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sheets was demonstrated. The composite facilitated robust immobilization of antibodies,
promoted electron transfer and exhibited excellent electrochemical activity, which are
suitable for biosensing. The design of the immunosensor also involved a polydopamine
functionalized graphene oxide hybrid conjugated to horseradish peroxidase-secondary
antibodies by covalent bonds as a multi-labeled and biocompatible probe to increase the
electrochemical response. This novel signal amplification strategy with a sandwich-type
immunoreaction significantly enhanced the sensitivity of detection of biomarkers. The proposed immunosensor displayed excellent analytical performance in the detection of MMP2 ranging from 0.0005 to 50 ng mL1, with a detection limit of 0.11 pg mL1. Furthermore, it
not only exhibited good stability with adequate reproducibility and accuracy, but also demonstrated efficiency in the detection of MMP-2 in real samples.
Ó 2013 Elsevier Ltd. All rights reserved.

1.

Introduction

Matrix metalloproteinases (MMPs) are a family of secreted
zinc-dependent endopeptidases which are crucial for the regulated degradation and processing of extracellular matrices,
and are up-regulated in almost every type of human cancer
[1,2]. In particular, MMP-2 (also known as gelatinase A), is
one of the crucial MMPs in tumor growth, invasion and
metastasis, and plays a key role in physiological and pathological states including morphogenesis, reproduction and tissue remodeling due to its ability to degrade type VI collagen
[3,4]. Therefore, sensitive detection of MMP-2 is of great
importance in the reliable early detection of cancer and

disease. Due to the low level of MMP-2 in human blood and
the complexity of clinical samples such as serum, plasma
and whole blood, it is imperative, although challenging, to develop new analytical methods with high sensitivity and specificity to circumvent the interferences arising from complex
biological sample matrices. Thus, improved detection approaches are continually required to meet increasing demands [5]. Immunoassays based on highly specific
antibody-antigen recognition have been widely used in the
sensitive and quantitative detection of disease-related proteins which are critical in biomedical research and
diagnostics [6]. Among these assays, the electrochemical
immunoassay has attracted considerable interest due to its
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intrinsic advantages including good portability, low cost and
precise current measurement, and has been developed and
extensively applied in the determination of biomarkers [7,8].
In order to improve the sensitivity and selectivity of biosensors, several methods have been developed using signal
amplification or the use of different detection technologies,
and nanomaterial-based systems have attracted particular
interest in immunoassays due to their abundant properties
[9,10]. Recently, graphene, a single-atom-thick sheet of sp2bonded carbon atoms, has attracted immense interest due
to its unique properties and potential applications [11–16].
Considerable efforts are now being made to dope graphene
with nitrogen to further tune its electrical properties and geometric parameters [17,18]. Compared with pristine graphene
(G), nitrogen-doped graphene (NG) is more commonly used
in supercapacitors, fuel cells and field-effect transistors,
etc., as a result of its much larger functional surface area,
higher ratio of surface active groups to volume, more biocompatible C–N microenvironment, higher electrical conductivity
and more chemically active sites for further functionalization
such as anchoring of metal nanoparticles [19–22]. Moreover, it
has been demonstrated that the Au/nitrogen-doped carbon
nanotube composite enhanced the biocompatibility and sensitivity in biosensing applications [23]. Consequently, it is crucial to explore the potential bioapplications of NG-based
composites.
In addition, graphene oxide (GO) has been used to detect
target molecules through different analytical principles owing to its large specific surface area and high water solubility [24,25]. To improve the stability and practicality of GO, it
is generally functionalized with biomolecules, inorganic
materials and polymers [26,27]. Dopamine can undergo
self-polymerization to form polydopamine (PD), which has
been reported to be an efficient binding agent for coating
graphene and other substrates, thus exhibiting versatile
applications [28,29]. Dopamine may play a dual-functional
role as both the reductant and surface functionalization
agent for GO. Therefore, a PD-functionalized GO hybrid
(PD–GO) with good biocompatibility and conductivity may
have potential applications in drug delivery and bioassay
systems.
Herein, we report an approach to use the exceptional properties of the NG-based composite for the fabrication of an
ultrasensitive electrochemical immunosensor based on a signal amplification strategy for the detection of MMP-2 (Fig. 1).
Due to the strong binding between metal nanoparticles and
NG, an effective chemical route was developed to directly attach gold nanoparticles (AuNPs) uniformly with high density
onto NG which served as an immobilization scaffold for antibodies. The obtained Au–NG composite not only increased the
surface area to capture large amounts of proteins and promoted electron transport, but also displayed efficient electrochemical activity for biosensing. In order to further facilitate
signal amplification, the PD–GO architecture was used to provide a favorable surface to load multiple horseradish peroxidase-labeled anti-MMP-2 (HRP-Ab2), resulting in an ideal
probe for a sandwich electrochemical immunoassay. The
electrochemical response of the fabricated biosensor was
greatly enhanced and ultrasensitive detection of MMP-2 was
achieved with good precision, acceptable stability and

