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A  simple  and  controllable  one-step  electrodeposition  method  for the  preparation  of  a  chitosan–carbon
nanotubes–gold  nanoparticles  (CS–CNTs–GNPs)  nanocomposite  film  was  used  to  fabricate  an
immunosensor  for detection  of  carcinoembryonic  antigen  (CEA).  The  porous  three-dimensional
CS–CNTs–GNPs  nanocomposite  film,  which  offered  a  large  specific  surface  area  for  immobilization  of
antibodies,  exhibited  improved  conductivity,  high  stability  and  good  biocompatibility.  The morphol-
ogy  of  the  formed  nanocomposite  film  was  investigated  by  scanning  electron  microscopy  (SEM),  and
mmunosensor
ne-step electrochemical deposition
hitosan
arbon nanotubes
old  nanoparticles
EA

the  electrochemical  behaviors  of  the  immunosensor  were  characterized  by electrochemical  impedance
spectroscopy  (EIS)  and  cyclic  voltammetry  (CV).  Under  the  optimal  conditions,  the  proposed  immunosen-
sor  could  detect  CEA  in  two  linear  ranges  from  0.1  to 2.0  ng  mL−1 and  from  2.0 to  200.0  ng  mL−1,  with
a  detection  limit  of 0.04  ng mL−1. The  immunosensor  based  on  CS–CNTs–GNPs  nanocomposite  film  as
the  antibody  immobilization  matrix  could  exhibit  good  sensitivity,  stability,  and  reproducibility  for  the
determination  of  CEA.
. Introduction

Immunoassay techniques, which are based on the highly spe-
ific molecular recognition of antigens by antibodies, have become
he main analytical methods in clinical, biochemical, pharmaceu-
ical and environmental fields [1]. In recent years, electrochemical
mmunosensors have attracted extensive interest because of the
dvantages such as high sensitivity, a relatively low detection limit,
ast analysis and low cost of both the sensors and the instrumenta-
ion [2–4].

The  effective immobilization of biomolecules is a key point
n fabrication of immunosensors. An ideal immobilization pro-
ess should be simple and maintain the bioactivity and stability
f the biomolecules [5]. As one of the most promising matrix
or biomolecules immobilization, chitosan (CS), a polysaccharide
erived by deacetylation of chitin, has become the subject of

ntense investigation due to its cheapness, excellent film-forming
bility, high water permeability, good adhesion, nontoxicity and
emarkable biocompatibility [6–9]. For example, Tan et al. pre-

ared an amperometric immunosensor for rapid determination of
-1-fetoprotein based on �-1-fetoprotein antibody/TiO2 nanopar-

icles/chitosan film [10]. Lin et al. [11] developed a sensitive

∗ Corresponding author. Fax: +86 571 87951895.
E-mail address: llc123@zju.edu.cn (X. Lin).

039-9140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.07.012
© 2011 Elsevier B.V. All rights reserved.

immunosensor by immobilizing �-fetoprotein antigen onto the
glassy carbon electrode modified by a gold nanoparticles and car-
bon nanotubes doped chitosan film. However, CS was usually
manually cast on the surface of electrodes to form films with uncon-
trollable thickness, which might lead to poor repeatability and
reproducibility.

Electrochemical deposition has been applied as a simple and
controllable method to obtain CS films which tightly attached to
the electrode [12–14]. CS is a pH shift polymer with a pKa of
about 6.3 due to its primary amino groups [15,16]. At pH below
the pKa, CS is a water-soluble, cationic polyelectrolyte because
most of the amino groups are protonated. At pH above the pKa,
the amino groups become deprotonated, and CS loses its charges
and becomes insoluble. When the electrodeposition is performed
at reducing potentials, H+ in the solution is reduced to H2 at the
cathode, and pH near the cathode surface gradually increases.
The locally generated H+ gradient results in a change in solu-
bility of CS and the formation of a CS film [17,18]. In addition,
many other substances such as enzymes [19], gold nanoparticles
[20,21], and carbon nanotubes [22] can be incorporated into the
CS film during the electrodeposition process. Several literatures
have reported the fabrication of immunosensors based on electro-

chemically deposited CS films. Qiu’s group constructed a label-free
immunosensor with a conductive redox chitosan–ferrocene film
and gold nanoparticles [23]. To improve the conductivity of the pre-
pared film, multiwalled carbon nanotubes were further introduced
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nto the CS–Fc composite [24]. Yuan’s group developed label-free
mmunosensors based on CS films that covalently bounded with
hionine, employing gold nanoparticles for immobilization of anti-
odies [25–27]. These immunosensors based on electrochemically
eposited CS films were controllable and reproducible.

