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ABSTRACT

A new label-free amperometric immunosensor was developed for detection of carcinoembryonic anti-
gen (CEA) based on chitosan-ferrocene (CS-Fc) and nano-TiO, (CS-Fc+TiO,) complex film and gold
nanoparticles-graphene (Au-Gra) nanohybrid. CS-Fc + TiO, composite membrane was first modified on
a bare glass carbon electrode. Then Au-Gra nanohybrid was formed on the CS-Fc +TiO, membrane by
self-assembly strategy. Next, further immobilization of anti-CEA was constructed according to the strong
interaction between Au-Gra and the amido groups of anti-CEA. Since Au-Gra nanohybrid films provided
a congenial microenvironment for the immobilization of biomolecules, the surface coverage of antibody
protein could be enhanced and the sensitivity of the immunosensor has been improved. The good electro-
nic conductive characteristic might be attributed to the synergistic effect of graphene nanosheets and Au
NPs. The modified process was characterized by scanning electron microscope (SEM) and cyclic voltam-
metry (CV). Under optimized conditions, the resulting biosensor displayed good amperometric response
to CEA with linear range from 0.01 to 80 ng/mL and a detection limit of 3.4 pg/mL (signal/noise=3). The
results demonstrated that the immunosensor has advantages of high conduction, sensitivity, and long
life time. This assay approach showed a great potential in clinical applications and detection of low level

proteins.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

A variety of approaches and strategies for the protein immobi-
lization have been developed based on the extensive application
of nanomaterials in biosensor fabrication [1]. As well known,
gold nanoparticles (Au NPs) have many unique properties such
as high surface free energy, strong adsorption ability, well suita-
bility and good conductivity [2,3]. Besides, it can provide more
binding sites and more congenial microenvironment for biomole-
cules immobilization to retain the bioactivity of the proteins, which
can prolong the life time of biosensor [4,5]. Furthermore, graphene
has been investigated extensively in recent years because of its
two-dimensional (2D) sheet of carbon atoms in a hexagonal cons-
truction with atoms bonded by sp2 bonds [6], which results in the
extraordinary properties [7,8] of large surface area, good mecha-
nical properties, highly electrical conductivity [9-11]. As a result,
graphene was considered as a “rising star” in the field of materials
science and condensed matter physics.

In recent years, many studies of carbon-based metal nanocom-
posites have been reported, as the interesting electrical, optical,
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and magnetic properties [12,13] are usually superior to those of the
carbon or metal species [14]. In our previous work [15], a functiona-
lized gold/carbon nanotube composite nanohybrid was developed
by electrochemical reduction of Au3* for the immobilization of
antibody. Recently Zhang and co-workers successfully prepared
glucose biosensor based on Au NPs functionalized graphene by
electrodeposition method [16]. However, it is rarely reported work
regarding the synthesis of gold nanoparticles—graphene nanohy-
brid (Au-Gra) and the application of it as protein matrix for
immunosensor construction [17,18]. Therefore, the Au-Gra was
directly synthesized in this work by one step, which is according
the green method of reduction of graphene oxid (GO) and gold
chloride (HAuCly) by L-ascorbic acid (L-AA) in water at room tem-
perature [19]. On the other hand, due to its simple preparation,
low cost, short response time, accurate and sensitive platform,
label-free electrochemical immunosensor has become one of the
most powerful methods for protein detection [20,21]. At the same
time, to avoid the pollution of the analyte solution, the immobi-
lization of redox pairs on the electrode surface has been major
strategy to construct a label-free amperometric immunosensors.
It is well known that chitosan (CS) is an attractive natural cationic
biopolymer obtained from partial deacetylation of chitin. It posses-
ses excellent film-forming ability, biocompatibility, good adhesion,
non-toxicity, and susceptibility to chemical modification due to the
presence of plentiful amino groups [22] and ferrocenemonocar-
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boxylic (Fc-COOH) is an ideal electrochemical probe with efficient
electrochemical redox-activity [23,24]. Thus, with the help of EDC
and NHS, Fc-COOH group was covalently bounded to CS to obtain
a novel redox active chitosan-branched ferrocene (CS-Fc) complex.
In order to further enhance the stability of composite membrane
and increase the surface area, TiO, was introduced in CS-Fc solu-
tion. Then the TiO, doped chitosan-branched ferrocene complex
film (CS-Fc +TiO, ) was constructed with desirable properties.