reproducibility. Therefore, these results should generate
interest in utilizing this electrochemical immunoassay for
the detection of other biomolecules in order to develop efficient clinical biomedical applications.

2.

Experimental section

2.1.

Materials and apparatus

Graphite powder (KS-10), bovine serum albumin (BSA) and
dopamine were obtained from Sigma–Aldrich. Thionine
(Th), H2O2 (30%), chloroauric acid (HAuCl4 4H2O), 2-amino2-hydroxymethylpropane-1,3-diol (Tris), trisodium citrate
and glutaraldehyde (GLU, 25% aqueous solution) were from
Shanghai reagent Co. Inc. (Shanghai, China). Human MMP2 standard (Ag), the MMP-2 capture antibody (Ab1), HRPAb2, the enzyme-immunoassay kit for human MMP-2,
Bicinchoninic Acid (BCA) protein assay kit and Tween-20
were purchased from Nanjing keygen Co. Inc. (Nanjing, China). Phosphate buffer saline (PBS) with different pH values
were prepared by mixing the stock solution of NaH2PO4
and Na2HPO4 and then adjusting the pH value with 0.1 M
NaOH and H3PO4. The washing buffer was PBS (pH 7.4) containing 0.05% (w/v) Tween-20 (PBST). Ultrapure fresh water
obtained from a Millipore water purification system (MilliQ, specific resistivity is larger than 18 MX, S.A., Molsheim,
France) was used in all runs. All other chemicals were of
analytical grade. The clinical serum samples were from Nanjing Gulou Hospital.
Transmission electron micrographs (TEM) and high-resolution transmission electron micrographs (HRTEM) were obtained on a JEOL JEM-2100 transmission electron microscope
using an accelerating voltage of 200 kV. Scanning electron
micrographs (SEM) were recorded with a Hitachi S-4800
scanning electron microscope. Atomic force microscope
(AFM) analyses were done on an agilent 5500 AFM system
operated in tapping mode with the sample placed on fleshly
cleaved mica. X-ray photoelectron spectroscopy (XPS) was
carried out on an ESCALAB MK II X-ray photoelectron spectrometer. X-Ray powder diffraction (XRD) was carried out on
XRD-6000 (Shimadzu) using Cu Ka (0.15406 nm) radiation.
Fourier transform infrared spectroscopy (FT-IR) was
performed on a Nicolet 6700 spectrometer (Nicolet, USA).
UV–vis spectra were obtained on a UV-3600 (Shimadzu)
spectrophotometer. The static water contact angle measurements were done at 25 °C using a contact angle meter
(Rame-Hart-100) employing drops of pure deionized water.
Sonication was performed using a KQ2200 ultrasonic cleaner
(40 kHz, 100 W, China). Absorbance in BCA assay was
recorded at 570 nm using Bio-Rad 680 microplate reader.
Electrochemical measurements were performed on a CHI
660a workstation (Shanghai Chenhua, China) with a conventional three-electrode system comprised of a platinum wire
auxiliary, a saturated calomel reference and the modified
glass carbon working electrode (GCE). The electrochemical
impedance spectroscopy (EIS) analyses were performed on
an Autolab PGSTAT12 (Ecochemie, BV, The Netherlands)
using a solution of 0.10 M KNO3 containing 10.0 mM
K3[Fe(CN)6]/K4[Fe(CN)6].
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Fig. 1 – Schematic illustration of the preparation and detection procedure of MMP-2 immunosensor.

