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a b s t r a c t

Carcinoembryonic antigen (CEA), which is typically associated with certain tumors and developing fetus,
is widely used as a clinical tumor marker for some familiar cancers. In this work, a simple and sensitive
electrochemical CEA sensor was developed by employing immunoreaction. Gold nanoparticle–decorated
graphene composites (Au–GN) were successfully synthesized based on the reduction of HAuCl4 in the
presence of graphene. Horseradish peroxidase-labeled anti-CEA antibody (HRP-anti-CEA) and HRP were
successively adsorbed on the Au–GN modified glassy carbon electrode. The stepwise assembly process of
the immunosensor was characterized by cyclic voltammetry and electrochemical impedance spectro-
scopy. The introduction of CEA antigens on the electrode surface reduced the electrochemical response of
the electron transfer mediator due to the strong steric effect. Under the optimized conditions, the peak
current change derived from the differential pulse voltammetry (DPV) measurements (ΔIDPV) was
proportional to the CEA concentration from 0.10 to 80 ng mL�1 with a detection limit of 0.04 ng mL�1

(S/N¼3). In addition, this new protocol shows good selectivity, stability and reproducibility. The
determination of CEA in human serum samples was performed and received in excellent accordance
with the results determined by the enzyme-linked immunosorbent assay (ELISA).

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Immunoassays, a class of sensitive analytic approaches based
on biospecific recognition interaction between antigen and anti-
body, have been widely employed in clinical diagnosis, environ-
mental monitoring and food analysis [1–3]. Various immunoassay
protocols, for example, radioassay, fluorescence, chemilumines-
cence, Raman spectroscopy, surface plasmon resonance and quartz
crystal microbalance, have found their application in the determi-
nation of antigens or antibodies [4–9]. However, these methods
are always suffering from radioactive contamination, time-con-
suming, qualified personnel and sophisticated instrumentation
[10]. Compared with conventional immunoassay methods, elec-
trochemical immunoassays have attracted considerable interest
due to many advantages including high sensitivity, fast analysis,
simple pretreatment, low cost and high compatibility with
advanced micromachining technologies [11]. Electrochemical
immunosensors have been developed for analysis of different
biomarkers such as alpha-fetoprotein [12], human chorionic
ll rights reserved.

.

gonadotrophin [13] carbohydrate antigen 19-9 [14] and prostate
specific antigen [15] based on amperometry, electrochemical
impedance spectroscopy, potentiometry and conductometry.

Tumor markers are protein molecules that are associated with
cancers and their detection can play an important role in early
diagnosis and therapy of cancers [16]. Carcinoembryonic antigen
(CEA), a kind of glycoprotein with molecular mass of about
200 kDa, is a reliable and widely used tumor maker. It is involved
in cell adhesion and normally produced during fetal development
but the production stops before birth [17]. The serum CEA level in
an adult non-smoker is less than 2.5 ng mL�1 and for a smoker
less than 5.0 ng mL�1. High serum CEA level is related to some
carcinomas such as lung cancer, ovarian carcinoma, breast cancer
and colon cancer [18–21]. Thus, monitoring the level of CEA in
human serum is necessary in clinical assay. In the last ten years,
various amperometric immunoassays for CEA have been reported
[22–30]. Developing a CEA immunosensor with good sensitivity
and selectivity but without a complicated fabrication process still
arouses researcher’s considerable interest.

As we know, a crucial step for the construction of an electro-
chemical immunosensor is the immobilization of immunoreagent
onto the electrode surface. Thus, searching for a suitable material for
interface modification and an effective and simple immobilization
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method is of considerable interest in tests. Graphene (GN) is a novel
class of 2D carbon-based nanomaterial in which sp2 bonded carbon
atoms are arranged into a honeycomb structure. It has attracted a
great deal of interest due to its unique physical and chemical proper-
ties including high surface area, strong mechanical strength, excellent
thermal conductivity and electric conductivity [31,32]. In recent years,
one can find many reports on the graphene-based electrochemical
sensors and biosensors owning excellent electric conductivity and
electrocatalytic activity [33–40]. The extended long-range π-conjuga-
tion structure of graphene is beneficial to immobilization of some
organic molecules with phenyl ring based on the π–π stacking
interaction. The combination of graphene with different nanoscaled
materials provides an electrochemical sensing platformwith enhanced
electronic and catalytic properties. Graphene-based composite materi-
als have received increased attention due to synergistic contribution of
two or more functional components and many potential applications
[41]. Gold nanparticles (Au NPs) can exhibit quantum size effects with
unique optical, electronic and catalytic properties. Au NPs are used
increasingly in electrochemical bioassays since they can improve
analytical sensitivity due to good conductivity and excellent compat-
ibility with biomolecules [42,43]. The decoration of Au NPs to
graphene creates a new nano-hybrid material with the integrated
properties of the two components [44]. This nano-hybrid material can
offer new opportunities for the development of biosensors with high
analytical performance.

