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a b s t r a c t

In the present work, sensitive and stable sandwiched electrochemical immunosensing strategies with

graphene (Gr)/gold nanoparticles (GNP) composite as the immobilization platform and ferrocene (Fc)

derivatives as labels were proposed. Under the optimal choice and the proposed immunosensing

strategy, with 1,10-ferrocenedicarboxylic acid label, the human IgG could be detected specifically with a

low detection limit of 0.4 ng/mL and a wide linear dynamic range from 1 to 300 ng/mL. Meanwhile, the

electrochemical behavior of three different ferrocene derivatives labels was studied.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Immunoassays, the determination of antibody or antigen
based on biospecific recognition interactions, have been
widely studied for clinical diagnosis, environmental and food
analysis [1]. Various immunoassay protocols, such as surface
plasmon resonance (SPR), quartz crystal microbalance (QCM),
chemiluminescence’s and electrochemical methods, have been
extensively developed for the detection of biomarkers [2–6].
Among these methods, electrochemical immunosensors, with
high sensitivity, low-cost, low power requirement, are of great
value for monitoring antibody or antigen [7–10]. In the
development of electrochemical immunosensing strategies,
an effective immobilized biocomponents platform and a label
of the immunoconjugates for signal are needed [11]. For these
purposes various novel materials were prepared. Recently,
Merkoci et al. reported a novel double-codified nanolabel gold
nanoparticles (GNP) consisting of GNP conjugated to a horse-
radish peroxidase (HRP)-labeled anti-human IgG antibody for
the determination of IgG by either a spectrophotometric or an
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electrochemical method [8]. Cui et al. [9] used horseradish
peroxidase-functionalized GNP label for amplified immunoa-
nalysis of IgG based on GNP/carbon nanotubes hybrids mod-
ified biosensor. Wang et al. [12] used ZnO/chitosan composite
as immunosensor matrix for the determination of human IgG.
And our group has recently fabricated IgG electrochemical
immunosensor based on GNP self-assembled on L-cysteine/
graphene composite platform [13].

Graphene (Gr) has emerged as an interesting material because of

its unusual electronic properties and large accessible surface area

[14,15]. Biocompatible Gr as a sensor platform not only presents an

abundant domain for bimolecular binding but also plays a role of

fast electron-transfer kinetics and further signal amplification in

electrochemical detection [16,17]. For example, chitosan functiona-

lized graphene sheets with increasing surface area were used as the

biosensor platform to capture a large amount of primary antibodies

[18]. Meanwhile, because of easy preparation and good biocompat-

ibility, gold nanoparticles (GNP) have been extensively employed as

immobilization platform [19–22]. The combination of Gr with GNP

as a platform will be fascinating and desirable.
As we know, ferrocene (Fc) based redox active species have

received much attention due to their various desirable properties

[23]. And the preparation of Fc derivatives-labeled antibody is

more controllable and easier than some enzyme functionalized

nanomaterials label. Recently, ferrocenemonocarboyxylic acid

(Fc(1)) directly as the immunospecies marker has been studied
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with satisfying result [24]. However, until now very few reports
focused on the choice of other novel better Fc derivative label and
the effect of Fc’s group to the signal has not been discussed.

In the present work, a sensitive and stable electrochemical
immunosensing strategy for the highly sensitive detection of
immunospecies was proposed. The sandwiched immunosensor
was constructed based on the gold nanoparticles/graphene
(GNP/Gr) platform and Fc derivatives labels. And in the current
work, 1,10-ferrocenedicarboxylic acid was introduced as the
probe. With 1,10-ferrocenedicarboxylic acid (Fc(3)) labeled anti-
body and the GNP/Gr platform, the human IgG could be detected
specifically with a low detection limit of 0.4 ng/mL and a wide
linear dynamic range from 1 to 300 ng/mL, indicating a high
sensitivity. And under the same conditions, we further studied the
electrochemical behavior of three different ferrocene derivatives
labels with cyclic voltammetry (CV) and discussed the effect of
group and structure of Fc derivatives on electrochemical character
in immunosensor label. The study of group effect may improve
the development and application of ferrocene derivatives in
immunoassay.
2. Experimental