2.2.

Preparation of the Au–NG composite

GO was prepared from graphite powder according to a modified Hummer’s method [30], and its concentration was estimated by calibration curve from the absorbance at 231 nm
in the UV–vis spectra. G was prepared from thermal exfoliation of GO: 100 mg of GO, placed in a quartz tube, was flushed
with Ar at room temperature for 30 min, and then quickly inserted into a furnace preheated to 1050 °C and held for about
1 min [31]. To get NG, nitrogen plasma treatment of G was performed in a plasma chamber system (Harrick Scientific Corporation, Ossining, NY) equipped with a high frequency
generator working at a frequency of 13.56 MHz and a power
up to 500 W. Briefly, G was taken in a glass plate and introduced into the plasma chamber for 30 min to obtain NG
sheets. Plasma power was 130 W and the chamber pressure
was 0.1 mBar. Then a simple and green method was developed for assembly of AuNPs on NG sheets: 10.0 mL of
0.5 mg mL1 NG was sonicated for 1 h, then 500 lL of 1%
HAuCl4 and 1.0 mL of 0.1 M sodium citrate solution were
added dropwise under stirring at 37 °C, and after stirring for
an additional 2 h, the black solid was separated by centrifugation. The Au–G composite was also prepared with the similar
method except that G was used as the support instead of NG.

2.3.

Preparation of the HRP-Ab2/PD–GO bioconjugate

Typically, 10.0 mg of GO was first dispersed in 2.0 mL of Tris–
HCl solution (pH = 8.5) and sonicated at room temperature
for 10 min. After centrifugation, the sediment was washed

repeatedly and dispersed in Tris–HCl solution containing
2.0 mg mL1 of dopamine. After it was incubated in the dark
at 37 °C for 12 h, the sample was collected using a cellulose
membrane filter (0.45 lm pore size, Agilent, Germany),
washed with Tris buffer and deionized water for several
times to obtain PD–GO. Then 5.0 mL of PD–GO solution
(1.0 mg mL1) was dispersed in 1.0 mL of GLU (0.25%) and
sonicated for 5 min. Then 30 lL of 5.0 mg mL1 HRP-Ab2
was added to the above solution. The mixture was gently reacted for 2 h, and centrifuged at 10,000 rpm for 20 min at
4 °C. After washed with buffer solution for three times, the
conjugate was finally centrifuged and resuspended in PBS
(300 lL) containing BSA (0.1%) for immunoassay studies.
The final concentration of the bioconjugate was
1.0 mg mL1.

2.4.

Fabrication of the Au–NG modified immunosensor

The immunoassay procedure is illustrated in Fig. 1. The GCE
with a diameter of 3 mm was used as the substrate to grow
the film for fabricating the sensor. Prior to the preparation
procedure of the film, GCE was mirror polished by successive
use of 0.3 and 0.05 mm alumina slurry (Beuhler) followed by
rinsing thoroughly with water. Then 5.0 lL of Au–NG suspension (1.0 mg mL1) was dropped on the pretreated GCE and allowed to dry at 4 °C overnight. To attach Ab1, the modified
electrode was washed with PBST and immediately incubated
with 0.1 mg mL1 of Ab1 solution (50 mM PBS, pH = 7.4) at
4 °C for 12 h as the biomolecules could retain its bioactivity
for a long time at this temperature. Finally, it was rinsed with
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pH 7.4 PBS and incubated in 20 lL of 1% BSA at 37 °C for 1 h to
block nonspecific binding sites.

2.5.

Immunoassay procedure for detection of MMP-2

The above Ab1 modified electrode was incubated with 10 lL of
MMP-2 samples (Ag) for 1 h at 37 °C. Then, the electrode was
incubated with 50 lL of the HRP-Ab2/PD–GO bioconjugate
solution at 37 °C for 50 min, and washed thoroughly with
PBST to remove non-specifically bounded conjugates to minimize the background response. Electrochemical measurements were carried out in 5.0 mL of pH 7.4 PBS involving
50 lM Th and 4 mM H2O2, and the differential pulse voltammetry (DPV) measurements were performed from 0 to
0.5 V with a pulse amplitude of 50 mV and width of 0.2 s.

