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An ultrasensitive electrochemical immunoassay was developed for rapid detection of interleukin-6 (IL-6)
and matrix metallopeptidase-9 (MMP-9); the method utilized PS@PDA-metal nanocomposites based on
graphene nanoribbon (GNR)-modiﬁed heated screen-printed carbon electrode (HSPCE). Because of the
good hydrophilicity and low toxicity, GNRs were used to immobilize antibodies (Ab) and amplify the
electrochemical signal. PS@PDA-metal was used to label antibodies and generate a strong electrochemical signal in acetic buffer. A sandwich strategy was adopted to achieve simultaneous detection of
MMP-9 and IL-6 based on HSPCE without cross-talk between adjacent electrodes in the range of 10  5 to
103 ng mL  1 with detection limits of 5 fg mL  1 and 0.1 pg mL  1 (S/N ¼3), respectively. The proposed
method showed wide detection range, low detection limit, acceptable stability and good reproducibility.
Satisfactory results were also obtained in the practical samples, thus showing this is a promising
technique for simultaneous clinical detection of biocomponent proteins.
& 2013 Elsevier B.V. All rights reserved.
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1. Introduction
Polymer@metal core–shell nanocomposites have been extensively applied in catalysis, biology, electronics (Phadtare et al., 2003;
Stoeva et al., 2005; Cheng et al., 2009; Lu et al., 2002), as well as in
biosensors (Zhang et al., 2011a). Because of the accessible raw
materials, mature synthetic technology, easy surface functionalization and low cost, polystyrene (PS) has been widely used as a core
material. So far, there are many methods for preparing polymer@metal composites with core–shell microspheric structures. Polydopamine (PDA) is an environment-friendly biological polymer.
Through self-polymerization of dopamine in slight alkaline solutions, PDA can adhere to the substrate surface (Lee et al., 2007; Ryu
et al., 2010; Xi et al., 2009; Jiang et al., 2011; Li et al., 2012). Matrix
metalloproteinase (MMP) plays an important role in many pathological and physiological processes by degrading and reshaping the
extracellular matrix to maintain the dynamic balance of the extracellular matrix (Newby, 2005). A large amount of epidemiological
data indicates that MMP-9 has a very close relationship with carotid
plaques (Alvarez et al., 2004; Loftus et al., 2000) and hypertension
(Marson et al., 2012). The concentration of MMP-9 in serum could

n

Corresponding author. Tel./fax: þ 86 25 8359 7204.
E-mail addresses: jjzhu@nju.edu.cn, jjzhu@netra.nju.edu (J.-J. Zhu).

0956-5663/$ - see front matter & 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.bios.2013.11.056

be used to assess the index of ischemic stroke. Some research
regarding the detection of MMP-9 has been published (Vivek et al.,
2013; Ciania et al., 2012; Jiang et al., 2013). Recently, MMP-9 has
become a research focus in chemistry (Zhang et al., 2013a, 2013b;
Cheng et al., 2011) because it is closely related to biological,
environmental and clinic ﬁelds. Interleukin-6 (IL-6) is another kind
of multifunctional cytokine which plays an important role in many
biological processes, such as the immune response, acute phase
reactions and hematopoietic regulation (Scheller et al., 2011;
Leggate et al., 2010; Fischer 2006), and it has became a hot research
topic in recent years. Many IL-6 detection methods have been
reported. ELISA has long been used for clinical protein determinations (Findlay et al., 2000), but its sensitivity is low and it suffers
from some interference. LC-MS-based proteomics are expensive and
technically complex for clinical diagnostics (Hawkridge and
Muddiman, 2009; Hanash et al., 2008). Electrochemical methods
are well suited for the development of relatively simple, inexpensive devices for the detection of small panels of proteins.
Since electrically heated microelectrodes were invented by
Grundler’s group (Grundler et al., 1993, 1996), they have gained
much attention in electroanalytical chemistry (Sun et al., 2007; Wu
et al., 2008; Renedo et al., 2007). The symmetrical construction of the
electrode allows one to raise the electrode temperature to several
tens of degrees centigrade while keeping the solution temperature
almost unchanged by using a high frequency alternating current and
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to perform electroanalytical measurements by applying an AC
polarization at the same time. The quickly elevated electrode
temperature can enhance diffusion and accelerate the redox reaction
rates. Screen-printed carbon electrodes have overcome other electrode materials that easily break off during heating and handling
(Wei et al., 2008a, 2008b). Heated screen-printed carbon electrodes
(HSPCEs) have been applied in electrochemical detection (Zhang
et al., 2011; Wu et al., 2011). HSPCEs combine the advantages of
electrically heated electrodes with screen-printed carbon electrodes.
As one of the quasi-one-dimensional carbon-based nanomaterials,
GNRs have received a lot of attention due to the special quantum
conﬁnement and edge effect. Recently, GNRs have been applied in
electrochemical immunoassays as novel carbon-based labels (Dutta
and Pati, 2010; Xu et al., 2013; Fathalian et al., 2013; Zhang et al.,
2013a, 2013b), due to the bio-afﬁnity and enhancement of the
electron transfer.
In this work, the heated electrode was used as the protein
immunoassay test platform. GNRs are used as electrode substrate
materials to improve the sensitivity. A new sandwich structure
was designed as the protein biosensor, resulting in ampliﬁed
signals. Using different polymer@metal nanocomposites to label
two proteins individually, a clear, non-interfering electrochemical
signal was observed. The proposed method was applied to test the
practical samples, and the gathered data were further conﬁrmed
by ELISA.