In the present work, gold nanoparticle–decorated graphene
composites (Au–GN) were successfully synthesized based on the
reduction of HAuCl4 in the presence of graphene and this nano-
hybrid material were characterized via transmission electron
microscopy, UV–vis and infrared spectrophotometry. Horseradish
peroxidase-labeled anti-CEA antibody was firstly immobilized on
the Au–GN composite modified glassy carbon electrode surface.
Next, horseradish peroxidase was used to block the nonspecific
sites and to catalyze reduction of H2O2. The biospecific interaction
between analyte, CEA antigens, and their antibodies assembled on
electrode surface reduced the electrochemical response of the
electron transfer mediator due to the strong steric effect. A
sensitive CEA immunosensor with good selectivity, reproducibility
and stability was developed.
2. Experimental

2.1. Materials and apparatus

CEA ELISA Kit was purchased from Autobio Diagnostic Co., Ltd.
(China). Horseradish peroxidase (HRP) was obtained from Beijing
Biosynthesis Biotechnology Co., Ltd. (China). Graphene was
purchased from Nanjing CJNANO Tech Co., Ltd., (China). HAuCl4
was obtained from Sinopharm Chemical Reagent Co., Ltd. (China).
The buffer for the assay was 0.1 M phosphate buffered saline (PBS),
prepared by mixing stock standard solution of Na2HPO4

and KH2PO4. Other chemicals including trisodium citrate, N,
N-dimethylformamide (DMF), hydroquinone (HQ) and H2O2 were
of analytical reagent grade and all aqueous solutions were
prepared in Milli-Q ultrapure water. The breast cancer patients’
serum samples were provided by the maternal and child health
hospital of Hunan Province.

Electrochemical measurement experiments were performed
with a CHI660C electrochemical workstation (CH Instruments,
China) by using a three-electrode electrolytic cell. Glassy carbon
electrode (GCE, 3 mm in diameter) acted as the working electrode.
A KCl saturated calomel electrode served as the reference elec-
trode. A platinum plate served as the counter electrode. The
absorption spectra were recorded on a UV-2450 UV–vis spectro-
photometer (Shimadzu, Japan). A Nicolet Nexus 670 FTIR
spectrometer (Nicolet, USA) was employed for the infrared spec-
tral measurements. The sizes of gold nanoparticle-decorated
graphene composites were characterized ex situ by a Tecnai G2

20ST transmission electron microscope (TEM, FEI, USA).

2.2. Preparation of gold nanoparticle–graphene composite (Au–GN)
suspension

1.4 mg graphene was suspended in 2 mL ultrapure water by
sonication for 30 min to make graphene dispersed equally. 200 μL
1% HAuCl4 solution was added and the mixture solution was
heated to boiling. Then 400 μL 0.1 M trisodium citrate was added
to this solution drop by drop under vigorous stirring for 20 min.
After the heating was stopped, the mixed solution was stirred
continuously until it was cooled to room temperature. The
prepared Au–GN composites were separated by centrifugation
(13,000 rpm) and washed with ultrapure water for four times.
Finally the precipitate was re-suspended with 2 mL DMF. It was
stored in a brown glass bottle at room temperature.

2.3. Fabrication of immunosensor and measurement procedures

Prior to modification, GCE was polished with 0.05 μm α-Al2O3

power slurries until a mirror shiny surface appeared, and was
sonicated sequentially in acetone, HNO3 (1:1, v/v), NaOH (1 M) and
double distilled water for 3 min. The treated electrode was
scanned between �1.0 and 1.0 V versus SCE in 0.5 M H2SO4

aqueous solution for sufficient cycles to obtain reproducible cyclic
voltammograms. A schematic drawing to illustrate the assembly
process of immunosensor is shown in Fig. 1. After the electrode
was thoroughly rinsed with doubly distilled water and dried with
a stream of nitrogen gas, 3 μL of the prepared Au–GN suspension
was dropped on the GCE surface and allowed to dry at room
temperature. Subsequently, 5 μL of HRP labeled anti-CEA antibody
(HRP-anti-CEA) solution was cast on the electrode surface and
allowed to dry in refrigerator for overnight. Finally, 4 μL of
6 mg mL�1 HRP solution was employed to block the non-specific
sites on the antibody-modified electrode. The prepared electrode
was marked as HRP/HRP-anti-CEA/Au–GN/GCE and preserved in a
refrigerator at 4 1C before use. The electrode was gently washed
with PBS and then nitrogen-dried after every assembly process.