In this work, a new antibody immobilization strategy
ased on electrochemically deposited nanocomposite film of
hitosan–carbon nanotubes–gold nanoparticles (CS–CNTs–GNPs)
as used to develop an immunosensor. The stable CS–CNTs–GNPs
anocomposite film was formed on the electrode surface by one-
tep electrodeposition method. Carbon nanotubes (CNTs), with
igh chemical stability and mechanical strength, could improve the
onductivity of the prepared nanocomposite film. Gold nanopar-
icles (GNPs) could also effectively facilitate the electron transfer
ue to their good conductivity. Moreover, the porous three-
imensional CS film incorporated with CNTs and GNPs could
rovide a high accessible surface area and a good biocompat-

ble microenvironment for immobilization of antibodies. Here,
arcinoembryonic antigen (CEA), an acidic glycoprotein with a
olecular weight of approximately 200 kDa, which is one of the
ost important tumor markers for clinical diagnoses [28,29],
as used as a model. The carcinoembryonic antibody (anti-CEA)
as immobilized on the electrode modified with CS–CNTs–GNPs
anocomposite film. Such approach was direct and facile without
omplicated and time-consuming manual process. The prepared
mmunosensor for detection of CEA showed high sensitivity, low
etection limit and long-term stability.

. Experimental

.1. Reagents

CEA and anti-CEA were purchased from Keyuezhongkai Biotech
o., Ltd. (Beijing, China) and stored at 4 ◦C. Chitosan (CS, MW
80,000, 92% deacetylation) was obtained from Golden-shell Bio-
hemical Co., Ltd. (Zhejiang, China). CS aqueous solution (0.5 wt%,
H 5.0) was prepared according to the previously reported proce-
ure [13,30]. The multiwalled carbon nanotubes (MWCNTs, 95%,)
ere purchased from Nanotech. Port. Co., Ltd. (Shenzhen, China).

rior to use, MWCNTs were treated in order to introduce carboxylic
cid groups according to the reference [31]. Hydrogen tetra-
hloroaurate (HAuCl4·4H2O) and bovine serum albumin (BSA, 98%)
ere obtained from Sinopharm Chemical Reagent Co., Ltd. (Shang-
ai, China). Gold nanoparticles (GNPs) were prepared according
o the reported method by boiling HAuC14 aqueous solution with
risodium citrate [32] and were stored in a brown bottle at 4 ◦C.
he average diameter of the prepared GNPs was  about 16 nm.  CEA
nzyme-linked immunosorbent assay (ELISA) kits were purchased
rom Autobio Co., Ltd. (Zhengzhou, China). All other chemicals
ere of analytical grade and used without pretreatments. Double
istilled water was used throughout the work. Phosphate buffer
olutions (PBS, 0.02 M)  at various pH values were prepared by mix-
ng the stock standard solutions of NaH2PO4 and Na2HPO4.

.2.  Apparatus

Electrochemical measurements were performed on a CHI 650C
lectrochemical workstation (Shanghai CH Instrument Company,
hina). A conventional three-electrode electrochemical cell was
sed with a platinum disk electrode as the auxiliary electrode, a

aturated calomel electrode (SCE) as the reference electrode and

 modified glassy carbon electrode (GCE, Ф = 4 mm)  as the work-
ng electrode. Scanning electron microscopy (SEM) images were
btained at 5.0 kV on a scanning electron microscope (Zeiss Ultra
2011) 1980– 1985 1981

55).  The average diameter of gold nanoparticles was estimated by
transmission electron microscopy (TEM) (JEM-1200EX).