3.

Results and discussion

3.1.

Characterization of Au–NG and the sensing probe

Doping graphene with nitrogen atoms is regarded as an effective strategy to introduce defective sites on the graphene surface for improving electrocatalytic effects, however, NG-based
composites have rarely been used in electrochemical immunosensors. Combined with metallic nanoparticles, the
remarkable conductivity and large surface area of Au–NG
could provide a feasible pathway for electron transfer, and enhance intrinsic electrocatalytic activity of NG through nanoparticle electronic structure modification [32], which are
good for the fabrication of an electrochemical immunosensor.
The TEM image of NG and the selected area electron diffraction pattern (Fig. 2A) indicated that the typical crystalline
layered structure was retained after N-doping [21]. As shown
in Figs. 2B and S1, AuNPs with the size of 4–6 nm were uniformly dispersed on the surface of NG with high density. A

composite structure of Au–NG with the size distribution
mainly from 450 to 500 nm was formed (Fig. S2), and no free
nanoparticles were present outside the NG sheets. In the
HRTEM image (the inset in Fig. 2B), AuNPs with clear crystal
fringes were proved to be well crystalline. A similar effect of
NG in the immobilization of Pt nanoparticles was reported
previously [22]. However, AuNPs could not be efficiently dispersed on G sheets (Fig. 2C). This resulted in aggregation of
AuNPs due to the chemical inertness of the regular G, while
in the case of NG, favorable interactions with AuNPs were
achieved due to the anchoring sites provided by N-doping,
which promoted faster nucleation and growth kinetics of
AuNPs.
XPS analysis was carried out to further analyze the chemical composition and status of NG and Au–NG. As shown in
Fig. 3A, the XPS scan spectra exhibited distinct C1s, N1s and
O1s peaks for both samples. The amount of nitrogen incorporated in NG was found to be approximately 7.8% with a high
doping level. Fig. S3 is a diagram of the effect of nitrogen doping on the graphene structure, showing the possible N locations in NG. The high resolution N1s spectrum for NG
showed three bands at 399.1, 400.2 and 401.1 eV (Fig. S4), corresponding to the ‘‘pyridinic-like’’ and ‘‘pyrrolic-like’’ nitrogen
incorporation within the G sheets and nitrogen atoms substituting inner ‘‘graphite-like’’ carbon atoms, respectively. The
high energy peak at 402.4 eV is commonly attributed to oxidized nitrogen [17]. Raman results (Fig. S5) also confirmed
that nitrogen doping was successful. In the case of Au–NG,
additional distinct Au 4f peaks were observed at the binding
energy of 84.0 and 87.6 eV (Fig. 3B), which corresponded to
Au 4f7/2 and 4f5/2 respectively [33], confirming the formation
of metallic Au on the Au–NG composite. The XRD patterns
of NG and Au–NG are shown in Fig. 3C. The peak at 26.01°
for the NG sample was assigned to the (0 0 2) plane of graphite
carbon (curve a). As for Au–NG, additional peaks observed at

Fig. 2 – Typical TEM images of NG (Inset shows the SAED pattern) (A), Au–NG (Inset shows the HRTEM image) (B) and Au–G (C).
(D) Representative SEM image of Ab1/Au–NG modified GCE.

CARBON

6 1 (2 0 1 3) 3 5 7–36 6

361

Fig. 3 – (A) Survey XPS spectra of NG (a) and Au–NG (b). (B) Au 4f XPS spectrum of Au–NG. (C) XRD patterns of NG (a) and Au–NG
(b). (D) Contact angle of GCE modified with G (a), NG (b) and Au–NG (c).