All electrochemical experiments were carried out at the ambi-
ent temperature of the laboratory (25 1C) in pH 7.5 PBS buffer as
the supporting electrolyte. The electrochemical measurements of
the bare GCE and modified GCEs were performed in 0.1 M pH
7.5 PBS containing 2 mM K3Fe(CN)6, 2 mM K2Fe(CN)6 and 0.1 M
NaCl by cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS). The frequency range was between 5 mHz and
100 kHz with signal amplitude of 5 mV. The differential pulse
voltammetry (DPV) measurements for CEA detection were per-
formed from 0.20 to �0.28 V with a pulse amplitude of 25 mV and
width of 50 ms in nitrogen-saturated pH 7.5 PBS containing 8 mM
HQ and 10 mM H2O2.
3. Results and discussion

3.1. Characterization of Au–GN composite

Fig. 2A shows the TEM image of Au–GN composite. It consists of
an ultrathin transparent nanosheet decorated with individual and
separated gold particles with the diameter of 50–100 nm. GN
exhibits typical crumpled and wrinkled structure on the rough
surface of the film and gold nanoparticles were uniformly
anchored on the whole graphene sheets. Fig. 2B shows the
UV–vis spectra of the GN, Au NPs and Au–GN composite in
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Fig. 1. Schematic illustration of the immunosensor assembly process.

Fig. 2. TEM image of GNPs–GN composite (A). (B) UV–vis absorption spectra of aqueous dispersions containing GN (a), Au NPs (b) and Au–GN (c). (C) FTIR spectra of GN (a),
Au NPs (b) and Au–GN (c).
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aqueous solution from 240 to 800 nm, respectively. An obvious
absorption peak in the spectrum of GN, which might be related to
the ring-shaped conjugated structure of carbon atoms in gra-
phene, could be found at 275 nm. Au NPs has prominent peaks at
about 520 nm. The spectrum of Au–GN composite appeared to be
an overlapping of two spectra for the GN and Au NPs but the
absorption peak in the visible region is weakened and presents a
plateau. FTIR spectra of GN, Au NPs and Au–GN composite in the
range of 4000–500 cm�1 are shown in Fig. 2C. For GN, the weak
and wide absorption band at 3200–3120 cm�1 may be due to the
stretching vibration of C–H. The wide absorption band at 1625–
1580 cm�1 was attributed to the stretching vibration of C¼C in π-
conjugation structure of graphene. The absorption bands at �1720
and �1262 cm�1 were derived from the C¼O and C–O stretching
vibration of carboxylic group (COOH), respectively. The absorption
band at �1403 cm�1 represented the in-plane OH deformation
vibration of COOH. The above results suggest that some COOH
groups were present at the graphene surface. The characteristic
peaks of Au NPs at �1632 and �1405 cm�1 were ascribed to the
stretching vibration of COO� , which indicates that citrate was
adsorbed on the Au NPs that were prepared based on the redox
reaction using HAuCl4 and trisodium citrate. The absorption bands
at 3200–3120, 1625–1580, �1632 and �1405 cm�1 can be found
in the spectrum of Au–GN. It is reported that the oxygen functional
groups in graphene are responsible for a previous attachment of
Au (III) (HAuCl4) in solution owing to electrostatic interactions.
Afterward, the addition of the reducing agent, such as citrate ion,
to the precursor solution promotes the subsequent reduction of Au
(III), enabling the growth of gold nanoparticles at the graphene
surface [45]. The disappearance of the absorption bands at �1720
and �1262 cm�1 in the spectrum of Au–GN proved the transfor-
mation from COOH to COO–Au (III) at the graphene surface due to
the electrostatic interactions. This change could promote the
nucleation and growth of Au NPs based on the reduction of Au
(III). The above TEM image, UV–vis and FTIR measurement results
all indicate that Au NPs were strongly bound to graphene.