2.1. Reagents and apparatus

Gold (III) chloride trihydrate (99.9%), graphite and hydrazine were
purchased from Shanghai Chemical Reagent Co., Ltd. Bovine serum
albumin (BSA, 96–99%), human IgG (hIgG, Ag), rabbit anti-human IgG
(Ab1), goat-anti-human IgG (Ab2) 1-(3-(dimethylamino)-propyl)-3-
ethylcarbodiimidehydrochloride (EDC) and Nhydroxysulfosuccini-
mide (NHSS) were purchased from Biodee Biotechnology Co., Ltd
(Beijing, China). Ferrocenemonocarboxylic acid (Fc(1)), Ferrocene,
POCl3, other reagents and solvents were obtained from commercial
suppliers and used without further purification. b-ferrocenyl-prope-
noicacid (Fc(2),) and 1,10-ferrocenedicarboxylic acid (Fc(3))0 were
purchased from Sigma. Phosphate-buffered saline (PBS), 50 mM, with
various pH values was prepared by mixing the stock solutions
of NaH2PO4 and Na2HPO4 and then adjusting the pH with 0.1 M
NaOH and H3PO4. Doubly distilled water was used throughout the
experiments.

2.2. Apparatus

Scanning electron microscopy (SEM) images of the electrode
surface were obtained using Hitachi S-4800 SEM (operated at
10 kV). Centrifugation was performed using a HERMLEZ 36 HK
apparatus (Wehingen, Germany). Electrochemical measurements
were performed on a model CHI660B electrochemical analyzer
(ChenHua Instruments Co. Ltd., Shanghai, China) controlled by
a personal computer. A conventional three-electrode system,
consisting of a modified glassy carbon electrode (GCE) working
electrode, a saturated calomel reference electrode, and a platinum
wire auxiliary electrode, was employed.

2.3. Preparation of GNP/Gr modified GCE

Graphite oxide was synthesized from graphite by a modified
Hummers method [25]. Polyvinylpyrrolidone (PVP)-protected Gr
was prepared according to the literature [26]. Briefly, the as-
purified graphite oxide suspensions were dispersed in water to
create 0.05 wt% dispersion by ultrasonication for 30 min. The
obtained brown dispersion was then subjected to 30 min of
centrifugation at 3000 rpm to remove the unexfoliated graphite
oxide (usually present in a very small amount). The homogeneous
graphite oxide dispersion (5.0 mL) was mixed with 5.0 mL of
4 mg/mL PVP aqueous solution, and the mixed solution was then
stirred at 50 1C for 12 h. After cooled to room temperature, to the
resulting dispersion was added 20.0 mL of hydrazine solution
(50 wt%) solution and 20.0 mL of ammonia solution (25 wt%).
After being vigorously shaken or stirred for a few minutes, the
vial was put in an oil bath (95 1C) for 1 h. The stable black
dispersion was obtained. The dispersion was filtered with a nylon
membrane (0.22 mm) to obtain PVP-protected graphene that can
be redispersed readily in water by ultrasonication.

And then 2 mL of 1 mg/mL Gr solution after ultrasonication to
form a homogeneous dispersion was dropped onto the electro-
chemical cleaned glassy carbon electrode (GCE) allowed to dry in
ambient air for 24 h and rinsed with distilled water to get the
Gr/GCE. Then, the Gr/GCE was immersed in 0.1 M KNO3 solution
containing 0.2 g/L HAuCl4, conducted for 60 s at �0.26 V (vs. SCE)
for the electrochemical deposition of GNP. After that the GNP/Gr/
GCE was obtained.

2.4. Preparation of Fc derivatives-labeled antibody and

immunoreactions procedure

The preparation of Fc derivatives-labeled antibody conjugates
was carried out according to the literature [24]. Firstly, Fc
derivatives of compound Fc(1), (2) or (3) (1 mg) was added
to 1 mL of EDC/NHS activation aqueous solution (0.1 M each)
under stirring for 2 h to activate the COOH group of the
compound. Secondly, 200 mL Ab2 (10 mg/mL) was added into
the mixture, reacting for 12 h. And then the unreacted ferrocene
derivative was removed via dialysis. At last, the remained Fc(1),

(2) or (3)–Ab2 was brought to be stored in the refrigerator at 4 1C
until use.

