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The long-term stability of sensing interfaces is an important issue in biosensor fabrication. A novel stable
gold nanoparticle (AuNP)-modified glassy carbon (GC) electrode interface (GC-Ph-AuNP)-based biosensor
for detecting carcinoembryonic antigen (CEA) was developed. GC electrodes were modified with 1,4-
phenylenediamine to form a stable layer, and then AuNPs were bound onto the GC electrodes through

C—Au bonds. Anti-CEA was directly adsorbed on AuNPs fixed on the GC electrode. The linear range of the
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immunosensor was from 10 fg to 100 ng mL~! with a detection limit of 3 fgmL~" (S/N=3). The current of
the immunosensor was increased by 4% after one month. The GC-Ph-AuNP immunosensor showed high
sensitivity, a wide linear range, low detection limit, and good selectivity and stability. The immobilization
method of the immunosensor could be widely applied to construct other immunosensors.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The precise and sensitive determination of disease-related pro-
teins is very important in clinical diagnosis, biomedical exploit and
biochemistry research (Lefkowitz et al., 2010; Dutsch-Wicherek,
2010). In particular, the clinical measurement of tumor- and infec-
tious disease-related proteins is of great importance for early
disease detection and highly reliable diagnosis (Gunaseelan et al.,
2010; Coyle and Johnston, 2010). Immunoassays, as a promising
approach for selective and sensitive analysis, have recently gained
increasing attention in the quantitative detection of tumor markers
and cancer screening (Gas et al., 2010; Bosker and Huestis, 2009). A
number of immunoassay methods including chemiluminescence-,
fluorescence-, Raman spectroscopy-, electrochemistry- and surface
plasmon resonance-based immunoassays have been developed to
determine the presence of tumor markers (Xu et al., 2011; Tang
et al., 2010; Song et al., 2009; Chen et al., 2009; Bi et al., 2009;
Dai et al., 2011). Electrochemical immunoassays in particular have
attracted extensive interest because of advantages such as high sen-
sitivity, a relatively low detection limit, and rapid analysis (Wang
et al., 2004a,b; Centi et al., 2007; Zhang et al., 2010; Malhotra et al.,
2010).

Nanobiotechnology has been widely applied in immunosen-
sors in place of conventional sensing technologies, which has
led to improvements in sensitivity, selectivity, and multiplexing
capacity (Ma et al.,, 2002; Wang et al., 2007; Li et al., 2006).
Recently, a series of gold nanomaterials suitable for immobilization
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of biomolecules was reported (Liu et al., 2006; Wang et al., 2006a,b;
Wang et al.,, 2008). Gold nanoparticles (AuNPs) have received
considerable attention in analytical electrochemistry because of
their unique physicochemical characteristics. Especially AuNPs,
have received considerable attention in analytical electrochem-
istry due to their particular physicochemical characteristics. Based
on favorable microenvironment, large specific surface area, good
biocompatibility and high conductivities between biomolecules
and electrode surface, AuNPs have been used for fabrication of
biosensor with enhanced analytical performance as the immo-
bilization interface (Ma and Sui, 2002; Shi and Ma, 2011; Xu
et al,, 2010; Su and Mao, 2006). The long-term stability of immo-
bilization interfaces based on AuNPs is an important issue for
their application. Various strategies such as electrostatic inter-
actions, block copolymer matrices, and chemical bonding (S—Au
and NH—Au bonds) have been used to fabricate immobilization
interfaces based on AuNPs (Wang et al., 2003; Xu et al., 2007;
Haryono and Binder, 2006; Shenhar et al., 2005; Pacifico et al.,
2005; Tognarelli et al., 2005; Yamanoi et al., 2004). However, these
methods possess certain disadvantages including poor adhesion to
substrates (block copolymer matrices, S—Au and NH—Au bonds),
instability in certain chemical environments (electrostatic interac-
tions and block copolymer matrices), uncontrolled growth (S—Au
and NH—Au bonds and block copolymer matrices), and slow growth
(electrostatic interactions (Wohltjen and Snow, 1998; Leibowitz
et al,, 1999; Templeton et al., 2000).