Carcinoembryonic antigen (CEA) is a kind of glycoprotein with
a molecular weight of about 200 kDa in colorectal carcinomas. And
it is an important tumor marker for clinical diagnosis of colorectal,
gastric, pancreatic, and cervical carcinomas and others [25]. Furt-
hermore, the CEA level in serum is also related to the state of tumor.
Therefore, the detection of CEA is very essential. Compared with
conventional immunoassay methods for CEA quantitative determi-
nation, such as enzyme-linked immunosorbent assay (ELISA) [26],
radioimmunoassay (RIA) [27], and chemiluminescence immunoas-
say (CLIA) [28], the electrochemical immunosensor has been one of
attractive analytical methods due to potential utility such as speci-
fic, simple, direct detection techniques and reductions in cost and
real-time of analysis compared with conventional immunoassay
techniques. Herein, we successfully constructed a CEA amperome-
tricimmunosensor based on the combining of CS-Fc + TiO, complex
film and Au-Gra nanostructural composite. With the good biocom-
patibility and excellent redox-activity, the CS-Fc+TiO, composite
solution was first coated on the surface of bare GCE. Then Au-Gra
nanostructural composite was further adsorbed on the resulting
electrode through the well-developed interaction between Au NPs
and amino groups of CS. At last, anti-CEA was immobilized on
the desirable interface of Au-Gra nanostructural composite. Expe-
riment results showed that the amperometric response of the
immunosensor decreased with the increase of the CEA concen-
tration. Details of the preparation, characterization and possible
application of immunosensor are described in the experimental
section below.

2. Experimental
2.1. Reagents

Graphene oxide sheets were obtained in Pioneer Nanotechnol-
ogy Co. (Nanjing, China). Bovine serum albumin (BSA, 96-99%).
N-hydroxy succinimide (NHS) and N-(3-dimethylaminopropyl)-
N’-ethylcarbodiimidehydrochloride (EDC) were purchased from
Shanghai Medpep Co. Ltd. (Shanghai, China). Carcinoembryonic
antigen (CEA, human carcinoembyonic antigen) and carcinoem-
bryonic antibody (anti-CEA, monoclonal antibody) were provided
by Biocell Company (Zhengzhou, China). Ferrocenemonocarboxylic
(Fc-COOH), Chitosan (CS, 99% deacetylation), Titania nanoparticles
(nano-TiO,, 5%), gold chloride (HAuCl,) and L-ascorbic acid (L-AA)
were obtained from Sigma Chemical Co. (St. Louis, MO, USA). All
other materials used were of the highest quality available and
purchased from regular sources. Double distilled water was used
throughout this study. LiClO4-glycine buffer, pH 6.86 (0.05 M) was
used throughout this experiment.

2.2. Apparatus

Cyclic voltammetric (CV) measurements were carried out with a
CHI 660C Electrochemical Workstation (Shanghai ChenHua Instru-
ment, China). A three-electrode electrochemical cell was composed
of a modified glass carbon electrode (GCE, @=4mm) as the wor-
king electrode, a platinum wire as the auxiliary electrode, and a
saturated calomel electrode (SCE) as the reference electrode. The
scanning electron micrographs were taken with a scanning elec-

tron microscope (SEM, S-4800, Hitachi, Tokyo, Japan). The size
of gold nanoparticles was estimated from transmission electron
microscopy (TEM) (H600, Hitachi Instrument, Japan). The pH mea-
surements were made with a digital ion analyzer (Model PHS-3C,
Dazhong Instruments, Shanghai, China).

2.3. Preparation of Fc-CS+TiO,

The synthesis of the nanocomposite was performed in the follo-
wing method. In the first step, 0.5g ferrocene was dissolved in
2.5mL double distilled water under continual stirring. And then
0.5mL EDC and NHS (4:1) mixture solution was added to the ferro-
cene solution and stirred for overnight aiming at activation the
carboxyl of Fc-COOH. Next, 100mL chitosan solution (1%) was
obtained by fully dissolving 1.0 g chitosan in 100 mL acetic acid
solution with sonication approach. Subsequently, 300 L chitosan
solution (1%) was mixed with 1 mL the prepared Fc-COOH solu-
tion under continuous stirring for 4 h. Finally, 300 wL nano-TiO,
(5%) was added to the mixed solution and then stirred for 0.5 h to
obtain the homogenous CS-Fc +TiO, solution.

