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a b s t r a c t

A facile one-step electrochemical reduction method was developed to prepare electrochemically reduced
graphene oxide (ERGO) and gold�palladium bimetallic nanoparticles (AuPdNPs) as the platform of
immunosensor. A novel competitive electrochemical immunosensor was then proposed by combining
the ERGO�AuPdNPs platform with silver nanoparticles (AgNPs) functionalized polystyrene bionanolabel
for the sensitive detection of human interleukin-6 (IL-6). An electrically heated carbon electrode (HCPE)
was introduced in the detection procedure of the immunosensor, and further improved the sensitivity.
The immunosensor exhibited a wide linear response to IL-6 ranging from 0.1 to 100000 pg mL�1 with a
detection limit of 0.059 pg mL�1. The proposed method showed good precision, broad linear range,
acceptable stability and high reproducibility, and could be used for the detection of IL-6 in real samples,
which possessed promising application in clinical research.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Human interleukin-6 (IL-6), an important cancer biomarker
cytokine, associates with the development of multiple myeloma
and leukemia [1–3]. According to research, IL-6 will be potential
prognosticators to diagnose leukemia [4–6]. Therefore, the accurate
and sensitive detection of IL-6 has become an intriguing subject in
the study of mechanism, pathogenesis and earlier diagnosis of
diseases. Traditionally, the expression of IL-6 in diseased tissues
has been detected by enzyme-linked immunosorbent assay (ELISA)
[7], fluorescent microarray [8], conductometric immunosensor [9],
chemiluminescence immunoassay [10] and fluorescence-based
fiber-optic biosensors [11]. Sophisticated instrumentation and rela-
tively low limits of detection (LODs) for these methods restrict their
further application for detecting early stage disease in real samples.
Recently, various electrochemical techniques have been applied to
construct IL-6 immunosensors with high sensitivity, good selectiv-
ity and low LOD [12–27]. For example, single wall carbon nanotubes
forests with attached capture antibodies for IL-6 was constructed as
an electrochemical sandwich immunoassay using enzyme label
horseradish peroxidase to measure IL-6 by amperometric response

in calf serum with a LOD of 0.5 pg mL�1 [14]. Deng prepared
sensitive electrochemical immunosensor for the detection of IL-6
using enlarged and positively charged gold nanoparticles (AuNPs) to
mediate electron transfer with LOD of 2 pg mL�1 [16]. A novel
electrochemiluminescence immunosensor array featuring capture-
antibody-decorated single-wall carbon nanotubes forests could
detect IL-6 at a LOD of 0.25 pg mL�1 in serum [27]. An ultrasensitive
electrochemical immunosensor based on silver nanoparticle
(AgNP)�hollow titanium phosphate sphere labels combining with
a magnetic sensing array had an extremely sensitive response to IL-
6 in a linear range of 0.5–10000 pg mL�1 with a LOD of 0.1 pg mL�1

[17]. Immunosensor using electrically heated carbon electrode
(HCPE) technique with AuNPs functionalized electroacitve labels
had a detection range of 0.1–100 pg mL�1 with a LOD of
0.033 pg mL�1 [19]. Wang et al. fabricated a highly sensitive IL-6
amperometric immunosensor based on supersandwich multienzy-
me�DNA label, in which a LOD of 0.05 pg mL�1 was obtained [22].