In this work, a novel immunosensor containing a stable AuNP-
modified glassy carbon (GC) electrode interface (GC-Ph-AuNP)
was developed to detect carcinoembryonic antigen (CEA). The
immunosensor is simple, and exhibits a wide linear range (10 pg
to 100ngmL-'), and a low limit of detection (LOD) of 3 fgmL~!
(S/N=3).
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2. Experimental
2.1. Materials

CEA was purchased from Beijing Biosynthesis Biotechnol-
ogy Co. Ltd. (Beijing, China). Hydrogen tetrachloroaurate (III)
hydrate (HAuCls-XH,0), D-(+)-glucose, ascorbic acid (AA) was
achieved from Alfa Aesar (Tianjin, China). Human immunoglobulin
G (IgG) was purchased Chengwen Biological Company (Bei-
jing, China). Trisodium citrate, NaH,PO,4, Na;HPO,, KCl, albumin
from bovine serum (BSA), potassium ferricyanide (K3Fe(CN)g),
potassium ferrocyanide (K4Fe(CN)g), 1,4-phenylenediamine (H,N-
Ph-NH;), Sodium nitrite (NaNO,), acetonitrile (CH3CN) and HCl
were obtained from Beijing Chemical Reagents Company (Beijing,
China). All the reagents were of analytical grade and were used
without further purification.

2.2. Apparatus

In all the procedures, the water used was purified through
an Olst ultrapure K8 apparatus (Olst, Ltd., resistivity >18 MS2).
Transmission electron microscopy (TEM) was performed with a
JEOL-100CX electron microscope under 80 kV accelerating voltage.
Atomic-force microscopy (AFM) image were obtained in tapping
mode (SPM; Vecco, USA). All electrochemical measurements were
performed with a CHI-832 electrochemical analyzer (Chenhua,
Shanghai, China) and a conventional three-electrode system. The
working electrode was GC electrode prepared from rods with
3 mm diameter encased in epoxy resin. Platinum foil and Ag/AgCl
(saturated KCl) electrode were used as the counter and refer-
ence electrodes, respectively. All potentials are reported against
the Ag/AgCl reference electrode at room temperature. All dif-
ferential pulse voltammetry (DPV) measurements were carried
out in 0.1 M phosphate-buffer saline (pH 7.0) containing 5 mM
[Fe(CN)]*~/3~(PBS-[Fe(CN)s]*~/37).

GC working electrodes were polished successively in 1.0, 0.3,
and 0.05pwm alumina slurries. The electrodes were thoroughly
rinsed with pure water and sonicated in pure water for 5min
between polishing steps. Before modification, the electrodes were
dried with nitrogen gas.

2.3. Preparation of AuNPs

The AuNPs with the sizes of 5, 10, 15, 20, 40 and 65 nm were
prepared according to a literature (Frens, 1973) with slight modifi-
cations. 5 nm AuNPs were prepared at room temperature by adding
1 mL 1% sodium citrate solution to the 100 mL 0.01% HAuCly4 solu-
tion with stirring. After 1 min, 1.6 mL 0.075% NaBH, (dissolved in 1%
sodium citrate solution) was added. The mixture was not stopped
stirring until its color turned red. For 10 nm AuNPs, the preparing
procedures were the same as that of 5 nm except 1 mL NaBH,4 solu-
tion was added. For 15, 20,40 and 65 nm AuNPs, they were obtained
by adding 5, 4, 2 and 1 mL 1% sodium citrate solution, respectively,
100 mL 0.01% boiling HAuCly solution with vigorous stirring. The
color changed from pale to blue, then to burgundy. Boiling was
continued for 15 min and then stirring until the sample had cooled
to room temperature.

2.4. Preparation of anti-CEA functionalized electrodes

H,;N-Ph-NH; (1 mM) was dissolved in 0.5M HCI solution, and
then NaNO, (1 mM) was added to the electrochemical cell. The mix-
ture was degassed with nitrogen and then left to react for about
15 min at 0 °C. The GC electrode was cycled using cyclic voltamme-
try (CV) between 0.6 and —1.0V versus Ag/AgCl for five cycles at a
scanrate of 100mV s~ in the electrochemical cell. After the surface

was modified with H,N-Ph-NH, (GC-Ph-NH,), the electrodes were
rinsed with copious amounts of Milli-Q water, CH3CN, and Milli-Q
water and finally dried under a stream of nitrogen gas.