38.3°, 44.4°, 64.7° and 77.7° corresponded to the (1 1 1), (2 0 0),
(2 2 0) and (3 1 1) planes of the AuNPs (curve b) [23].
The hydrophilicity of an electrode surface, measured from
the contact angle of the substrate, is commonly used to infer
its biocompatibility. As shown in Fig. 3D, the contact angles of
G, NG and Au–NG were 65.6°, 55.4° and 42.5°, respectively. The
Au–NG film showed the lowest contact angle, indicating the
best hydrophilicity, which was attributed to the multiple defects from NG and the presence of AuNPs. Thus, the improved
hydrophilicity and hence biocompatibility of the Au–NG film
could favor protein loading. Moreover, the AuNPs on NG can
facilitate the binding of biomolecules especially those containing functional groups such as CN, NH3 or SH as required
for the immunosensor fabrication. Fig. 2D shows a SEM image
of the Au–NG modified electrode after immersion in Ab1 solution for 24 h, and the surface looks much rougher and richer
in texture possibly due to the attachment of Ab1.
Chemical modification or functionalization of GO is important because of its insulating property [34–36]. Here we used
the surface modified GO through a one-step polymerization
of dopamine and conjugated it with HRP-Ab2 as a bioassay
labeling system. To the best of our knowledge, the application
of PD–GO in biosensors has not been yet addressed extensively. As shown in Fig. 4A, the yellow-brown GO suspension
turned into a black PD–GO solution with good water dispersity
after stirring for 12 h at room temperature, suggesting partial
restoration of the p network within the graphene structure
[37,38]. AFM and TEM images showed that compared with
GO (Fig. S6), PD–GO was denser or thicker (Fig. 4B and C), probably due to the enwrapped PD film, and had a size distribution

mainly from 600 to 650 nm (Fig. S7). The GO sheets had a
mean thickness of approximately 0.9 nm, whereas the thickness of PD–GO increased to 3.0 nm, indicating that a thin layer
of PD was attached after being functionalized and reduced by
PD. The surface functionalization of GO by PD was confirmed
by FT-IR analysis. In Fig. 4D it can be seen that, the curve
showed a characteristic absorption peak at 1747 cm1 (the
C@O vibration) for GO, and after PD was grafted, the disappearance of the C@O peak provided evidence of GO reduction
(curve b). Furthermore, PD–GO exhibited vibrational bands at
1506 and 1255 cm1, assigned to the N–H shearing vibration of
the amide group and the phenolic C–OH stretching vibration
respectively [38,39], confirming the polymerization of dopamine and the presence of the PD coating layer. PD–GO then
provided an imide to carry out a coupling reaction with
HRP-Ab2 through the cross-linking agent, GLU [29], in order
to enhance the sensitivity of the fabricated immunosensor.
The obtained HRP-Ab2/PD–GO bioconjugate was characterized
by a UV–vis absorption spectrum as shown in Fig. 4E. GO
showed a strong absorption band at about 230 nm with a
shoulder at 300 nm (curve a), which corresponded to p ! p*
transition in the aromatic C@C bond and n ! p* transition in
the C@O groups [24,33]. PD–GO showed a new band at
280 nm (curve b), which was characteristic of PD due to the
presence of catechols. In addition, the bands at
approximately 230 and 300 nm disappeared, showing that
GO was indeed reduced by PD. After HRP-Ab2 was conjugated
onto PD–GO, an additional absorbance appeared at 410 nm,
which was ascribed to the attached HRP-Ab2 (curve c). These
results confirmed that HRP-Ab2 could be effectively linked to
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Fig. 4 – (A) The color of GO (a) and PD–GO (b) suspension. Typical AFM (B) and TEM (C) images of PD–GO. (D) FT-IR spectra of GO
(a) and PD–GO (b). (E) UV spectra of GO (a), PD–GO (b) and HRP-Ab2/PD–GO (c).

the surface of PD–GO to avoid protein cross-linking, thereby
retaining its specific immuno-recognition ability. Thus, this
bioconjugate was expected to enhance the electrochemical
response due to good conductivity and bioactivity.
Owing to its large surface area and good affinity for binding
with biomolecules, PD–GO was favored for increasing the
loading amount of enzyme labeled-antibody. The BCA protein
assay [40] showed that the total amount of active HRP-Ab2
present in the stock HRP-Ab2/PD–GO dispersion (10.0 mL with
a PD–GO concentration of 0.5 mg mL1) was 31.06 lg.