3.2. Electrochemical responses of the modified electrode

Cyclic voltammetry and electrochemical impedance spectro-
scopy is the powerful tools for investigating the interfacial proper-
ties of surface-modified electrode. The typical electrochemical
interface can be represented as an electrical circuit including four
parameters, the ohmic resistance of the electrolyte solution (Rs),
the Warburg impedance (Zw), the double-layer capacitance (Cdl)
and the electron-transfer resistance (Ret). In general, a low fre-
quency linear response and a high frequency semicircle in the
Nyquist plot of impedance spectroscopy are characteristic of a
mass-transfer controlled electrode process and a kinetic controlled
process at the electrode interface, respectively [46]. Rs and Zw
represent bulk properties of the electrolyte solution and diffusion
features of the redox probe in solution. Cdl and Ret reveal inter-
facial properties of the electrode, which is highly sensitive to the
surface modification. Ret usually controls the interfacial electron-
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transfer rate of the redox probe between the solution and the
electrode and it equals the semicircle diameter at higher frequencies
in the Nyquist plot of impedance spectroscopy. Fig. 3 shows cyclic
voltammograms and electrochemical impedance spectra of modified
glassy carbon electrodes before and after each step of modifications
in pH 7.5 PBS using ferri-/ferrocyanide probe. The Au–GN composite-
modified electrode presented bigger peak currents and smaller
electron transfer resistance compared with bare glassy carbon
electrode on which a couple of reversible redox peaks and a small
semi-circle diameter of the Nyquist plot could be found. It indicates
that the electric conductivity of the modified electrode was improved
due to the Au–GN composites which owned large specific surface
area as a good conductor. The introduction of HRP-anti-CEA resulted
in a decrease of the peak currents and an increase of the electron
transfer resistance, suggesting that the immobilization of the
enzyme-labled antibodies on Au–GN composites was successfully
achieved due to the S–Au bond and the π–π stacking interaction
between proteins and nanocomposites. These proteins could effi-
ciently block the electron transfer of electrochemical probe. The
above two electrochemical parameters were changed to a greater
extent with the addition of HRP, which proves that HRP could block
the non-specific sites on the modified electrode. One can find the
further decreased peak currents and increased Nyquist diameter after
the capture of CEA antigens. It means that the electron transfer
between solution and electrode was significantly inhibited by the
immunoreaction of CEA with its antibody.

Fig. 4 shows the cyclic voltammograms of Au–GN/GCE, HRP-anti-
CEA/Au–GN/GCE, HRP/HRP-anti-CEA/Au–GN/GCE and CEA/HRP/HRP-
anti-CEA/Au–GN/GCE in nitrogen-saturated pH 7.5 PBS containing
HQ and H2O2, respectively. A pair of redox peaks attributed to p-
hydroquinone was presented on Au–GN/GCE. Both the anodic and
cathodic peak current responses were decreased after the immobi-
lization of HRP-anti-CEA, which suggests that the electron transfer
between the electrode and the solution was weakened by the steric
hindrance effect. The binding of HRP induced an increase of the
cathodic peak current response and a decrease of the anodic peak
current response. It is a typical electrocatalytic process. The following
equations describe the reaction process.

HRP (Red)+H2O2-HRP (Ox)+H2O (1)

HRP (Ox)+p-hydroquinone-HRP (Red)+p-benzoquinone (2)

p-benzoquinone+e�-p-hydroquinone (electrode reaction) (3)
Fig. 3. Cyclic voltammograms (A) and electrochemical impedance spectra (B) of GCE
(d) and CEA/HRP/HRP-anti-CEA/Au–GN/GCE (e) in 0.1 M pH 7.5 PBS containing 2 mM
magnified EIS of GCE (a) and Au–GN/GCE (b). (A) Scan rate: 50 mV s�1; (B) AC frequen
HRP could catalyze the reduction of H2O2 and result in the
oxidation of the electron medium, p-hydroquinone (Eqs. (1) and
(2)). The oxidation product, p-benzoquinone, suffered electroche-
mical reduction on the electrode surface (Eq. (3)). When CEA
antigens were added on to the electrode surface, they were bound
with CEA antibodies and the Ab–Ag composites could further
block the electron transfer due to the strong steric hindrance
effect, leading to the diminished cathodic peak current response.
3.3. Condition optimization of electrochemical measurement