2. Materials and methods

(N2H4  H2O), Cd(NO3)2, AgNO3, NH4OH, NaH2PO4 and Na2HPO4
were obtained from Nanjing Chemical Reagent Co., Ltd. (Nanjing,
China). PBS (10 mM, pH 7.4) was prepared by varying the ratio of
NaH2PO4 to Na2HPO4. The MMP-9 and IL-6 antigen standard
solutions were prepared in 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. Synthesis of nanomaterials
The PS@PDA nanomaterial was prepared according to a previous method (Sureshkumar et al., 2011). Firstly, the commercial
PS spheres were sonicated for several minutes in 3 mL Tris–HCl
buffer solution and centrifuged at 18,000 rpm for 10 min; the
washing procedure was repeated three times. Then, 5 mg of PS
spheres were dispersed in 10 mL Tris–HCl buffer and sonicated for
40 min, followed by the addition of 20 mg of dopamine into the
PS-Tris–HCl buffer; the dispersion was then stirred for 24 h. This
dispersion was centrifuged, and then washed with Tris–HCl and
ultrapure water successively three times.
The GNRs were prepared by using the reported method (Zhao
et al., 2013). In detail, the graphene oxide nanoribbons (GONRs) were
prepared according to a previous method (Kosynkin et al., 2009) and
then dispersed into water under ultrasonication (100 W, 40 kHz) to
create a homogeneous suspension (0.5 mg mL  1). NH4OH was added
to this solution, followed by hydrazine as a reducing agent. The
mixture solution was heated for 1 h in a boiling bath to obtain the
GNR suspension.

2.1. Reagents
2.3. Fabrication of PS@PDA/Cd2 þ and PS@PDA/Ag NPs
IL-6 and MMP-9 antigen (Ag) and antibody (Ab), immunoglobulin G (IgG) antigen and cardiac troponin I (cTnI) antigen were
purchased from Beijing Biosynthesis Biotechnology Co., Ltd. 1-Ethyl3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC),
N-hydroxysuccinimide (NHS), carcino-embryonic antigen (CEA), dopamine and lyophilized 99% BSA were purchased from Sigma-Aldrich.
Polystyrene (PS) spheres, 200 nm diameter, were purchased from
Northwestern Polytechnical University (Xi’an, China). Hydrazine

A chemical reaction occurred between 20 mL 500 mM Cd
(NO3)2 and 2 mL PS@PDA under constant stirring at room temperature. The product was centrifuged at 8000 rpm for 10 min. The
precipitate was washed with ultrapure water, centrifuged at
9000 rpm for 10 min, and this washing was repeated two times
to yield the ﬁnal product. The synthesis of PS@PDA/Ag nanoparticles (Ag NPs) was similar to that of PS@PDA/Cd2 þ .