2.3. Preparation of CS–CNTs–GNPs nanocomposite solution

CS–CNTs–GNPs nanocomposite solution was prepared accord-
ing to the method reported previously [33] with a slight
modification. Briefly, 1.5 mL  carboxylated MWCNTs dispersion
(1.0 mg  mL−1) was  added into 3 mL  of the prepared CS solution
(0.5 wt%, pH 5.0) with 20 min  ultrasonication to obtain a homo-
geneous suspension. Subsequently, the gold colloidal was  mixed
with the black suspension and the mixture was  ultrasonicated for
10 min  to obtain the CS–CNTs–GNPs nanocomposite.

2.4.  Fabrication of the immunosensor

Before  modification, the bare glassy carbon electrode was suc-
cessively polished with 1.0, 0.3 and 0.05 �m alumina slurry and
rinsed with double distilled water. The electrode was successively
sonicated in double distilled water, ethanol and double distilled
water for 5 min, and then allowed to dry at room temperature.
The polished GCE was  dipped into the as-prepared CS–CNTs–GNPs
nanocomposite solution and the electrodeposition was performed
by applying a constant voltage of −1.5 V for 3 min. After elec-
trodeposition, the modified electrode (CS–CNTs–GNPs/GCE) was
removed from the solution and rinsed with double distilled water,
then dried in air at room temperature. Subsequently, 5 �L of
anti-CEA solution was  dropped onto the surface of the modified
electrode at 4 ◦C for 12 h. Finally, the modified electrode was  incu-
bated in 0.2% BSA for 2 h in order to block possible remaining
active sites and avoid the non-specific adsorption. The finished
immunosensor was stored at 4 ◦C when not in use. The fabricated
procedure of the immunosensor was shown in Fig. 1.

2.5.  Electrochemical measurements

Electrochemical  measurements were done in a conventional
electrochemical cell at the room temperature of 25 ◦C. Electro-
chemical impedance spectroscopy measurements were carried out
in 0.02 M PBS (pH 6.5) containing 5.0 mM K3[Fe(CN)6]/K4[Fe(CN)6]
(1:1) mixture and 0.1 M KCl with the frequencies ranging from 104

to 10−1 Hz. Cyclic voltammograms (CVs) were performed in 0.02 M
PBS (pH 6.5) containing 5.0 mM  K3[Fe(CN)6]/K4[Fe(CN)6] (1:1) mix-
ture and 0.1 M KCl from 0.6 to −0.2 V (versus SCE) at a scan rate
of 50 mV  s−1. The detection was  based on the change of reduc-
tion current response (�I) before and after the immunoreaction.
When antigens had bound with the antibodies immobilized on
the electrode, the antigen–antibody complexes coating on the sur-
face of the electrode inhibited the electron transfer. Therefore, the
change of peak current response increased directly proportional to
the concentration of antigen after the immunoreaction [34]. The
immunoreaction was  performed by incubating the immunosensor
in 0.02 M PBS (pH 6.5) containing various concentrations of CEA for
20 min  at the room temperature of 25 ◦C and then electrochemical
experiments were performed.

3.  Results and discussion

3.1.  Morphology characterization of the CS–CNTs–GNPs
nanocomposite film
CS  is a unique polymer which has pH-dependent electrostatic
properties and is positively charged in acidic media [14–16]. The
mechanism for CS deposition had been studied and interpreted as
the formation of pH gradient near the cathode surface due to the
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Fig. 1. Schematic illustration of the fa

eduction of water [17,18]. At a constant electrodeposition poten-
ial, H+ in the solution was electrochemically reduced to H2 at the
athode, gradually increasing the local pH near the cathode surface.