3.2.

Electrochemical behavior of the immunosensor

The step-wise fabrication process of the immunosensor was
characterized by EIS in order to investigate the electrochemical properties at the electrode surface. EIS is an effective and
convenient method and can provide information regarding
the electrical communication between the redox probe
Fe(CN)63/4 and the electrode at each step of the modification
process [41]. The impedance spectra include a semicircle portion and a linear portion. The semicircle diameter at higher
frequencies corresponds to the electron-transfer resistance
(Ret), and the linear part at lower frequencies corresponds to
the diffusion process [42]. As shown in Fig. 5, the bare GCE
displayed a small semicircle with a Ret value of about 110 X
at high frequencies (curve a). Following modification with
the Au–NG film, the electrode exhibited a much lower resistance for the redox probe (curve b), suggesting that Au–NG
was an excellent conducting material which accelerated the
electron transfer. In the next step, when the electrode was
modified with successive binding of Ab1 and MMP-2 (curve c
and d), an increase in the Ret value was observed. This was

Fig. 5 – Nyquist diagrams of EIS recorded from 0.01 to 105 Hz
for [Fe(CN)6]3/[Fe(CN)6]4 (10 mM, 1:1) in 0.1 M KCl at bare
(a), Au–NG (b), Ab1/Au–NG (c), MMP-2/Ab1/Au–NG (d) and
HRP-Ab2/PD–GO/MMP-2/Ab1/Au–NG (e) modified GCE.

consistent with the previously reported result that the antigen-antibody complex layer on the electrode surface could
lead to a disturbance in ion diffusion along with a change in
electrical capacitance, and could therefore significantly affect
the electrochemical impedance [43]. In the final step, when
the electrode was further modified with HRP-Ab2/PD–GO,
the Ret value decreased to 501 X (curve e). However, for HRPAb2/MMP-2/Ab1/Au–NG modified GCE, the Ret value increased
to 995 X. Although protein adsorption can generally hinder
electron transfer, the use of PD–GO combined with Ab2 improved the electron transfer by virtue of its high electrochemical conductivity. These phenomena clearly show that the
immunosensor assembly process was effective.
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The cyclic voltammetric (CV) responses of the sensors are
shown in Fig. 6A. Bare and Au–NG modified GCE (curve a and
b) did not show any detectable signal within the working potential range due to the lack of an electron mediator. Nevertheless, the latter showed a larger background current,
indicating that the Au–NG modified electrode could provide
a sensitive response platform for electrochemical sensing
with better conductivity and a higher accessible surface area.
Following the addition of 50 lM of Th and 4 mM of H2O2 to the
PBS buffer, the Au–NG modified electrode displayed a pair of
well-defined redox processes with good stability and reproducibility (curve c), which corresponded to the electrochemical oxidation and reduction of Th [25]. However, the peak
currents decreased after the modified electrode was immersed in the Ab1 and MMP-2 solutions (curve d), indicating
that Ab1 and MMP-2 were immobilized successfully on the
electrode surface, consistent with the EIS results. Incubation
with HRP-Ab2 for a further 50 min resulted in the HRP-Ab2/
MMP-2/Ab1/Au–NG modified GCE showing an obvious increase in current toward the catalytic reduction of Th (curve
e) due to the introduction of HRP onto the electrode surface
by the immunoreaction. It should be noted that, the introduction of the HRP-Ab2/PD–GO bioconjugate instead of HRP-Ab2
led to a significant increase in the reduction peak current at
the HRP-Ab2/PD–GO/MMP-2/Ab1/Au–NG modified GCE (curve
f) with the same concentration of MMP-2. This enhancement
in current response was attributed to the increased surface
area in the presence of PD–GO, affording a large number of active sites to bind with HRP-Ab2 for the enzymatic reaction.
The amperometric responses of HRP-Ab2/PD–GO/MMP-2/
Ab1/Au–G and HRP-Ab2/PD–GO/MMP-2/Ab1/Au–NG modified
GCE were also compared (Fig. 6B), and the latter showed a better sensitizing effect, confirming higher electrochemical
activity of Au–NG. This may be because of the synergistic effects of AuNPs and NG, namely: (i) the role played by NG support and (ii) the electrochemical activity of AuNPs. The
change in the density of electronic states around the Fermi level of G after N-doping allows sufficient numbers of free electrons in NG resulting in good dispersion of AuNPs on NG
sheets, hence improving the electrochemical activity [44].
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This facilitated electron transfer and produced an excellent
electrocatalytic response by the reduction of enzymatically
oxidized Th in the presence of H2O2, leading to the observed
signal amplification.

