor. This observation is ascribed to the degraded
electron transfer ability of the over-oxidized PoPD ﬁlms which
hinder the electron transfer and mass transfer of Fe(CN)6 4−/3− on
the electrode interface.
The monomer concentration also inﬂuences the electron transfer ability of the obtained PoPD ﬁlms. There is no obvious redox
peaks when the monomer concentration is 0.1 mM (ﬁgure omitted), indicating that o-phenylenediamine can not be polymerized
effectively at the surface of GCE with such a low concentration.
Fig. 2A shows different ﬁrst cycles in the cyclic voltammograms
during the growth of PoPD in 0.1 M PBS solutions containing 0.5,
1.0, 2.5 and 5.0 mM o-phenylenediamine, respectively. An obvious oxidation peak at 0.58 V appears at curves a–d, indicating that
the polymerization of o-phenylenediamine can occur at a concentration of 0.5 mM or above. The peak current increases with
the increase in the monomer concentration, since the growth of
PoPD at high monomer concentration is faster than that at low
concentration. The cyclic voltammograms of Fe(CN)6 4−/3− at the

PoPD ﬁlms synthesized at different monomer concentrations are
recorded in Fig. 2B. The current response of PoPD decreases signiﬁcantly with the increase in monomer concentration used for
o-phenylenediamine polymerization. This is attributed to the fact
that PoPD is a kind of semiconductor, and the electron transfer and
mass transfer of the electroactive probes is more difﬁcult at thicker
PoPD ﬁlms obtained from higher monomer concentrations.
3.2. Characterization of AuNPs/PoPD hybrid material
The morphologies of PoPD/GCE and AuNPs/PoPD/GCE are shown
in Fig. 3. It is observed that the as-prepared PoPD presents a petalshaped morphology (Fig. 3A). After immobilizing AuNPs on the
surface of PoPD/GCE, the particles on the nanoscale scatters compactly on the PoPD/GCE surface (Fig. 3B), indicating that AuNPs have
been immobilized on the modiﬁed electrode surface. The successful immobilization of AuNPs lies in the chelation between AuNPs
and the amino groups of PoPD (Scheme 1).
3.3. Cyclic voltammetric characterization of the immunosensor
The stepwise assembly of the electrochemical immunosensor
is monitored by CV in 0.1 M PBS solution of pH 6.5 (Fig. 4). A pair

Fig. 2. (A) Different ﬁrst cycles in the cyclic voltammograms during the growth of PoPD in 0.1 M PBS solutions with different concentrations of monomer. (B) Cyclic
voltammograms of PoPD synthesized at different monomer concentrations in 0.1 M PBS with 5 mM Fe(CN)6 4−/3− . The monomer concentration was 0.5 (a), 1.0 (b), 2.5 (c) and
5.0 mM (d).
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Fig. 3. SEM images of PoPD/GCE (A) and AuNPs/PoPD/GCE (B).

of well-deﬁned redox peaks is observed on PoPD/GCE (curve a),
and this quasi-reversible one-electron redox peak is attributed to
the transformation between Fe(CN)6 4− and Fe(CN)6 3− . After AuNPs
are immobilized on the surface of PoPD/GCE, the peak current of
Fe(CN)6 4−/3− probe decreases at the AuNPs/PoPD/GCE (curve b).
This decrease in current intensity lies in the fact that the AuNPs
are negatively charged species because of the adsorption of AuCl4 −
in the fabrication process [25,26], and they repulse the anions
of Fe(CN)6 4−/3− . With the immobilization of anti-EV 71 on the
immunosensor surface, the peak current is decreased signiﬁcantly
(curve c). After the immunosensor is blocked with 10 mg mL−1 BSA,
a further decrease of the current response can be observed (curve d),
showing the attachment of biological macromolecule protein BSA
to the immunosensor further restricts the access of Fe(CN)6 4−/3−
redox probes to the immunosensor surface. With the further immobilization of 10 ng mL−1 of EV 71 for 60 min, a remarkable decrease
in current is observed (curve e). This major decrease in the current
response is attributed to the formation of immunocomplex which
blocks the tunnel for mass and electron transfer.