10 mL of 200 mg/mL Ab1 solution was spread onto the GCE
surface. After incubation for at least 2 h, they were rinsed with
PBS solution containing 0.05% Tween (PBST) to remove physically
absorbed Ab1. The nonspecific binding sites of the electrodes were
then blocked with the 5% BSA PBST solution for 1 h and washed
with PBST. After aspiration, Ab1 modified electrodes (Ab1/GNP/Gr/
GCE) incubated with 20 mL of detecting Ag samples with a specific
concentration for 200 min. Finally, with the binding reaction
between Ab1 and Ag, the electrodes named Ag/Ab1/GNP/Gr/GCE
immersed into the 20 mL Fc(1), (2) or (3)–Ab2 solution for an incubation
of 60 min to get Fc(1), (2) or (3)–Ab2/Ag/Ab1/GNP/Gr/GCE. Following
the specific interaction, the subsequent quantification of hIgG was
realized by electrochemical measurement of the resulting electrode.
Each incubation procedure was performed at 25 1C in order to
maintain the immobilization and immunoreaction under the same
experimental condition. The procedure of the sandwiched immu-
noreaction and the immunoassay were shown in Scheme 1.

2.5. Electrochemical measurements

All electrochemical measurements were performed using a
CHI660B electrochemical workstation in a conventional three-
electrode system with GCE or modified by different layers as
working electrodes, a saturated calomel electrode (SCE) as refer-
ence electrode and a platinum foil electrode as counter electrode.
All potentials reported were versus the SCE and all experiments
were carried out at room temperature. Electrochemical alternat-
ing current impedance spectroscopy (EIS) behavior was obtained
in the frequency range from 1 to 100,000 Hz with the amplitude
of the applied sine wave potential 5 mV, and the formal potential
of the system 0.18 V. Alternating current impedance and cyclic
voltammetry (CV) characterization was carried out in 0.1 M KCl
and 5 mM K3[Fe(CN)6]/K4[Fe(CN)6] as a redox probe. CV and
differential pulse voltammetry (DPV) of immunoassay were
performed in 5 mL of 0.1 M LiClO4 solution.



Fig. 1. Representative SEM images of Gr/GCE (A), GNP/Gr/GCE (B) and Ab1/GNP/Gr/GCE (C).

Scheme 1. Scheme of the fabrication of the immunosensor and the immunoassay procedure.
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3. Results and discussion

3.1. Characterization

3.1.1. GNP/Gr platform

Fig. 1 displays the typical SEM images of Gr (A), GNP/Gr (B),
and Ab1/GNP/Gr (C) assembled on the GCE surfaces, respectively.
It is evident that individual graphene sheets were separated
successfully (Fig. 1A) and these 2-D sheets served as a foundation
for the electrodeposition of GNP stably as seen from Fig. 1B.
Compared images B with C, the GNP/Gr became rougher. We
might conclude that the Ab1 molecules were adsorbed on the
surface of the GNP/Gr by the covalent bonding of Au of GNP and
�NH2 of the protein, which made the conductivity worse.
3.1.2. The immunosensor

EIS would provide detailed information on change of the
surface property of modified electrodes for each modification
process. The typical impedance spectrum (presented in the form
of the Nyquist plot) includes a semicircle portion at higher
frequencies corresponding to the electron-transfer-limited pro-
cess and a linear part at lower frequency range representing the
diffusion-limited process [27]. The diameter of the semicircle in
the impedance spectrum is equal to the electron-transfer resis-
tance, Ret, which reflects the electron transfer kinetics of the
redox probe at the electrode surface. Fig. 2 shows the impedance
spectra corresponding to the stepwise modification processes.
Curves a and b impedance spectroscopy are of the bare GCE and
GNP/Gr modified GCE. GNP/Gr modified GCE exhibits an almost
straight line in the Nyquist plot of impedance spectroscopy,
characteristics of a diffusion-limited electron-transfer process,
indicating that GNP/Gr film acts as high electron relay for
shuttling electron between the electrochemical probe and the
electrode. After immobilization of Ab1, an obvious semicircle
part of the impedance spectrum appears, and the Ret increases
to 7346 O (Fig. 2 curve c), hindering the electron-transfer of
the electrochemical probe. Especially, after Ag molecules were
reacted with Ab1, a remarkable increase of interfacial resistance is
obtained as 10,320 O on the modified electrode (Fig. 2, curve d).
The reason is that the immunocomplex layer on the electrode acts
as the electron communication and mass-transfer blocking layer,
further insulating the conductive support and hindering the
access of redox probe towards the electrode surface significantly,
thus, a further increase in Ret was observed. At last when Fc(1)–
Ab2 label coupled with Ag, surprisingly, the Ret decreased to
1658 O (Fig. 2, curve e). We suggest it may be due to electrostatic
adsorption between Fc(1) and the probe. The EIS change of the
modified process indicated that the protein was immobilized on
the electrode surface firmly and retained high bioactivity and the
immunoreaction could be completed with the method. We also
study the control experiments of 1,10-ferrocenedicarboxylic acid
(Fc(3)) oxidation on bare GCE, GCE modified with graphene or gold
nanoparticles, as shown in Fig. 2B. We find that graphene or Au
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NP modified electrode has better electron transfer capability than
bare GCE that makes current of Fc(3) larger.