hen pH was higher than the pKa of CS (about 6.3), CS became
nsoluble and the CS entrapped CNT and GNPs would deposit onto
he cathode surface as a result. The morphologies of CS–CNTs and
S–CNTs–GNPs nanocomposite films were investigated by SEM, as
hown in Fig. 2. It was found that the CS–CNTs nanocomposite
lm  exhibited a highly porous surface with a three-dimensional
tructure and many wire-like CNTs were distributed in the film
Fig. 2A). For the CS–CNTs–GNPs nanocomposite film (Fig. 2B), GNPs

ere uniformly dispersed in the film without obvious aggregation,

uggesting that a nanocomposite film consisting of CS entrapped
NT and GNPs was formed through one-step electrodeposition
rocess. The three-dimensional structure of the CS–CNTs–GNPs

Fig. 2. SEM images of (A) CS–CNTs flim, (B) CS–CNTs–GNPs film.
ion procedure of the immunosensor.

nanocomposite film could provide a favorable microenvironment
for immobilization of antibodies. In addition, the entrapped CNTs
and GNPs could provide a conductive pathway of electron-transfer.

3.2. Electrochemical characterization of the immunosensor

Electrochemical impedance spectroscopy (EIS) has been used
to study the interface properties of modified electrodes [35]. In
the EIS, the linear part at the low frequencies and the semicircle
portion at the high frequencies correspond to the diffusion-limited
process and the electron transfer-limited process, respectively. The
semicircle diameter equals to the electron transfer resistance (Ret).
Fig. 3 exhibited the EIS of the modified electrodes. It was  observed
that the EIS of the bare GCE displayed an almost straight line
(Fig. 3a), indicating a diffusion-limited process. After deposition of
a CS film, the Ret increased apparently and was  estimated to be
433 � (Fig. 3b), which indicated the successful formation of CS film
hindering the electron transfer of the electrochemical probe. When
CS–CNTs was  electrodeposited on the electrode surface, the value
of Ret decreased to 155 � (Fig. 3c), implying that the incorpora-
tion of CNTs greatly facilitated the electron transfer. For the film of
CS–CNTs–GNPs (Fig. 3d), the Ret further decreased to 34 � due to
the increased conductivity, which proved that GNPs were favorable

for the electron transfer. Subsequently, when anti-CEA was immo-
bilized onto the modified electrode, the Ret increased obviously and
was  estimated to be 150 � (curve a of inset in Fig. 3). The result
was ascribed to the nonconductive properties of anti-CEA which
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Fig. 3. EIS of different modified electrodes measured in 5.0 mM [Fe(CN)6]4−/3−

containing 0.1 M KCl (pH 6.5): (a) bare GCE; (b) CS/GCE; (c) CS–CNTs/GCE; (d)
CS–CNTs–GNPs/GCE.  The inset shows the EIS of (a) anti-CEA/CS–CNTs–GNPs/GCE;
(b) BSA/anti-CEA/CS–CNTs–GNPs/GCE; (c) CEA/BSA/anti-CEA/CS–CNTs–GNPs/GCE.
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of 0–25 min  with 50 ng mL CEA. The results showed that �I
nti-CEA/CS–CNTs–GNPs/GCE; (c) BSA/anti-CEA/CS–CNTs–GNPs/GCE; (d)
EA/BSA/anti-CEA/CS–CNTs–GNPs/GCE. The inset shows the CVs of (a) bare
CE;  (b) CS/GCE; (c) CS–CNTs/GCE; (d) CS–CNTs–GNPs/GCE.

cted as an inert electron layer and blocked the electron transfer.
imilarly, the Ret also increased when BSA was used to block non-
pecific sites and was estimated to be 189 � (curve b of inset in
ig. 3). After the immunosensor was incubated with CEA antigen,
he Ret further increased to 251 � (curve c of inset in Fig. 3), indi-
ating that the formation of hydrophobic immunocomplex layer
indered the electron transfer.