Nevertheless, the sensitivity, response range, stability and
selectivity still need to improve for IL-6 detection in clinical
samples. Herein, a competitive dual signal amplification strategy
was designed for electrochemical detection of IL-6, which inte-
grated HCPE technique with AgNPs functionalized electroacitve
labels. The HCPE technique is a wonderful way to accelerate
reaction kinetic without changing the bulk solution temperature
while it improves the mass transport by changing temperature of
electrode, thus leading to an enhanced electrochemical signal
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together with a higher signal-to-background ratio [28–31]. On the
other hand, AgNPs for signal amplification in immunoassay show
sharp and well-resolved sweeping voltammetry signals due to
their unique recognition, transport and catalytic properties [32].
Particularly, compared with those quantum dots which are well
recognized as electroacitve labels, the detection of AgNPs is easier
and free of acid dissolution of metal ions. In addition, the
fabrication of immunosensor needs the immobilization of a
“receptor site”, which selectively recognizes the analyte [33].
A simple, green and controllable electrochemical approach has
been applied to fabricate the nanocomposite of electrochemically
reduced graphene oxide and gold�palladium bimetallic nanopar-
ticles (ERGO�AuPdNPs). This composite possesses the properties
of the individual components with synergistic effect, which
incorporates both the high-binding capability, excellent electrical
and mechanical properties of graphene nanosheets, and favorable
biocompatibility of AuNPs and PdNPs. Thereby ERGO�AuPdNPs
are considered as the perfect platform material for immunosen-
sors. The proposed immunosensor was successfully constructed
with AgNPs as functionalized bionanolabel to detect IL-6, which
exhibited attractive advantages such as broad response range, high
sensitivity and specificity for the ultrasensitive detection of IL-6. It
also gave satisfied results for real samples, revealing great poten-
tial towards early evaluation of cancer therapeutic effects.

2. Experimental

2.1. Chemicals and materials

IL-6 antigen, IL-6 antibody and IL-6 ELISA kit were purchased
from Beijing Biosynthesis Biotechnology CO., LTD. 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC),
N-hydroxysuccinimide (NHS), dopamine and lyophilized bovine
serum albumin (BSA) (99%) were purchased from Sigma�Aldrich.
Polystyrene (PS) spheres of 200 nm in diameter were purchased
from Northwestern Polytechnical University. Poly(acrylic acid)
(PAA) was purchased from Jiangsu Huakang Chemicals Company
(Nanjing, China). Silver nitrate (AgNO3), chloroauric acid (HAuCl4)
and hexachloropalladic(IV) acid (H2PdCl6) were purchased from
Shanghai Chemical Reagent Co. (Shanghai, China). Graphene oxide
(GO) was prepared from graphite powder by a modified Hummers
method as reported previously [34]. Phosphate buffer saline (PBS,
10 mM, pH 7.4) contained 136.7 mM NaCl, 2.7 mM KCl, 8.7 mM
Na2HPO4 and 1.4 mM KH2PO4. The standard IL-6 antigen solution
was prepared in the PBS and stored at 4 1C. All other chemicals
were of analytical grade and used as received. All aqueous
solutions were prepared using ultrapure water (Milli-Q, Millipore).

2.2. Apparatus

A CHI 760 electrochemical workstation and HCPE were used.
The construction of HCPE has been reported elsewhere [19].
A function generator was used for heating, and the frequency
was adjusted to 100 kHz in all heating experiments. Temperature
of the HCPE was controlled by changing the output of the function
generator. Morphology of the modified HCPE was verified by field-
emission SEM (FESEM, HITACHI S4800). Transmission electron
micrographs (TEM) were measured on a JEOL JEM 200CX trans-
mission electron microscope, using an accelerating voltage of
200 kV. Electrochemical impedance spectroscopy (EIS) was per-
formed with an Autolab electrochemical analyzer (Eco Chemie,
The Netherlands) in a 10 mM K3Fe(CN)6/K4Fe(CN)6 (1:1) mixture
with 1.0 M KCl as the supporting electrolyte, using an alternating
current voltage of 5.0 mV, within the frequency range of 0.1 Hz–
10 kHz. The static water contact angles were measured at 25 1C by

a contact angle meter (Rame-Hart-100) employing drops of pure
deionized water. The readings were stabilized and taken within
120 s after the sample addition.