3.2. The electrochemical character of the modified electrode

In the present immunosensor, as shown in Fig. 3A, first, as
curves a and b show, on the bare and Gr/GNP modified GCE there
is no redox peaks. And then the GNP/Gr platform was ready for
the antibody attachment due to the Au–amine interaction. The
introducing of Ab1 and Ag also shows no redox peaks but the
charge currents increase (not shown). Then after the Fc(1)-labeled
antibody reacted with the Ag, a remarkable redox peak current
was observed (curve c), originated from the redox of Fc.
So making use of the unique structure and electronic properties
of ferrocene, the specific antigen can be sensitively detected.

The electrochemical characters of the three Fc derivatives
labels were also studied. As shown in Fig. 3B, with the same
amount of Ag, under the same conditions, the order of the peak
currents is Fc(1)oFc(2)oFc(3) label, which shows Fc(3) label is the
best label among the three. We think that it may be relative to its
structure. Fc(3) provided a matrix with more COOH-groups for
labeling; presented a high loading of antibody molecules and
reserved a higher immunological activity by the structure. How-
ever, Fc(2) with more p electrons conjugation in structure may
generate a large number of electrons during electrochemical
reaction, which could serve to amplify the electrochemical signal
and therefore enhance the detection sensitivity. But it seems
the effect of COOH-group is more than that of the p electrons
conjugation.

We also study the role of Gr in the immunosensor, as shown in
Fig. 3C, the immunosensor fabricated with Gr has larger response
than that without Gr, which means Gr may play a role of signal
amplificaiton.
3.3. Optimization of experimental conditions

Parameters of the assay procedure, affecting the response of
the immunosensor, were investigated. To find the proper immune
pH, we investigated the influence of pH on the performance of the
immunosensor over the pH range of 5.0–10.0 (Fig. 4A). Highly
acidic or alkaline surroundings showed poor response for they
would damage the immobilized protein, especially in alkalinity.
An ideal pH of 7.4 was chosen for the assay experiments, which is
also a general pH value in immunology.

The time-course of the IgG assembly on the hybrids was
investigated by the electrochemical response signal to optimize
the immobilization time (Fig. 4B). The experimental data indi-
cated that assembly time has some effect on the response signal,
which implies that the adsorption quantity of antibody relies
much on the time accretion. In this work, an incubation time of
200 min could be recommended.

The effect of the concentration of rabbit anti-hIgG antibody
(Ab1) from 50 to 600 mg mL�1 on the immobilization efficiency
was investigated (Fig. 4C). Our experimental data revealed
the highest response was observed at 200 mg mL�1; whereas,
gradually increasing concentration leaded to a slight decrease
signal. The possible reason is that only antibodies adsorbed on
the hybrids with suitable orientation can participate in the
immunoreaction and higher concentration might increase disor-
der in alignment of adsorbed antibody and steric hindrance of
immunoreaction. Therefore, 200 mg mL�1 Ab1 was chosen in the
present experiment.

3.4. The DPV of the immunosensor

Under the optimal immunoassay conditions, the calibration
plot for the detection of IgG was studied as Fig. 5 shows.
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Table 1
Regression equation of electrochemical immunosensor with different labels.

Label Linear equation R

Fc(1) I (mA)¼1.593þ6.136�10�3c (pg/mL) 0.9999

Fc(2) I (mA)¼3.998þ1.193�10�2c (pg/mL) 0.9988

Fc(3) I (mA)¼4.355þ1.803�10�2c (pg/mL) 0.9969
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The proposed immunosensor that was incubated with different
concentrations of antigen solution in turn was examined by DPV
in 5 mL 0.1 M LiClO4. It was found that the peak current of DPV
performed in proportion to concentrations of antigen from 1 to
300 ng/mL with different regression equation respectively.
According to the figures and the equations, we also could find
that Fc(3) label shows the highest response under the same
conditions which is the same with the result in CV of Fig. 3B
(Table 1). With Fc(3) label, the detection limit was 0.4 ng/mL based
on a signal-to-noise ratio of 3 indicating a high sensitivity. Such
low detection limit achieved by the present sensing system was
comparable with the values reported in some literature (Table 2).
Our results demonstrated that the immunosensor exhibited wider
linear range and a lower detection limit.