The dependence of the current response on the pH is investigated over the pH range from 5.0 to 9.5, as shown in Fig. 5A. The
results indicate that the highest current response is obtained at pH
6.5. Thus, the PBS of pH 6.5 is chosen as the optimum buffer solution
in the further study.
Furthermore, incubation conditions such as incubation temperature and incubation time inﬂuencing the immunosensor response
are also studied. The effect of incubation temperature on the
immunosensor is examined from 15 to 45 ◦ C (Fig. 5B). The current response decreases with the increase in temperature up to
37 ◦ C, however, the current response begins to increase while the
temperature is over 37 ◦ C, indicating a favor of the physiological temperature of the immunoreaction. Thus, 37 ◦ C is adopted as
the optimum immunoreaction temperature. At this temperature,
the incubation time on the current response is investigated. It is
observed that the current response decreases with the incubation
time rapidly up to 60 min and then tends to level off (Fig. 5C), indicating an equilibrium state is reached at 60 min. Therefore, 60 min
is used as the optimum incubation time for the detection of human
EV 71.

3.4. Optimization of analytical conditions for immunoassay
3.5. Performances of the immunosensor
The pH of the PBS solution inﬂuences the current response of
the electrochemical immunosensor. Unsuitable pH may cause the
denaturalization of proteins [27], and the electrochemical behavior
of Fe(CN)6 4−/3− probes is also affected by the pH value.

The calibration plot for the detection of human EV 71 with the
as-prepared immunosensor under optimal conditions is presented
in Fig. 6. As expected, the current response decreases accordingly with the increasing concentration of human EV 71, since
the immunocomplex produced in the immunoreaction between
antibody and antigen can hinder the electron transfer toward
the electrode surface. A good linear relationship between current response and the concentration of EV 71 standard solution
is obtained in the concentration range from 0.1 to 80 ng mL−1 , with
a correlation coefﬁcient of 0.9911. The linear regression equation
is represented as I (A) = 32.91–0.3722 C (ng mL−1 ) and the detection limit is estimated to be 0.04 ng mL−1 (signal-to-noise ratio of
3).
3.6. Selectivity, reproducibility and stability of the immunosensor

Fig. 4. Cyclic voltammograms recorded in 0.1 M PBS containing 5 mM Fe(CN)6 4−/3−
with the scan rate of 100 mV s−1 after different steps of modiﬁcation: (a)
PoPD/GCE, (b) AuNPs/PoPD/GCE, (c) anti-EV 71/AuNPs/PoPD/GCE, (d) BSA/anti-EV
71/AuNPs/PoPD/GCE, and (e) EV 71/BSA/anti-EV 71/AuNPs/PoPD/GCE.

Selectivity is an important parameter inﬂuencing the performance of immunosensors. Thus, a few possible interferents,
including human IgG, BSA, glucose and ascorbic acid (AA) were
studied. Fig. 7 shows the cyclic voltammograms of the as-prepared
immunosensor after incubation in the solutions containing the
four non-speciﬁc components at different concentrations. The
current responses remain almost unchanged with varying amount
of human IgG, BSA, glucose and AA, indicating that the sensor
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Fig. 5. Effect of pH (A), incubation temperature (B), and incubation time (C) on the current response of the immunosensor. For (B) and (C), each value is based on ﬁve
determinations.

is insensitive to the addition of non-speciﬁc molecules. Another
control experiment was also carried out to verify the selectivity of
the proposed immunosensor, in which the sensor activated with
anti-IgG was applied for the determination of 20 ng mL−1 EV 71
and IgG, respectively (Fig. 8). As can be seen, the current responses
decrease remarkably after the sensor is incubated in 20 ng mL−1 IgG
(Fig. 8A), however, the current responses at the sensor with antiIgG change little upon addition of 20 ng mL−1 EV 71 (Fig. 8B). Both
Fig. 7 and Fig. 8 demonstrate the selectivity of the immunosensor