2.4. Preparation of Au-Gra nanohybrid

Graphene oxide sheets were first dissolved by ultrasonication
in water. Then 5mg L-AA was added to 5mL (0.1 mg/mL) of an
aqueous dispersion of the GO and stirred for 12 h at ambient condi-
tion. Subsequently, 2 mL chloroauric acid (HAuCly, 1%) was added
to this mixture, and it was stirred for overnight. At last, in order
to remove excessive graphite oxide and L-AA, the synthesis of
gold nanoparticles-graphene nanohybrid was centrifugally was-
hed extensively with bi-distilled water and finally dispersed in 5 mL
of double distilled water.

2.5. Fabrication of modified electrodes

To obtain mirror like surface, the glass carbon electrode (GCE,
@=4mm) was carefully polished with 0.3 and 0.05 pm alumina
powder separately prior to fabrication of the immunosensor. Then
the electrode was chemically cleaned by immersing into freshly
prepared 2:1 mixture of H,SO4 and H, O, for 30 s. After a short rinse
with distilled water and ultrasonic cleaning with distilled water and
ethanol, the GCE was allowed to dry at room temperature.

To construct the anti-CEA/Au-Gra/CS-Fc +TiO, immunosensor,
10 p.L prepared CS-Fc +TiO, composite solution was first dropped
on the pretreated GCE electrode and dried in air for 2 h. Then 10 p.L
Au-Gra composite was coated on CS-Fc +TiO, composite modified
electrode. Following that, the obtained electrode was incubated in
0.5 mL anti-CEA solution at 4 °C for 12 h. In order to block possible
remaining active sites and avoid the non-specific adsorption, 20 pL
of 0.25% BSA solution was dropped on the electrode for 20 min at
35°C. After every step, the modified electrode was thoroughly clea-
ned with doubly distilled water. The finished immunosensor was
stored at 4 °C when not in use. The schematic diagram of the step-
wise self-assemble procedure of the immunosensor was shown in
Fig. 1.

3. Results and discussion
3.1. Characterization of the modified electrode surface

The surface topographies of the nanocomposite formed films
were investigated using scanning electronic microscope (SEM)with
images shown in Fig. 2. A homogeneous morphology was obser-
ved at CS-Fc+TiO, nanocomposite membrane modified surface as
shown in Fig. 2(A). After Au-Gra was assembled onto the surface of
the CS-Fc+TiO, film, the modified surface reveals many Au NPs
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Fig. 1. Schematic illustration of the stepwise immunosensor fabrication process: (a) fabrication of CS-Fc + TiO, monolayer; (b) formation of Au-Gra monolayer; (c) anti-CEA

loading; (d) blocking with 0.25% BSA; (e) incubation with CEA.

Fig. 2. (A) SEM image of the CS-Fc+TiO, composite film; (B) SEM image of Au-Gra/CS-Fc +TiO5.

wrapped with a layer of thin film of graphene with the typical
crumpled and wrinkled structure coating on the surface of hybrid
membrane. The Au NPs integrate uniformly with the graphene for-
ming the Au-Gra nanohybrid films as shown in Fig. 2(B).

3.2. CV characterization of modified electrodes

Cyclic voltammograms (CVs) of different modified electrodes
were performed in 0.05 mol/L LiClO4-glycine buffer (pH 6.86) from
—0.2 to 0.6V (vs. SCE) at a scan rate of 50 mV/s as shown in Fig. 3.
No obvious redox peaks were observed at bare GCE in the poten-
tial range in LiClO4-glycine solution (curve a) as the lack of redox
mediator. After CS-Fc + TiO, was coated on the GCE surface and the
resulting electrode showed a stable and well-defined redox peaks
at 0.24 and 0.38V vs. SCE (curve b), indicating ferrocene has good
electrochemical activity. With the dropping of Au-Gra solution, the
redox peak currents increase significantly, which was ascribed to
the good conductivity of gold nanoparticles-graphene (curve c).
When the electrode was modified with anti-CEA, the peak current
was decreased (curve d). Subsequently, the immunosensor was
blocked with 0.25% BSA solution and then incubated in an incu-
bation solution containing 60 ng/mL CEA. It could be found that the
peak currents of the curves (e) and (f) were decreased comparing
with curve (d). The reason for this was that the insulating BSA and
CEA protein layers on the electrode retards the electron transfer.
On the basis of CV results, we might make a conclusion that the
anti-CEA could be successfully immobilized on the base electrode.

Fig. 4 shows the CVs of the prepared immunosensor in
0.05 mol/L LiClO4-glycine solution (pH 6.86) from —0.2 to 0.6 V (vs.