2.3. Synthesis of the IL-6�PS@PDA�AgNPs (PDA¼polydopamine)
bionanolabel

The preparation procedure for AgNPs functionalized labels
(IL-6�PS@PDA�AgNPs) is shown in Fig. 1A. 5 mg of PS spheres
was sonicated in 3 mL Tris-HCl (pH 8.5) for several minutes and
then centrifuged at 16000 rpm for 10 min. This washing procedure
was repeated for three times. Then the PS spheres were dispersed
in 10 mL Tris-HCl (pH 8.5) and sonicated for at least 30 min to
form PS�Tris-HCl. PS@PDA was prepared according to literature
method [35] by adding 20 mg dopamine into PS�Tris-HCl and
then stirred for 24 h. This dispersion was centrifuged and washed
twice with Tris-HCl (pH 8.5) and doubly distilled water. 2 mL of
PS@PDA solution mixed with 4 mL of 0.5% PAA was sonicated for
2 h, and then centrifuged to discard the upper layer. The solid
phase was washed with doubly distilled water twice. 10 mL of
0.02 M AgNO3 was added and the mixture was sonicated for 24 h
to form PS@PDA�AgNPs, and then centrifuged at 8500 rpm to
remove the liquid portion. The PS@PDA�AgNPs was then dis-
persed into 2 mL of water and mixed with 0.5 mL PBS (pH 7.4)
containing 400 mM EDC and 100 mM NHS to react at room
temperature for 2 h. The mixture was then centrifuged at
15000 rpm and washed several times to remove excessive EDC
and NHS. A total of 10 μL of 1 mg mL�1 IL-6 antigen (Ag) was
added into the mixture and stirred for 6 h, then centrifuged at
12000 rpm at 4 1C for 10 min. A total of 500 μL PBS (pH 7.4) with
3% BSA was added into the bioconjugate to form a homogeneous
dispersion (IL-6�PS@PDA�AgNPs bionanolabel) and stored in the
refrigerator at 4 1C before use.

2.4. Synthesis of ERGO�AuPdNPs

We develop a simple, green and controllable approach for
electrochemical synthesis of ERGO�AuPdNPs nanocomposite as
the immunosensor platform (Fig. 1B). 206 μL of 1% HAuCl4 and
221.6 μL of 0.4% H2PdCl6 were dispersed into 50 mL of
0.9 mg mL�1 GO in Na2CO3/NaHCO3 buffer solution (pH¼9.2) to
form the electrodeposition electrolyte. The electrochemical reduc-
tion of GO, HAuCl4 and H2PdCl6 was conducted in 200 μL electro-
lyte by repetitive cyclic voltammetry (CV) scanning from �1.5 V to
0.6 with a scan rate of 25 mV s�1 for 20 circles. The obtained
ERGO�AuPdNPs nanocomposite was rinsed with PBS (50 mM, pH
7.4), dried at room temperature, and stored at 4 1C before use.

2.5. Fabrication of immunosensors

For the detection of IL-6, a competitive-type immunoassay was
constructed as shown in Fig. 1B. ERGO�AuPdNPs modified HCPE
was incubated in 20 μL of 100 mg L�1 anti-IL-6 for 12 h. After
washing with PBS buffer, the Ab1/ERGO�AuPdNPs/HCPE was
incubated in 3% BSA and PBS solution at 37 1C for 1 h to block
excess active groups and nonspecific binding sites on the surface.
Then the electrode was incubated in solution containing a certain
concentration of bionanolabel and 10 μl IL-6 Ag for 40 min. The IL-6
in the incubation solution competed with the IL-6 on the bionano-
label for the limited binding sites of immobilized anti-IL-6 on the
surface of HCPE to form the immunocomplex. Finally, the electrode
was washed thoroughly with PBS to remove nonspecifically bound
Ab2 conjugates. The fabricated immunosensor was stored at 4 1C
when not in use.

For electrochemical measurement, the immunosensor was
incubated in 200 μL of 1.0 M KCl, and the silver component acting
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