The GC-Ph-NH, surface was immersed in a solution containing
5 mM NaNO; and 0.5 M HCl for 20 min, followed by cycling between
0.6 and —0.8 V versus Ag/AgCl in a solution of AuNPs for five cycles
at a scan rate of 100mV s~! to form the GC-Ph-AuNP electrode.

The GC-Ph-AuNP electrode was then immersed in a solution
of anti-CEA (200 pg mL~! in 0.1 M phosphate buffer (PB), pH 7.3)
for 6h at 4°C to absorb the antibodies. Finally, the modified
immunosensor was incubated in a solution of BSA (10mgmL~1)
for about 1 h at room temperature. The immunosensor was stored
at 4°C when not in use.

CEA could be immobilized on the anti-CEA-modified GC elec-
trode surface because of the strong affinity between CEA and
anti-CEA. Electrochemistry was used to monitor the attachment
of each component.

3. Results and discussion
3.1. Fabrication principles of the immunosensor

The long-term stability of the interface based on AuNPs is
required for its practical application, particularly as a biosensor.
The most common methods to immobilize AuNPs are based on
the affinity between thiol groups and gold to form S—Au bonds
or between amines and gold to form NH—Au bonds. The bond
energy for a S—Au bond is 1.6 eV, corresponding to 154.4 k] mol~!
(Ramachandranetal.,2003; Gronbeck et al., 2000). The bond energy
for a NH—Au bond is 1.59 eV, which corresponds to a NH—Au bond
strength of 153.6 k] mol~! (Fagas and Greer, 2007). It has been pro-
posed that the stability can be improved through the formation of
C—Au bond, which has a bond energy of 3.29 eV, corresponding to
317.1kJmol-! (Partyka et al., 2006). This bond energy is signifi-
cantly greater than those of S—Au and NH—Au bonds. As a result, a
novel CEA immunosensor was designed based on the properties of
C—Au bonds (Scheme 1).

3.2. Optimization of the size of the AuNPs for the immunosensor

Because the size of AuNPs has influence on the capability of
electron transfer between the electrode and AuNPs, and on the sta-
bility of the AuNPs immobilized on the electrode, different sizes
of AuNPs should be optimized. The AuNPs with 5, 10, 15, 20, 40,
and 65nm in diameter were used to fabricate the GC-Ph-AuNP
electrode. The stability of the electrode containing AuNPs with
different sizes was conducted by calculating the decrease of the
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Scheme 1. Preparation of the GC-Ph-AuNP immunosensor and competitive
immune reaction.
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amount of the AuNPs after the sonication of electrodes in Milli-Q
water for 3 min. The amount of AuNPs on GC-Ph-AuNP electrode
was calculated according to a literature (Hoogvliet et al., 2000).
The GC-Ph-AuNP electrode fabricated by 40 and 65 nm AuNPs lost
ca. 5% and 8% AuNPs after sonication, respectively. While the AuNPs
modified on the electrode with 5,10, 15,20 nm remained almost the
same before and after sonication. To address the effect of the size of
the AuNPs on the capability of electron transfer, the performance of
the GC-Ph-AuNP electrode fabricated by 5, 10, 15, and 20 nm AuNPs
was studied with CV in PBS-[Fe(CN)g]*~/3~ (Fig. S1). The data indi-
cated that the immunosensors fabricated by the AuNPs with 20 nm
in diameter have a better capability of the electron transfer. Con-
sidering to the stability and the conductivity, the 20 nm AuNPs was
used to fabricate the immunosensor.