Fig. 4 showed the cyclic voltammograms (CVs) of different
odified electrodes. The redox-label [Fe(CN)6]4−/3− revealed a

eversible CV at the bare GCE (curve a of inset in Fig. 4). After deposi-
ion of a CS film, the peak current decreased obviously due to the CS
lm hindering the electron transfer (curve b of inset in Fig. 4). When
S–CNTs was electrodeposited on the electrode surface, the peak
urrent was larger than that of CS film (curve c of inset in Fig. 4),
hich indicated that the CNTs improved the conductivity. For the
lm of CS–CNTs–GNPs (curve d of inset in Fig. 4), the peak current

urther increased, implying that the GNPs facilitated the electron
ransfer. However, the peak current decreased after anti-CEA was
mmobilized onto the modified electrode surface (Fig. 4b), which
uggested that the big protein molecules hindered the electron
ransfer, in agreement with the results of EIS. A further decrease of

he peak current was observed when BSA was employed to block
on-specific sites (Fig. 4c). After the immunosensor was  incubated
ith CEA antigen, the peak current decreased due to the immuno-

omplex blocking the tunnel for mass and electron transfer (Fig. 4d).
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Fig. 6. Influence of the (A) pH of the PBS and (B
Fig. 5. CVs of the modified immunosensor at various scan rates in 5.0 mM
[Fe(CN)6]4−/3− containing 0.1 M KCl (pH 6.5). The inset shows the dependence of
redox  peak currents on the square root of scan rates.

The CVs of the prepared immunosensor at different scan rates
were shown in Fig. 5. It could be observed that the potentials and
peak currents were dependent on the scan rate. Both the anodic
and cathodic peak current were directly proportional to the square
root of scan rates in the range of 20–250 mV s−1 (shown in the inset
of Fig. 5), suggesting a diffusion controllable redox process. Thus,
the scan rate chosen for the CVs was 50 mV  s−1, which was  in the
range of 20–250 mV  s−1.

3.3.  Optimization of experimental conditions

The effect of buffer pH on the behavior of the immunosensor
was investigated over a pH range from 5.0 to 8.5 with 50 ng mL−1

CEA. As shown in Fig. 6A, the current response increased from pH
5.0, reached the maximum value at pH 6.5, and then decreased
to pH 8.5. It was known that the stability of CS solution were pH
dependent and strong acidic medium could decrease the stability
of CS [21,23]. In addition, highly acidic or alkaline solution would
damage the bioactivity of immobilized proteins. Hence, pH 6.5 was
chosen as the optimal pH of the detection solution to obtain a high
sensitivity.

The effect of incubation time was investigated in the time range
−1
rapidly increased within the first 15 min  and then tended to level
off (Fig. 6B) because of the saturated formation of immunocomplex.
Therefore, 20 min  was chosen as the optimal incubation time.
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elationship between the change of reduction current response and concentration
f  CEA in the ranges of 0.1–2.0 ng mL−1. Scan rate 50 mV  s−1.

.4. Calibration curve of the immunosensor

The calibration curve for the detection of CEA was  obtained
y using the prepared immunosensor under optimal experimental
onditions (Fig. 7). When antigens had bound with the antibod-
es immobilized on the electrode, the antigen–antibody complexes
oating on the surface of the electrode inhibited the electron trans-
er. The change of reduction peak current response (�I) of the
mmunosensor was found to be proportional to the CEA concen-
ration in two linear ranges from 0.1 to 2.0 ng mL−1 and from 2.0
o 200.0 ng mL−1, with a detection limit of 0.04 ng mL−1 (S/N = 3).
he linear slopes were 1.56 and 0.18 �A mL  ng−1, and the correla-
ion coefficients were 0.997 and 0.999, respectively. The calibration
urve presented two slopes, probably, because the amount of anti-
ody immobilized on the electrode surface was some certain. When
he antigen concentration increased, active sites of antibody immo-
ilized on the electrode surface became fewer and led to a decrease
f sensitivity [36]. The analytical performance of the proposed
mmunosensor had been compared with the CEA immunosensors
eported previously. The comparative data (Table 1) suggested the
roposed immunosensor had a lower detection limit and a wider

inear range.

.5.  Selectivity of the immunosensor

In  this study, some potential interferences, including prostate
pecific antigen (50 ng mL−1), bovine serum albumin (50 ng mL−1),
ysteine (2 �g mL−1), glycine (2 �g mL−1), glucose (1 mg mL−1) and

ixture, were used to evaluate the selectivity of the immunosen-

or. The results (Fig. 8) showed that the interferences of relatively
igh concentrations did not affect the detection obviously.

able 1
omparison of different immunosensors for detection of CEA.