3.3.

Optimization of detection conditions

Some factors can influence the electrochemical performance
of the immunosensor. To achieve an optimal electrochemical
signal, we investigated the dependence of the DPV peak current on different experimental parameters such as the concentration of Th and H2O2, the incubation time and the
amount of Ab1 (Fig. S8). The DPV peak current reached the
maximum values with a concentration of 50.0 lM Th
(Fig. S8A) and 4.0 mM H2O2 (Fig. S8B). Therefore, the optimal
concentrations of Th and H2O2 were selected at 50.0 lM and
4.0 mM, respectively. In the case of incubation time, the peak
current was found to first increase with the increasing incubation time and then tend towards a constant value after
50 min (Fig. S8C). This was indicative of a gradual increase
in antibody binding till saturation on the electrode surface.
Therefore, 50 min of incubation time was selected for further
evaluation of this sandwich-type immunoassay. In addition,
the amount of Ab1 bound to Au–NG/GCE is also an important
parameter for sensitive and reproducible immunoassay optimization. It was observed that with increasing concentration
of Ab1, the peak current increased linearly and approached a
max value at 100.0 lg mL1 (Fig. S8D), and then, the response
slightly decreased. Therefore, 100.0 lg mL1 was chosen as
the optimized concentration of Ab1 for incubation.

3.4.

Immunoassay performance

The DPV technique with the potential advantage of increasing
the sensitivity and selectivity of the detection process was
further explored to investigate the analytical performance of
the immunosensor [45]. The enzymatic catalytic signal was
found to be directly related to the amount of MMP-2 attached
on the electrode surface under optimized conditions. As
shown in Fig. 7A, the peak current increased with increasing

Fig. 6 – (A) CVs of bare (a) and Au–NG (b) modified GCE in pH 7.4 PBS; Au–NG (c), MMP-2/Ab1/Au–NG (d), HRP-Ab2/MMP-2/Ab1/
Au–NG (e) and HRP-Ab2/PD–GO/MMP-2/Ab1/Au–NG (f) modified GCE in pH 7.4 PBS containing 50 lM Th and 4 mM H2O2.
1.0 ng mL1 MMP-2 was used during the incubation process at 37 °C for 1 h. (B) CVs of HRP-Ab2/PD–GO/MMP-2/Ab1/Au–G (a)
and HRP-Ab2/PD–GO/MMP-2/Ab1/Au–NG (b) modified GCE in pH 7.4 PBS containing 50 lM Th and 4 mM H2O2. 1.0 ng mL1
MMP-2 was used during the incubation process at 37 °C for 1 h.
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Fig. 7 – Typical DPV of immunosensor by using the proposed method with increasing MMP-2 from a to j (0, 0.0005, 0.005, 0.02,
0.05, 0.25, 1.0, 5.0, 10.0 and 50.0 ng mL1) in 0.1 M pH 7.4 PBS containing 4 mM H2O2. (B) Calibration curve of the
immunosensor for MMP-2 determination plotted on a semi-log scale.