Scheme 1. The mechanism of the electrochemical immunosensor.
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2.4. Fabrication of antibody/PS@PDA-metal bioconjugates

2.6. Apparatus

Anti-MMP-9 was attached to PS@PDA-Cd2 þ using the EDC/NHS
protocol. In detail, 2 mL PS@PDA/Cd2 þ was mixed with 0.5 mL PBS
containing 400 mM EDC and 100 mM NHS; the mixture was set on
a shaking table and held at constant temperature for 2 h, then it
was centrifuged at 9000 rpm and washed several times to remove
unreacted EDC and NHS. A total volume of 50 μL anti-MMP-9
(1 mg mL  1) was added into the mixture and it was then shaken
for 6 h. The mixture was then centrifuged at 8500 rpm at 4 1C for
10 min. Then, 2 mL PBS (pH 7.4) was added to the bioconjugates to
form a homogeneous dispersion and it was then stored at 4 1C. The
obtained anti-MMP-9/PS@PDA/Cd2 þ was used as Ab2. The anti-IL6/PS@PDA/Ag NPs were synthesized in a similar way.

An electrochemical workstation (CHI760) was used. A threeelectrode HSPCE electrochemical system was constructed as
reported in a previous method with slight modiﬁcation (Wei
et al., 2008a, 2008b). A function generator was used for heating
in all heating experiments. The frequency was adjusted to 100 kHz.
The temperature of HSPCE was controlled by changing the output
of the function generator. The morphologies of the materials were
measured on a transmission electron microscope (TEM, JEOLJEM
200CX) with an accelerating voltage of 200 kV. Electrochemical
impedance spectroscopy (EIS) was performed with an electrochemical analyzer (Autolab, Eco Chemie, 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 a frequency range of 0.1–10,000 Hz. The static contact
angles were measured at 25 1C by a contact angle meter (RameHart-100) employing drops of pure deionized water. The readings
were stabilized and taken within 120 s after the addition.

2.5. Preparation of immunosensor
The mechanism of the protein immunosensor is illustrated in
Scheme 1. Firstly, the bare HSPCE was electrochemically activated
in sodium carbonate solution by cyclic voltammetry, which was
called as activated HSPCE afterwards. The GNRs were added on the
working electrode surface, and dried at 37 1C. Then, the GNRsmodiﬁed HSPCE was incubated in 20 μL Ab1 (10 μL MMP-9 and
10 μL IL-6) for 12 h at 4 1C. After washing with PBS, the electrode
was incubated in 10 μL Ag for 50 min at 37 1C. After the binding
reaction between Ab1 and Ag, the electrode was incubated with
Ab2/PS@PDA/Cd2 þ or Ab2/PS@PDA/Ag NP bioconjugates for
50 min at 37 1C, and then it was washed thoroughly with PBS to
remove nonspeciﬁcally bound Ab2 conjugates.

2.7. Stripping voltammetry analysis
The electrochemical measurement was carried out on the Ab2/
Ag/Ab1/GNR-activated HSPCE, which contained a three-electrode
system. The square wave voltammetry (SWV) scan from  1.0 to
0.3 V with a 0.1 V s  1 scan rate, a sampling interval of 1 mV and a
quiet time of 2 s was performed to record the electrochemical
responses at  0.7 V and 0.1 V for simultaneous, quantitative
measurement of MMP-9 and IL-6. The SWV detection was carried
out in HAc/NaAc buffer solution at pH 4.6.

Fig. 1. TEM images of (A) GNRs, (B) PS nanospheres, (C) PS@PDA/Cd2 þ and (D) PS@PDA/Ag NPs.
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3. Results and discussion

3.4. Optimization of the conditions for electrochemical detection

3.1. Characteristics of the nanomaterials

As shown in Fig. S3, as the pH value increases from 3 to 9, the
SWV peak current intensity of cadmium showed a decreasing
response, while the peak current of silver was the highest when
the pH value was 4.6, indicating that all available recognition sites
of immobilized IL-6 were matched with the PS@PDA/Ag NPs/IL-6
nanoprobes. Moreover, the peak current intensity increased as the
incubation time increased from 10 to 80 min, and it reached a
maximum value at 50 min for silver, and at 60 min for cadmium.
For sufﬁcient recognition and the eximious biological activity of
target protein, 50 min was chosen as the optimal incubation time.
The pH value of the detection solution and the time of the
antigen–antibody reaction conjugates can affect the analytical
performance of the proposed immunosensor.