based on the speciﬁc antibody–antigen reaction is satisfactory.
The reproducibility of the proposed immunosensor is investigated
with intra- and interassay precision. The interassay precision of
the immunosensor was evaluated by measuring the human EV 71
level with ﬁve immunosensors of different batches under the same
experimental conditions. The intraassay precision was assessed by
assaying one human EV 71 level for ﬁve replicative measurements.
The relative standard deviations (RSDs) of the intra- and interassay
are calculated to be 2.92% and 1.73% when the concentration
of EV 71 is 20 ng mL−1 , suggesting acceptable repeatability and
excellent fabrication reproducibility of the immunosensor. The
long-time stability of the immunosensor is also studied. When
not in use, the prepared immunosensor is stored in 0.1 M PBS (pH
6.5) at 4 ◦ C. After storing for 30 days, the current response of the
immunosensor remains about 90% of its initial value, indicating
that the immunosensor exhibits ﬁne storage stability.
3.7. Clinical application of the immunosensor

Fig. 6. The calibration plot of the immunosensor for human EV 71 detection. Each
value is based on ﬁve determinations.

To demonstrate the potential of the as-prepared immunosensor
in clinic application, two human serum specimens from the No.2
People’s Hospital of Changzhou, China, were analyzed by using the
proposed immunosensor and the results are shown in Table 1. The
RSDs were less than 4%, implying good accuracy of the as-prepared
immunosensor for human EV 71. The recoveries were calculated to
be 97.30% and 96.85%, respectively, indicating that the proposed
method exhibits great potential as a reliable technique for the
determination of human EV 71 in real samples.
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Fig. 7. Cyclic voltammograms of the immunosensor after incubation in the solutions containing IgG (A), BSA (B), glucose (C) and AA (D) with varying concentration: (a)
PoPD/GCE, (b) AuNPs/PoPD/GCE, (c) anti-EV 71/AuNPs/PoPD/GCE, (d) BSA/anti-EV 71/AuNPs/PoPD/GCE, and the immunosensor incubated with 20 (e), 50 (f), 100 (g) and
200 ng mL−1 (h) of the non-speciﬁc components.
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Fig. 8. (A) Cyclic voltammograms of the sensor activated with anti-IgG in 0.1 M PBS containing 5 mM Fe(CN)6 4−/3− : (a) PoPD/GCE, (b) AuNPs/PoPD/GCE, (c) antiIgG/AuNPs/PoPD/GCE, (d) BSA/anti-IgG/AuNPs/PoPD/GCE, and (e) IgG/BSA/anti-IgG/AuNPs/PoPD/GCE. (B) Cyclic voltammograms of the anti-IgG sensor in 0.1 M PBS containing
5 mM Fe(CN)6 4−/3− : (a)-(d) the same as the counterparts in (A), and (e) EV 71/BSA/anti-IgG/AuNPs/PoPD/GCE.
Table 1
Detection results of EV 71 in two human serum specimens.
Serum Specimen

Found (ng mL−1 )

Added (ng mL−1 )

Total found (ng mL−1 )

RSD (n = 5) (%)

recovery (%)

1
2

0
0

20
40

19.46
38.74

3.27
2.68

97.30
96.85

4. Conclusions
A sensitive and selective voltammetric immunosensor for the
detection of human EV 71 was fabricated by immobilizing anti-EV

71 onto the surface of AuNPs/PoPD hybrid modiﬁed GCE, which
was formed by the assembly of AuNPs with the PoPD ﬁlm electropolymerized on the surface of GCE. AuNPs/PoPD as an efﬁcient
biointerface ﬁlm possesses good biocompatibility, enlarges the
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surface area of the sensing interface, and enhances the electron
transfer and mass transfer of Fe(CN)6 4–/3– redox probes on the
immunosensor interface, which helps to immobilize anti-EV 71
more efﬁciently. Moreover, the developed immunosensor was
examined for use in the determination of human EV 71 in real
human serum specimens, and satisfactory RSD and recovery were
obtained. The present sensing strategy provides an alternative to
the existing techniques for the detection of virus due to simplicity,
sensitivity, selectivity and accuracy, and can be extended for
the detection of disease-related proteins in the ﬁeld of modern
biomedicine, clinical diagnostics and therapeutic analysis.
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