SCE) at different scan rates. It can be found that both the anodic and
cathodic peak currents were increased as the scan rates in the range
from 20 to 700 mV/s. In addition, the peak current versus the square
of root of sweep rate plot, shown in the inset, exhibits a linear
relationship, suggesting that the reaction is a diffusion-controlled
process.
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Fig. 3. Cyclic voltammograms performed in 0.05 mol/L LiClO4-glycine (pH 6.86). (a)
Bare GCE; (b) CS-Fc+TiO, modified GCE electrode; (c) Au-Gra/CS-Fc+TiO, modi-
fied GCE electrode; (d) anti-CEA/Au-Gra/CS-Fc +TiO, modified GCE electrode; (e)
anti-CEA/Au-Gra/CS-Fc +TiO, modified GCE electrode blocked with 0.25% BSA; (f)
modified GCE electrode after incubation with 60ng/mL CEA. The scan rate was
50mV/s.
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Fig.4. Cyclic voltammograms of the modified electrode at different scan rates (from
inner to outer): 20, 50, 100, 150, 200, 250, 300, 400, 500, and 600 and 700 mV/s in
0.05 mol/L LiClO4-glycine. (pH 6.86) All potentials are given versus SCE. The inset
shows the dependence of the redox peak currents on the square root of scan rates.

3.3. Optimization of analytical conditions

3.3.1. Influences of pH of the LiClO4-glycine buffer

It was well known that the pH of the solution has a profound
effect on the amperometric responses. In order to optimize the
pH, a series of LiClO4-glycine solutions with the pH from 4.0 to
9.0 were prepared and the immunosensors were tested by CVs. It
was found that the amperometric responses increased in the pH
range from 4.0 to 6.5 and then decreased as pH increase further
(Fig. 5(A)). The experimental results indicated that the maximum
response occurs at pH 6.5. At the same time, it can be found
the responses at pH 6.5 and pH 7.0 having no significant diffe-
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rence. Thus, we chose pH of 6.86 as the optimal pH in the further
study.

3.3.2. Effect of temperature on the immunoreactions

As well known, incubation temperature is an important factor
for the reaction between the antigen and the antibody. Fig. 5(B)
shows the effect of temperature on the performance of the immu-
nosensor from 15 to 50 °C. The current responses showed a rapidly
decrease to 35°C and after that it increased with the tempera-
ture over 35°C. That means it would take 35°C to form the most
immunocomplexes between the analyte antigens in the incuba-
ting solution and antibodies on the electrode surface. Therefore,
incubation temperature of 35°C was adopted as the optimum
immunoreaction temperature.

3.3.3. Effect of incubation time on the immunoreactions

The effect of the immunochemical incubation time on response
signals was also studied. Fig. 5(C) reveals the influence of incubation
time of the immunoassay. The modified electrode was immersed
in 20 ng/mL CEA for 1, 3, 5, 8, 10, 12, 15 and 20 min, respectively.
The current response obtained decreased with the incubation time
rapidly up to 10 min and then tended to level off. Thus, 10 min was
adopted as the optimal incubation time for subsequent study.

3.4. Performance of the immunosensor

3.4.1. CVresponse and calibration curve

The proposed immunosensor was incubated with varying
amounts of CEA, and then it was carried to the test cell with
0.05 mol/L LiClO4-glycine buffer solution. And the typical CV plots
were recorded in Fig. 6(A). It can be observed the response signal
decreased with the increasing CEA concentrations. The calibration
plot for the CEA detection of the resulting immunosensor under
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Fig. 5. (A) pH dependency of the anodic peak currents responses for the inmunosensor in 0.05 mol/L LiClO4-glycine (pH 6.86) at 50 mV/s scan rate. All potentials are given
versus SCE. (B) Influence of the incubation temperature on amperometric response of immunosensor when immune-reacted with 20 ng/mL CEA. (C) The effect of the different
incubation time after the immunosensor incubated with 20 ng/mL CEA solution in 0.05 mol/L LiClO4-glycine (pH 6.86) at 50 mV/s. (D) Stability of the obtained immunosensor
incubated with 20 ng/mL CEA examined after 100 CV circles.
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Fig. 6. Curve (A) reveals: The typical cyclic voltammograms plots upon the addition of varying amounts of CEA. All potentials are given versus SCE and the scan rate was
50 mV/s Curve (B) shows: The calibration plots of the anodic peak current response versus concentration of CEA with the immunosensor under optimal conditions.

Amperometric responses (JLA)?