3.3. Fabrication and characteristics of the electrochemical
immunosensor

A GC electrode surface was first modified with H,N-Ph-NH,
(GC-Ph-NH,). The selective diazotization of one amine group of
H,;N-Ph-NH, was achieved by the addition of 1eq. of NaNO,
to 1eq. of HyN-Ph-NH, dissolved in HCI solution. The result-
ing aminophenyl diazonium cations were used to directly graft
aminophenyl groups onto the surface of the GC electrode (Lyskawa
and Belanger, 2006). Then, the terminal amine groups were con-
verted to diazonium groups by incubating the GC-Ph-NH, interface
in a solution of NaNO, and HCI to form GC-Ph-N5*CI~. AuNPs were
then immobilized on the interface in situ by scanning CV to give a 4-
phenyl-AuNP-modified interface (GC-Ph-AuNP). Tethering AuNPs
to the electrode surface by C—Au bonds could increase the stability
of the AuNP layer. Anti-CEA was directly adsorbed on the AuNPs
fixed on the GC electrode. The modified immunosensor was incu-
bated in BSA solution to block any possible remaining active sites on
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the AuNPs. The stable GC-Ph-AuNP immunosensor was fabricated
to detect CEA.

The modification of the GC electrode was monitored by CV in
10 mM [Fe(CN)g]#~/*~(contains 0.1 M KCI) at 50 mV s~! (Fig. 1A). A
redox peak of [Fe(CN)g]*~ was observed for the bare GC electrode
(curve a). The redox peak current decreased when the GC electrode
was modified with H,N-Ph-NH, (curve b) because the formation of
C—Cbonds impeded the transfer of electrons between the electrode
surface and electrolyte. The redox peak current decreased after the
GC electrode was modified with AuNPs (curve c) because of the
repulsion between the negatively charged AuNPs and [Fe(CN)g]*~
(An et al., 2007). The redox peak current decreased again after
anti-CEA was immobilized on the GC electrode (curve d) due to
the formation of an electron-blocking layer. The AuNPs and GC-
Ph-AuNP electrode were characterized by TEM (Fig. S2) and AFM
(Fig. S3), respectively, as shown in Supplementary information.

3.4. Stability of the electrochemical immunosensor

The stability of the GC-Ph-AuNP immunosensor was deter-
mined by comparison with GC-Ph-NH-AuNP (Scheme S1A) and
GC/NH-Ph-NH-AuNP (Scheme S1B) immunosensors. The fabrica-
tion methods of the latter two immunosensors are shown in
Supplementary information. The relative currents of the GC-Ph-
AuNP, GC-Ph-NH-AuNP, and GC/NH-Ph-NH-AuNP immunosensors
following incubation at pH 7.0 in PB at 4°C are displayed in Fig. 1B.
The relative current of each freshly fabricated immunosensor is
considered to be 1. The currents increased by 4, 8, and 14%, for
the GC-Ph-AuNP (dot a), GC-Ph-NH-AuNP (dot b), and GC/NH-Ph-
NH-AuNP (dot ¢) immunosensors, respectively, after 30 days. This
shows that the GC-Ph-AuNP immunosensor was much more stable
than the GC-Ph-NH-AuNP and GC/NH-Ph-NH-AuNP immunosen-
SOrs.
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Fig. 1. (A) Cyclic voltammograms of modify procedure in 10 mM [Fe(CN)s]* /3~ (containing 0.1 M KCI) solution; (B) the relative current of DPV of three immunosensors
with anti-CEA and without CEA following the different incubation time in pH 7.0 PBS at 4°C for triplicates. (C) Calibration polt of current against log CEA concentration
for the immunosensor under the optimization conditions; (D) amperometric response of the immunosensor to 1 ngmL-! CEA, 1 ngmL-! CEA+100ngmL-! IgG, 1 ngmL~!
CEA+100ngmL~' BSA, 1ngmL~' CEA+100ngmL-! Glucose and 1 ngmL-! CEA+100ng mL-! AA.
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Table 1

The properties of this sensor compared with others reported.
Sensors Immobilize method of AuNPs Linear response range Detection limit Refs.