The TEM image of the as-synthesized GNRs is shown in Fig. 1A.
A monolayer banded, paper-like structure was observed, which
provided a large surface area and biocompatibility for the immobilization of biomolecules. In Fig. 1B, PS nanospheres have a
uniform structure with an average diameter of 200 nm.
Due to the strong adsorption of phenolic hydroxyl groups and
nitrogen groups in PDA onto metal ions, the silver ammonia
complex cations ([Ag(NH3)2] þ ) can be reduced in situ to Ag NPs
by the weak reduction of PDA on the surface. On the other hand, it
was difﬁcult to reduce the cadmium ions. The PDA layer can be
used as a secondary functional platform (Zhu et al., 2011; Wang
et al., 2011). Fig. 1C and D displays the typical TEM images of the
PS@PDA/Cd2 þ (C) and PS@PDA/Ag NPs (D). It can be clearly
observed that a large number of Ag NPs with a diameter of about
10 nm were adsorbed on the PS nanosphere surface by adjusting
the electrostatic forces, but no Cd NPs could be observed because
of its high chemical activity under the conditions used.
3.2. Electrochemical characteristics
An electrochemical impedance spectrum (EIS) was used to
evaluate the changes of the electrode surface features for the
modiﬁcation process. In the Nyquist plots, the diameter of the
semicircle at a higher frequency range corresponds to the electron
transfer resistance. The conductive property of an electron ﬁlm can
be observed by the change of electrode-transfer resistance of
[Fe(CN)6]3 /4 as redox probes with EIS. As shown in Fig. S1, which
shows the bare HSPCE (a), activated HSPCE (b), GNR-activated
HSPCE (c), Ab1/GNR-activated HSPCE (d), Ag/Ab1/GNR-activated
HSPCE (e) and Ab2/AgAb1/GNR-activated HSPCE (f), the EIS of GNRactivated HSPCE exhibited the lowest resistance indicating an excellent electric conducting ability.
3.3. The hydrophilicity of the electrode surface
The hydrophilicity can be measured with the contact angle of
the electrode surface, which is commonly used to characterize its
biocompatibility. As shown in Fig. S2, the contact angles of the
bare HSPCE (A) and GNR-modiﬁed electrode (B) were 105.6 71.31
and 48.5 72.61, respectively. The GNR ﬁlm showed the lowest
contact angle, indicating good hydrophilicity, which is in favor of
increasing the protein loading. Besides GNR has low toxicity, it can
improve the biocompatibility and retaining bioactivity, resulting in
enhanced sensitivity of the immunosensor.

3.5. SWV detection of IL-6 and MMP-9
In electrochemical immunoassays, metal elements are often
chosen as trace labels. Their sensitive SWV responses can make
connections that allow the detection of multiple proteins. As
shown in Fig. S4, the oxidation peaks of cadmium and silver were
at  0.7 V and 0.1 V, respectively. The positions of the two peaks
could reﬂect the identity of the corresponding antigens.
The peak current intensities were enhanced by increasing the
concentration of analytes, and there were good linear relationships
between the peak currents and the logarithm of the analyte
concentrations. As seen in Fig. 2, the linear regression equations
for MMP-9 (A) and IL-6 (B) were i ¼ 345:42 þ 17:3lgc in the range
of 10  5 to 103 ng mL  1 with a correlation coefﬁcient of 0.997 and
i ¼ 225:16 þ 17:49 lg c in the range of 10  3 to 103 ng mL  1 with a
correlation coefﬁcient of 0.999, respectively. The detection limits
for MMP-9 and IL-6 were 5 fg mL  1 and 0.1 pg mL  1 (S/N¼3),
respectively, which are lower than previous studies (Jiang et al.,
2013; Zhang et al., 2011). The comparison of the performance with
other reported immunosensors was shown in Table S1. The
broader detection range and lower detection limit for the two
proteins were very important for practical applications of this
method.
3.6. Selectivity, reproducibility and stability
To investigate the speciﬁcity of the immunosensor, the current
response of a mixed sample of 10 pg mL  1 MMP-9 and IL-6
containing 100 pg mL  1 CTnI, human IgG, CEA or BSA was tested.
Compared with the response of the immunosensor in 10 pg mL  1
mixed MMP-9 and IL-6, the relative standard deviation (RSD)
ranged from  2.3% to 4.1%. No signiﬁcant difference was observed