Ratio of current (/1)

Table 1

Possible interferences tested with the proposed immunosensor.
Experiment
Standard CEA solution® CEA
Interfering solution® CEA(CA125)

CEA (CA 19-9)
CEA (CA 15-3)
CEA (AFP)
CEA (BSA)

CEA (L-cysteine)
CEA (L-glutamate)
CEA (L-lysine)

36.64 -

37.18 1.0147
37.39 1.0205
35.97 0.9817
36.92 1.0076
36.01 0.9828
36.98 1.0093
36.24 0.9891
36.35 0.9921
36.98 1.0093
37.25 1.0167

(
(
(
(
(
CEA (Ascorbic acid)
(
(
(
(

CEA (Dopamine)

2 Each amperometric measurement under the same conditions.
b The standard CEA solution consists of 20 ng/mL CEA.

¢ The interfering solution consists of 20 ng/mL CEA and 20 ng/mL different interfering agents.

optimal experimental conditions was illustrated in Fig. 6(B). A
linear dependence of the amperometric response with CEA concen-
tration was found over the 0.01-80.0 ng/mL (R=0.9991), with the
equation of y=-0.5289x+47.22 and a detection limit of 3.4 pg/mL
at a signal/noise ratio of 3. The results indicated that the method is
a useful method for quantifying CEA, which showed the potential
applications value in clinical.

3.4.2. Reproducibility and stability

The reproducibility of the response of the immunosensors was
examined by analysis of the same concentration of CEA (20 ng/mL)
using five equally prepared electrodes. The five immunosensors,
made independently, showed the current responses of 37.76, 38.62,
37.89, 39.24, 36.77 pA. It was observed that the immunosensor
had acceptable reproducibility with a relative standard deviation
of 2.45% (less than 5.0%.).

The stability of the immunosensor was also investigated. Accor-
ding to our experimental results and the literature reports [29],
LiClO4-glycine solution is a relative acceptable buffer solution
with higher current response and better stability, which compared
with PBS, HAc-NaAc and KCl-glycine solutions. Thus, we selected
LiCl04-glycine to evaluate the stability of the immunosensor. The
experiment result was shown in Fig. 5(D). After 100 circles of CV
scans in LiClO4-glycine buffer solution, an anodic peak current RSD

of 3.27% was acquired. The good stability may contribute to the
Au-Gra composite membrane on the electrode surface that could
adsorb protein molecules firmly.

3.4.3. Selectivity

In order to evaluate selectivity of the developed immunosen-
sor for CEA, the changes in the current responses induced by some
possible interference, such as CA 125, CA 19-9, CA 15-3, AFP, BSA,
ascorbic acid, L-cysteine, L-glutamate, L-lysine, dopamine was mea-
sured (the test solution containing 20 ng/mL CEA and 20 ng/mL
interfering substance) The test results showed that above tested
interference would not cause observable interference to deter-
mination of CEA, which was attributed to the good selectivity of
antigen-antibody immunoreactions. Based on this result, it was
confirmed that the fabricated immunosensor constitutes an appro-
priate tool for the detection of CEA (Table 1).

3.4.4. Analysis of human serum samples

To further evaluate the possibility of the developed electro-
chemical immunosensors for testing real samples, human serum
samples were assessed using the electrochemical immunoassay
and a commercially available enzyme-linked immunosorbent assay
(ELISA) as a reference method. Six clinical serum specimens sup-
plied by the Ninth People’s Hospital of Chongqing, China, were

Table 2

Experimental results comparison of two methods obtained in serum samples.
Serum samples 1 2 3 4 5 6
ELISA (ng/mL)? 0.66 5.12 13.21 38.85 65.70 90.24
Immunosensor (ng/mL)? 0.71 4.80 13.97 4117 60.24 85.96
Relative deviation (%) 7.58 —6.25 5.75 5.97 -8.31 —4.74

2 The values shown here are the average values from three measurements.
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determined here. The results are listed in Table 2. The relative
deviation of these results is between —8.31% and 7.58%. This finding
revealed a good agreement between the both analytical methods.

4. Conclusions

In this study, a new label-free amperometric immunosensor
for detection of CEA was successfully developed by immo-
bilization anti-CEA on the Au-Gra/CS-Fc+TiO, nanocomposite
multi-membrane. The experimental results found that the Au-Gra
composite membrane was compact, stable, biocompatible, and
liable to promote electron transfer as compared with gold nano-
particles or graphene solely. Moreover, this immunosensor had a
good sensitivity and stability, long life time, low detection limit and
wide linear range to CEA detection. In general, this paper provide
a simple and sensitive method for protein diagnostics in clinical as
well as for bioanalysis.
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