(ngmL™1) (ngmL™")

Anti-CEA/AuNP@nafion/FC@CHIT/GCE Block copolymer matrixes 0.01-150 0.003 Shi and Ma (2011)
HRP-Anti-CEA/nanogold/DNA/Au electrode Electrostatic interactions 0.5-300 0.1 Tang et al. (2006)
Anti-CEA/Auy-CTS4/GCE Electrostatic interactions 0.5-80 0.27 Fu et al. (2006)
Anti-CEA/nano-Au particle/Au/Fe;O4 nanoparticle/SPCE S—Au bond, NH—Au bond 0.005-50 0.001 Lietal. (2010)
Anti-CEA/GNP-Thi-GR/GCE S—Au bond, NH—Au bond 0.01-0.5 0.004 Kong et al. (2011)
Anti-CEA/Au-Ph-GCE C—Au bond 0.00001-100 0.000003 This work

3.5. Performance of the immunosensor

To assess the dynamic working range of the GC-Ph-AuNP
immunosensor, CEA was detected in pH 7.0 PBS-[Fe(CN)g]4~/3~
solution by DPV. The DPV peak current decreased with the incre-
mental CEA concentration (Fig. 1C). The curve in Fig. 1C shows
that the decrease of anodic current was proportional to CEA
concentration in the range of 10fg to 100ngmL~!, and the lin-
ear regression equation is ipc (WA)=-0.3818 x log C[CEA] +3.047
(gmL-1)(R%2=0.993) witha LOD of 3 fgmL~! (S/N =3). The standard
deviation of the detection limits is 0.23 fg.

To characterize the specificity of the immunosensor, 1 ngmL~!
of CEA was mixed with 100 ngmL~! of IgG, BSA, glucose, and AA,
respectively, and then the immunosensor response was measured.
Compared with the amperometric response obtained from pure
CEA, the variation in current caused by the interference substances
was less than 6% (Fig. 1D), indicating that the immunosensor pos-
sesses good selectivity for CEA. To further address the selectivity
of the present immunosensor, the control experiment incubating
sensor with a mixture of IgG, BSA, glucose, and AA but without CEA
was conducted. For the addition of 1 ng mL~1 CEA, current decrease
is 3.38 pA. In contrast, the current decrease is only 0.44 wA for
adding the mixture containing 100ngmL~! glucose, 100 ng mL~!
AA, 100 ng mL~! BSA, and 100 ng mL~! IgG. This result showed that
the present immunosensor has a good selectivity (as shown in
Fig. S4 in Supplementary information).

The performance of the GC-Ph-AuNP immunosensor was exam-
ined; its LDRand LOD (S/N =3)are listed in Table 1. The LOD and LDR
of this immunosensor are superior to those of other immunosen-
sors using electrostatic interactions, block copolymer matrices,
S—Au bonds, and NH—Au bonds to immobilize AuNPs (Tang et al.,
2006; Kong et al., 2011; Li et al., 2010; Fu et al., 2006; Shi and
Ma, 2011). For the LOD and LDR of immunosensor associating
with electron transfer between electrode and AuNPs, the effect
of the differences among C—Au (formation by directly connecting
benzyl group to AuNPs), S—Au, and N—Au bonds on the promot-
ing electron transfer between electrode and AuNPs was studied.
The GC-Ph-AuNP, GC-Ph-NH-AuNP, GC-Ph-S-AuNP, and GC/NH-
Ph-NH-AuNP electrodes were prepared and their CVs were also
measured (Fig. S5A). The fabrication methods of those four elec-
trodes were shown in Supplementary information. The CV results
indicated that the GC-Ph-AuNP electrode is most conductive than
those of the other electrodes, showing that the formation of C—Au
bond by directly connecting benzyl group to AuNPs is more bene-
ficial to the electron transfer. Those caused the better performance
for the present immunosensor. To further clarify it, the GC-Ph-NH-
AuNP immunosensor was used to detect CEA. The linear range of
the immunosensor was 100 fg to 1 ngmL~! (as shown in Fig. S5B).

4. Conclusions

A stable electrochemical immunosensor based on AuNPs
immobilized by C—Au bonds was fabricated to detect CEA. The
current of the immunosensor increased by ca. 4% after one month,
revealing that the method used to modify the AuNPs improved the

stability of the immunosensor. The immunosensor exhibited a lin-
ear response to CEA concentration from 10 pgmL~! to 100 ng mL~!
with a LOD of 3 fgmL~1 (S/N =3). The immunosensor is simple, had
a wide linear range, high selectivity, low LOD, and good stability.
This immobilization method using C—Au bonds can be widely
applied to construct other immunosensors.
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