Detection methods Linear range (ng mL−1) 

Cyclic voltammetry 0.2–120 

Cyclic  voltammetry 0.25–8.0 and 8.0–100 

Cyclic  voltammetry 0.2–10.0 and 10.0–160 

Differential  pulse voltammetry 0.3–2.5 and 2.5–20.0 

Cyclic  voltammetry 0.1–2.0 and 2.0–200 
prostate  specific antigen (50 ng mL−1), bovine serum albumin (50 ng mL−1), glycine
(2  �g mL−1), cysteine (2 �g mL−1), glucose (1 mg mL−1) and mixture containing all
the  interferences stated above.

Thus the proposed immunosensor based on the high specific
antigen–antibody reaction had an acceptable selectivity.

3.6. Regeneration of the immunosensor

Regeneration is an important factor in the application of
immunosensors. The prepared immunosensor could be regener-
ated by simply treating with regeneration solutions for about 5 min
to dissociate the antibody–antigen complex. The relative stan-
dard deviations (R.S.D.) of 3.8% for 4 M urea solution and 3.4% for
0.2 M glycine–hydrochloric acid (Gly–HCl) solution (pH 2.8) were
obtained when the immunosensor was  used for five regenerations
and measurements at CEA concentrations of 50 ng mL−1.

3.7. Reproducibility and stability of the immunosensor

The reproducibility of the immunosensor was  estimated by
intra-assay and inter-assay coefficients of variation (CVs). The
intra-assay precision was  evaluated by assaying the CEA level for
five determinations of one sample on the same immunosensor.
The intra-assay CVs of this method were 3.5% and 3.2% at CEA
concentrations of 20 and 50 ng mL−1, respectively. The inter-assay
precision was evaluated by determining the CEA level in one sample
with five immunosensors. The inter-assay CV was 3.7% at the CEA
concentration of 50 ng mL−1, showing an acceptable reproducibil-
ity.

The long-term stability of immunosensor was investigated over
a 30-day period, stored at 4 ◦C. The current response to 50 ng mL−1

CEA maintained about 97.1%, 94.4% and 90.5% of the original value
tively. The good stability may  be attributed to the fact that the
CS–CNTs–GNPs film could provide a biocompatible microenviron-
ment for the biomolecules immobilization.

Detection limit (ng mL−1) Reference

0.06 [37]
0.08 [38]
0.08 [26]
0.01 [39]
0.04 This work
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Table  2
Comparison of serum CEA levels determined using two methods.

Serum samples 1 2 3 4 5
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Immunosensor (ng mL ) 1.46 2.7
ELISA  (ng mL−1) 1.58 2.9
Relative  deviation (%) −7.59 −7.8

.8. Preliminary application of the immunosensor

To demonstrate the possible clinical application of the proposed
ethod, human serum samples were assayed by the prepared

mmunosensor and ELISA. The results were listed in Table 2. The
elative deviation between the two methods was in the range of
7.80 to 4.53%, which indicated that the two methods were in
cceptable agreement. Thus, the proposed immunosensor could be
urther applied to clinical detection of CEA.

. Conclusion

In this work, a novel strategy for construction of immunosen-
or was developed based on immobilization of anti-CEA on the
lectrode modified with CS–CNTs–GNPs nanocomposite film. The
S–CNTs–GNPs nanocomposite film obtained via the one-step
lectrodeposition method showed a porous three-dimensional
orphology, exhibited improved conductivity and high stability

ue to the introduction of CNTs and GNPs, and offered a large spe-
ific surface area and a biocompatible microenvironment for the
mmobilization of antibodies with fine bioactivity. Therefore, the
roposed immunosensor presented some advantages, including a
imple and controllable fabrication process, high sensitivity, low
etection limit, satisfactory reproducibility, long-term storage sta-
ility, and cost-effectiveness. The proposed immunosensor could
rovide a new approach to detection in clinical diagnosis.
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