concentration of MMP-2. The calibration plots showed a good
linear relationship between the reduction peak currents and
the logarithm of MMP-2 concentrations over the range of
0.0005 to 50 ng mL1 (Fig. 7B). The fitted linear regression
equation was found to be I/lA = 19.70 + 4.20 lg (CMMP-2/
ng mL1), with a linear regression coefficient of 0.997. The
limit of detection at a signal-to-noise ratio of 3r (where r is
the standard deviation of the signal in a blank solution) was
0.11 pg mL1. Compared with preciously published reports
[46–49], the proposed immunosensor showed a much lower
detection limit. For the assay using HRP-Ab2/MMP-2/Ab1/Au–G
modified GCE, a linear detection range for the logarithm of
the concentration for MMP-2 was observed from 0.05 to
10 ng mL1, with a detection limit of 0.02 ng mL1. Comparative experiments were performed to confirm the analytical merits of using each of materials in biosensors (Fig. S9 and Table S1),
and the result clarified that HRP-Ab2/PD–GO/MMP-2/Ab1/Au–NG
modified GCE exhibited a superior biosensing performance
over others. Therefore, ultrasensitive detection of MMP-2
was achieved based on the novel signal amplification strategy,
and the proposed immunosensor could also be used in real
samples. As discussed earlier, the reason for the enhanced
analytical performance may be attributed to the
homogeneous dispersion of AuNPs on NG. This not only
accelerated electron transfer to facilitate the binding of Ab1
and recognition of HRP-Ab2, but also resulted in excellent
electrochemical activity with high stability and enhanced
signal detection. Moreover, the biocompatible PD–GO was
beneficial for providing an efficient host for multiple-enzyme
interactions with good conductivity and maintained the
activity of HRP, which also amplified the signal, leading to
excellent sensitivity of this immunosensor for the detection
of MMP-2.

3.5.
Specificity,
immunosensor

reproducibility

and

stability

of

the

Specificity is an important criterion for any analytical
measurement. Some proteins and common inorganic salts
in serum were used as interferents to evaluate the specificity
of the sensor. The currents obtained in the presence of
interfering substances at different concentrations were used

as indicators for the assay selectivity in comparison with
1.0 ng mL1 MMP-2 alone. As shown in Table S2, compared
with the response current for MMP-2 alone, no obvious
change in current was observed caused by each interfering
substance such as immunoglobulin G (IgG), carcinoembryonic
antigen (CEA), matrix metalloproteinases-7 (MMP-7) and human interleukin-6 (IL-6). Other inspected substances also
did not cause significant alteration of the sensing system at
a concentration 100 times higher than that of MMP-2. Therefore, the above results revealed quite sound selectivity of the
proposed method for MMP-2. The intra-assay precision was
estimated by testing one MMP-2 level for five replicate measurements and the inter-assay precision of the fabrication
reproducibility was also estimated by measuring one MMP-2
level with five immunosensors made at the same modified
GCE independently. The relative standard deviations of the intra- and inter-assay were 6.3% and 5.7% respectively, at the
MMP-2 concentration of 1.0 ng mL1. This result indicated
that the immunosensor possessed acceptable precision and
reproducibility. Furthermore, more than 90% of the initial response of the immunosensor for MMP-2 could be remained
even after 1 week stored at 4 °C, indicating good stability of
the designed immunoassay.

3.6.

Application of the immunosensor in human serum

The feasibility of the immunoassay system for clinical applications was investigated by analyzing several clinical samples
and comparing the results with the enzyme-linked immunosorbent assay (ELISA) method. Table S3 describes the correlation between the partial results obtained by the present
immunoassay method and the ELISA method. The two methods showed results with an acceptable agreement with each
other, suggesting that the Au–NG based immunoassay method could be satisfactorily applied to clinical determination of
MMP-2 levels in human plasma.

4.

Conclusions

An effective approach was developed to directly attach welldefined AuNPs onto the surface of NG, which promoted faster
nucleation and growth kinetics of AuNPs resulting in their
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small size and uniform dispersion with high density. Therefore, a promising electrochemical immunosensor was successfully designed for the determination of MMP-2 by a
novel signal amplification strategy. The Au–NG modified
GCE not only accelerated electron transfer, but also exhibited
high electrochemical activity to significantly enhance signal
detection for biosensing. Furthermore, the HRP-Ab2 functionalized PD–GO bioconjugate was also prepared and served as a
tracer which allowed efficient capture of antibody, and thereby could be beneficial in achieving highly sensitive detection.
The immunosensor showed a wide linear range and low
detection limit for the determination of MMP-2 with high
selectivity and long-term stability, and could be satisfactorily
applied for the detection of proteins in clinical laboratories.
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