Some factors affecting the enzyme-catalyzed reactions were
investigated, respectively. Fig. 5A and B shows the effect of the pH
and the concentration of HRP immobilized on the modified
electrode on the cathodic peak current change (ΔIp), respectively.
Here ΔIp is the difference between the cathodic peak current
response of HRP/HRP-anti-CEA/GNPs–GNs/GCE (|Ip,1|) and that of
CEA/HRP/HRP-anti-CEA/GNPs–GNs/GCE (|Ip,2|), |Ip,1|� |Ip,2|, and |Ip,1|
4 |Ip,2|. One can find that the ΔIp value was increased with the
increase of the pH from 5.0 to 7.5, and then suffered a decrease
(a), Au–GN/GCE (b), HRP-anti-CEA/Au–GN/GCE (c), HRP/HRP-anti-CEA/Au–GN/GCE
K3Fe(CN)6, 2 mM K2Fe(CN)6 and 0.1 M NaCl. Insert: the equivalent circuit and the
cy range: 100 kHz–5 mHz, amplitude: 5 mV, DC bias: 0.18 V vs. SCE.



Fig. 5. Effects of the pH of solution (A), the concentration of HRP dropped on the modified electrode (B), the concentration of HQ (C), the concentration of H2O2 (D), the
incubation time of CEA (E) and the incubation temperature of CEA (F) on the difference between the cathodic peak current response of HRP/HRP-anti-CEA/Au–GN/GCE and
that of CEA/HRP/HRP-anti-CEA/Au–GN/GCE (ΔIp).
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when the pH was further enhanced from 7.5 to 9.0. It is known
that most enzymes display good activity only in a limited range of
pH [47]. As the maximum current response was achieved at pH 7.5,
this pH was considered as the optimized pH for the proposed
immunosensor. It is obvious that the ΔIp value was increased with
the enhancement of the HRP content and gradually reached a
plateau when the cHRP value exceeded 6 mg mL�1. It indicates that
the catalytic reactions were dominated by the amount of enzyme.
Thus, the optimal concentration of HRP was selected at
6 mg mL�1. The effect of the concentrations of HQ and H2O2 on
the electrochemical measurements was also investigated and the
results are shown in Fig. 5C and D, respectively. The performance
of the electrochemical enzyme-catalyzed analysis was related to
the concentration of HQ and H2O2 in the measuring system. The
ΔIp value in nitrogen-saturated 0.1 M pH 7.5 PBS was enhanced
with the increasing concentrations of HQ and H2O2 from 2.0 to
8.0 mM and 2.0 to 10 mM, respectively, and then maintained the
maximum value at higher concentrations. Therefore, the optimal
HQ and H2O2 concentrations for the electrochemical enzyme-
catalyzed analysis were 8.0 and 10 mM, respectively. As shown
in Fig. 4, the added CEA antigens would be bound to their
antibodies immobilized on the electrode surface, resulting in a
decrease of the cathodic peak current response of the immuno-
sensor. So it is imaginable that the reaction conditions of antigen
and antibody could have effect on the electrochemical signal
change. Fig. 5E and F indicates the effect of the incubation time
and the incubation temperature of CEA on the cathodic peak
current change, respectively. With an increasing incubation time
the ΔIp value was increased and tended to a maximum at 90 min.
Longer incubation time did not enhance the electrochemical
response change. When the incubation temperature ranged from
4 to 50 1C, the maximum ΔIp value occurred at 35 1C. The lower
response change at incubation temperatures higher than 35 1C
should be attributed to the low activity of the enzyme due to the
denaturation of bound enzyme during the incubation process.
Hence the optimal conditions for CEA antigen assembly were
chosen at 35 1C for 90 min.

3.4. Analytical performance of the immunosensor

The response of anti-CEA antibody modified electrode to CEA
antigen reported in this work was employed for producing a CEA
immunosensor. Fig. 6A shows the differential pulse voltammetry
measurements using HRP/HRP-anti-CEA/GNPs–GNs/GCE in air-
saturated pH 7.5 PBS containing CEA with increasing concentra-
tions. The peak current decreased with positive shifts of peak
potentials when the CEA content was enhanced. Fig. 6B exhibits
plot of the peak current change (ΔIDPV) before and after CEA
introduction against the CEA concentration (cCEA). Obviously the
ΔIDPV value rose with deflexibility when the cCEA value was
increased. It can be found from the insert of Fig. 5B that ΔIDPV
exhibited a linear response with respect to the logarithm of
cCEA (lgcCEA) over the range of CEA concentration from 0.10 to
80 ng mL�1. The regression equations were ΔIDPV¼6.36 lgcCEA+
26.3, with a high correlation coefficient of 0.982 and the detection
limit for CEA was 0.04 ng mL�1.