3.5. Selectivity, reproducibility and stability

To monitor the selectivity of the immunosensor, various tumor
markers including carcinoma antigen 125 (CA 125), carcinoem-
bryonic antigen (CEA), and prostate-specific antigen (PSA) were
used. The electrochemical signals were recorded in 100, 200, and
300 ng/mL IgG with/without interfering agent, respectively.
Experimental results indicated that the current shifts were
relatively obvious when using low IgG concentration and inter-
fering agent of high concentration. The reason might be the fact
that the interfering agent of high concentration was physically
adsorbed on the base electrode. To overview this issue, the
selectivity of the immunosensor is acceptable. Meanwhile, the
reproducibility of the immunosensor was evaluated by using the
coefficient of variation of intra- and inter-assays. Taking 100, 200
and 300 ng/mL IgG for examples, the intra-assay and inter-assay
of the immunosensor was evaluated using one immunosensor for
five repeat assays and five immunosensors for one time assay,
respectively. The RSDs of the intra-assay and inter-assay were
4.2%, 6.1%, 4.9% and 5.2%, 5.9%, 6.7% for 100, 200 and 300 ng/
mL IgG, respectively. Thus, the reproducibility of the immuno-
sensor is satisfactory The stability was investigated over a 30-day
period when the sensor was stored at 4 1C in pH 6.8 PBS. It was
measured intermittently (every 3–5 days), no obvious change of
the response was found over this period, indicating the storage
stability of the immunoassay system was accepted.

The feasibility of the immunoassay system for clinical appli-
cations was investigated by analyzing several real samples.
In comparison with the ELISA method, these serum samples
were diluted to different concentrations with a PBS of pH 7.4.
Table 3 describes the correlation between the results obtained
by the proposed immunosensor and the ELISA method. As the
result shows, it is feasible for detection of antigen with this
immunosensor.
4. Conclusion

This reports a novel electrochemical immunosensor for the
detection of IgG. The immunosensor was fabricated using a
GNP/Gr platform with low-toxic, high-conductive Fc derivatives
for the label of secondary antibody. With Fc(3) label, the detection
limit of IgG was 0.4 ng/mL. The highly sensitive electrochemical
immunosensors are favorable for the detection of low concentra-
tion sample. Highlight of this work is to exploit a novel platform
and label for the performance improvement of the electro-
chemical immunosensors. The study of group effect may be
useful for choice of better ferrocene derivatives labels and may



Table 2
Comparison with other electrochemical immunosensor.

Enhancement materials Linear Range/ng ml�1 Detection limit/ng ml�1 Ref.

ZnO/chitosan composite 2.5–500 1.2 [28]

Gold nanoparticles 2–32 2 [29]

COOH-multiwalled carbon nanotubes/Fe3O4 30–1000 25 [30]

Plasma-activated multi-walled carbon nanotube-polystyrene 3–100 – [31]

Gold nanoparticle/L-cysteine 0.5–25 0.16 [32]

Gold nanoparticle 5–500 1.1 [33]

Three-dimensional sol–gel 1.12–162 0.56 [34]

Colloidal gold-graphite-teflon 5–100 2.6 [35]

Gold nanoparticles–polyethylenimine – 10 [36]

colloidal gold 10.9–10,900 3.5 [37]

Gold colloid monolayers associated with a sol–gel matrix 8.3–2128 3.3 [38]

Magnetic nanoparticles 600–34,900 360 [39]

Tetrathiafulvalene 5–100 – [40]

[Fe(CN)6]3� 10–10,000 3 [41]

Gr/Au 1–300 0.4 Our work

Table 3
Analysis results of IgG for human serum specimen.

Samples IgG IgG concentration

by ELISAa (ng/mL)

IgG concentration

by EIAb (ng/mL)

1 48.2 52.5

2 107.3 108.2

3 249.1 243.8

4 297.8 303.6

5 326.1 323.8

a Enzyme–linked immunosorbent assay method.
b Electrochemical immunosensing assay method. As the IgG concentration

level of human serum is very high, the human serum specimens have to be diluted

to the detection range of the electrochemical immunosensors by using PBS (pH

7.4) buffer according to the IgG concentration by ELISA.
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improve the development and application of ferrocene derivatives
in immunoassay.
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