Fig. 2. Linear calibration curves of the immunosensor for (A) MMP-9 and (B) IL-6.
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Fig. 3. SWV signals for the investigation of cross-reactivity in sandwich-type immunoassay; (a) blank, (b) 0.1 ng mL  1 MMP-9, (c) 0.1 ng mL  1 IL-6, (d) 0.1 ng mL MMP-9
and 0.1 ng mL  1 IL-6.

Table 1
Comparisons of the results of the proposed immunosensor for detecting clinical
serum samples with commercial ELISA method.
Sample
MMP-9 (ng mL  1)

IL-6 (ng mL  1)

a

1
2
3
4
1
2
3
4

Proposeda

ELISA method

RSD (%)

5.72
1.52
0.38
0.75
22.70
9.91
79.48
87.56

5.63
1.66
0.36
0.76
23.16
9.50
77.71
82.62

1.1
6.2
3.8
0.9
1.4
2.9
1.6
4.1

Average value of three parallel detections for the same sample.

3.8. Application in analysis of serum samples

Fig. 4. Speciﬁcity of the immunosensor for (A) MMP-9 and (B) IL-6 containing
100 pg mL  1 BSA, CEA, CTnI and IgG.

in Fig. 3, indicating that the CTnI, IgG, CEA and BSA could not cause
any observable interference. Each sample has been detected by
SWV for 5 times at the same concentration. As shown in Fig. S5,
the proposed method has well reproducibility in the detection for
MMP-9 and IL-6. The storage stability of the developed sensor was
also studied. The SWV response of the sensor stored in the
refrigerator at 4 1C for 2 weeks was not signiﬁcantly changed.

3.7. Evaluation of cross-reactivity
The cross-reactivity was evaluated by comparing the electrochemical responses between two proteins with one protein. As
shown in Fig. 4, the amperometric responses were minimally
different when the incubation contained one or two kinds of
proteins. In the absence of IL-6 and MMP-9, there was no SWV
signal observed within the scanning potential range of  1.0 to
0.4 V (curve a), which conﬁrmed that the nonspeciﬁc reaction
could be ignored in the sandwich-type immunoassay. When the
solution only contained 0.1 ng mL  1 MMP-9 or IL-6, a sharp peak
was observed at  0.7 V (curve b) or 0.1 V (curve c), respectively.
When both MMP-9 and IL-6 were contained in the mixture, two
obvious peaks were observed (curve d). Each of the SWV peak
potentials under multi-analyte condition was consistent with that
of the respective single analyte. This result conﬁrmed that MMP-9
and IL-6 had no inﬂuence on each other.

Compared with the commercial ELISA method for detecting
human serum samples, the analytical reliability and application
potential of the designed immunoassay method was evaluated.
Clinical serum samples came from patients and were tested.
As shown in Table 1, the assay results have RSD values within 6.2%
for MMP-9 and 4.1% for IL-6 detection, indicating the feasibility of the
proposed method for serum samples.

4. Conclusion
A novel electrochemical biosensor for the detection of MMP-9
and IL-6 protein was developed based on the heated electrode
technique. By using GNRs, PS@PDA-metal sandwich-type sensor
and the HSPCE technique, the proposed immunosensor showed
excellent analytical performances with high sensitivity, convenient
operability, stability and acceptable reproducibility. Furthermore,
this strategy can be easily extended to the detection of other
proteins and analytes.
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