3.5. Specificity, stability and reproducibility of the developed
immunosensor

As we know, specificity is an important factor of the immuno-
sensor. To investigate the selectivity of the developed immuno-
sensor, some proteins including 100 ng mL�1 α-1-fetoprotein
(AFP), 100 U mL�1 ovarian cancer antigen 125 (CA-125) and 5 mg



E/V (vs. SCE)

I /
A

-60

-50

-40

-30

-20

-10

0

a

h

cCEA /ng mL-1

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0 20 40 60 80 100

I D
P

V
 /

A

20

25

30

35

40

lgcCEA

-1

I D
P

V

20

25

30

35

40

45
0 1 2

Fig. 6. (A) DPV responses of HRP/HRP-anti-CEA/Au–GN/GCE to CEA with different concentrations, from (a) to (h): 0, 0.1, 0.5, 1, 5, 10, 40, 80 ng mL�1. Measuring solution: pH
7.5 PBS containing 8 mM HQ and 10 mM H2O2. (B) Plot of ΔIDPV vs. cCEA. Insert: Plot of ΔIDPV vs lgcCEA. Results are presented as mean7SD (error bar) of triplicate
experiments.

CEA AFP CA-125 BSA
0

5

10

15

20

25

30

35

Fig. 7. The peak current change (ΔIDPV) before and after addition of 10 ng mL�1

CEA, 100 ng mL�1 AFP, 100 U mL�1 CA-125 and 5 mg mL�1 BSA in DPV measure-
ment using the proposed biosensor. Results are presented as mean7SD (error bar)
of triplicate experiments.

Table 1
Comparison of CEA determinations in human serum samples using two methods.

Serum
number

Present immunosensor
(ng mL�1)

ELISA
(ng mL�1)

Relative error
(%)

1 5.86 5.73 2.3
2 24.4 23.5 3.8
3 35.2 36.7 �4.1
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mL�1 BSA were used as the interference, respectively, to evaluate
the specificity through comparing the electrochemical responses
of 10 ng mL�1 of CEA antigen. As indicated from Fig. 7, a higher
ΔIDPV value was observed with the target CEA than those of other
components. These results clearly demonstrated the high specifi-
city of the electrochemical immunosensor. Two same HRP/HRP-
anti-CEA/GNPs–GNs/GCEs were prepared, respectively. One was
immediately used in the DPV measurements before and after the
immobilization of 10 ng mL�1 CEA antigen. The other was stored
at 4 1C for 10 days and then suffered the same test. It is found that
the difference between the two ΔIDPV values, which all were
derived from the capture of CEA antigen, was lower than 5%. This
experiment implies that the activity of anti-CEA antibody and HRP
was effectively maintained and the immunosensor has a good
stability. In order to study the reproducibility of the electrode
preparation procedure, six modified electrodes based on the same
fabrication procedure were prepared and used to investigate on
the immobilization of 10 ng mL�1 CEA antigen. The RSD for the six
ΔIDPV values was calculated to be 3.4%, indicating that the devel-
oped immunosensor has a good reproducibility.

3.6. Evaluation of real samples

In order to investigate the analytical reliability of the proposed
electrochemical method, the CEA concentrations in three clinical
serum samples were detected using the present immunosensor
and the assayed results were compared with those obtained by
enzyme-linked immunosorbent assays (ELISA). As shown in
Table 1, the absolute of the relative errors between the results
derived from the two methods were from 2.3% to 4.1%. It suggests
that the developed immunosensor provided a possible application
for detection of CEA in clinical diagnostics.
4. Conclusions

In this study, Au–GN composites were fabricated using gra-
phene based the reduction reaction of HAuCl4 in solutions. HRP-
anti-CEA was immobilized on the Au–GN modified electrode due
to the Au-S bond and the π–π stacking interaction between
biomolucules and the nanocomposites. HRP was cast on the
modified electrode surface not only as a blocker for nonspecific
sites but also as a catalyzer for redox reaction of HQ and H2O2. The
immunoreaction between CEA antigens and HRP-anti-CEA pro-
vided the strong steric effect, which resulted in the notably decreased
cathodic peak current response of HQ. The developed immunosensor
showed an excellent performance for detection of CEA with a
remarkable detection limit and acceptable selectivity, stability and
reproducibility. Meanwhile, the electrochemical immunosensor was
applied for the determination of clinical serum specimens, and the
results were in accordance with those derived from ELISA. This
sensitive electrochemical immunosensor shows promising potential
for clinical applications.
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