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Abstract
With the capability of inducing small particle sizes of supported metal in graphite oxide (GO),
the γ-ray irradiation method applied for preparing graphite oxide-gold (GO-Au) nanocomposites
as electrochemical immunosensors has attracted specific attention recently. To study the accurate
factors influencing the precise morphology and final performance of the prepared composites in
the γ-irradiation system, we proposed a facile method to investigate the evolution of the GO
structure, size and dispersion of Au nanoparticles (AuNPs) produced with the addition of
isopropyl alcohol to the system. The GO-Au nanocomposites were characterized by Fourier
transform infrared spectroscopy, x-ray diffraction spectra, Raman spectra, x-ray photoelectron
spectroscopy and high resolution transmission electron microscopy. These nanocomposites with
sandwich morphology exhibited an excellent immunosensor performance with a low detection
limit of 15.8 pg ml−1 (S/N=3) and a wide linear range from 1 to 40 ng ml−1 for detecting
carcinoembryonic antigens. The enhanced biosensing performance is attributed to the synergistic
effect of γ-irradiation and the precise structure of GO, which endows the smaller size and more
uniform distribution of AuNPs on the GO as well as the good signal amplification capability.
Furthermore, adopting the γ-irradiation method and use of GO as a precursor is propitious for
application in large-scale production because of its high-efficiency and high-yielding
characteristics.

Keywords: gamma irradiation, graphite oxide, gold nanoparticles, carcinoembryonic antigen
detection

(Some figures may appear in colour only in the online journal)

1. Introduction

Currently, as one of the leading causes of death worldwide,
cancer has caused great panic in the public calling for the
characterization of the uncontrollable diffusion and growth of
abnormal cells [1]. At present, there is no effective treatment

for advanced cancer in the medical field, while early patients
with few cancer cells in the body are still expected to be cured
by timely and active treatment. Therefore, in order to reduce
the incidence and mortality of cancer, accurate and effective
early detection become essential to the medical field. Carci-
noembryonic antigens (CEAs) are a kind of protein which
extensively exists in the serum of cancer patients while just a
low concentration can cause the immune response of patients.
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Hence, it is of great significance to monitor the level of CEA
in serum which can also be used as a biomarker to determine
if a person has cancer [2–4].

So far, CEA detection methods include radio-
immunoassay, enzyme-linked immunoassay, time-resolved
fluorescence, chemiluminescence, flow injection system
based immunosensors, etc [5–9]. However, these methods
have their own limits in preparation such as being unfriendly
to the environment, time-consuming, difficult to achieve
automation, or have poor accuracy [3, 5]. Recently, as an
increasingly important means of clinical diagnosis in the field
of immunochemistry that combines immunological technol-
ogy with electrochemical analysis methods, electrochemical
immunosensors have attracted much attention in the scientific
community due to their range of advantages such as low
detection limit, small amount of analytes demanded, simple
instruments needed, convenient operation and so on [10, 11].

One of the most significant steps in building an electro-
chemical immunosensor is to effectively immobilize the
biological recognition molecules on the detection interface
[11–15]. As a two-dimensional carbon material, graphene has
a series of unique physicochemical characteristics such as
good conductivity, high specific surface area and bio-
compatibility which renders it an ideal functional material in
many fields including combination with metals as an elec-
trochemical sensing platform with enhanced electronic and
catalytic properties [15–21]. With good electrical con-
ductivity, large specific surface area, abundant surface active
sites, strong adsorptive power and excellent biocompatibility
[22–26], Au nanoparticles (AuNPs) can form strong bonds
with positively charged groups of proteins or other biological
macromolecules via electrostatic adsorption but does not
cause denaturation to them after adsorption, which can then
also be immobilized on electrodes by covalent bonding and
electrostatic adsorption. Thus AuNPs have been commonly
used as an efficient nanomaterial for the immobilization of
biomolecules and markers for detecting antigens or antibodies
in immunoreaction [27, 28]. Herein, graphene-gold nano-
composites have always been used for immunosensing
experiments to date. So far, many methods have been used to
prepare graphene-rare precious metal composites such as
thermal treatment, laser ablation, dry plasma synthesis and
chemical reduction [29–31], etc. Among all these methods,
the radiation method is regarded as the most efficient and
environmentally friendly as it does not demand extremely
high temperatures or any chemical reducing agents [19,
32–37]. Nevertheless, few defects and a highly conjugated
structure in the surface of graphene renders it difficult to react
with other materials, thus scientists often use graphene oxide
as the carrier to increase its reactive sites and the ability of
supporting metal particles [38]. Whereas the prepared gra-
phene oxide-Au composites often suffer from the problems of
large particle size and uneven distribution of the supporting
metal particles in the surface of graphene oxide, which may
affect the further improvement of the immune performance of
the prepared electrochemical immunosensors [39].

In our previous work, we demonstrated that graphite
oxide (GO) has an interlamellar limit effect on the supporting

silver nanoparticles which endows the small size of silver
nanoparticles using a γ-irradiation process [16], thus in this
work, we adopted GO directly as the carrier of the metals and
hoped to obtain supporting AuNPs with small size in the
prepared composites. While the accurate factors influencing
the precise mophologies and final performance of the pre-
pared composites still remained elusive in the γ-irradiation
system, and herein we proposed a facile method to study the
evolution of graphization and oxygen-containing groups on
the graphene sheet and Au nanoparticle size and dispersion of
the outcome with the addition of isopropyl alcohol (IPA) to
the system. To the best of our knowledge, the project has not
been researched in previous work. In this work, we designed a
simple approach to prepare GO-Au nanocomposites as elec-
trochemical immunosensors specific to CEA after being
modified with anti-CEA by γ-irradiation assisted with a
varying additive amount of IPA. The sandwich morphology
of GO-Au nanoparticle composites was formed because Au
ions are interlayer-embedded in GO and then in situ reduced
by γ-irradiation. Various additive amounts of IPA endow the
prepared GO-Au nanocomposites with different containing-
oxygen groups and defects in GO, which in turn influences
the final performance of the GO-Au nanocomposites as bio-
sensors. Then we studied the structure of these prepared
samples with Fourier transform infrared spectroscopy (FTIR),
x-ray diffraction spectra (XRD), Raman spectra, x-ray pho-
toelectron spectroscopy (XPS), high resolution transmission
electron microscopy (HRTEM) and determined the perfor-
mance of the samples with cyclic voltammograms (CV) and
square wave voltammetry (SWV). The enhanced immuno-
sensing performance of the prepared composites is attributed
to the collaborative advantage of γ-irradiation and the inter-
lamellar limit effect of GO, which endows a small size and
uniform distribution of AuNPs in GO as well as good signal
amplification capability.

2. Experimental

2.1. Chemicals and materials

Natural graphite flakes (200 mesh) were supplied by Qingdao
Aoke Shimo Co. Ltd and Chloroauric acid was purchased
from the Tianjin Yingda rare Chemical Reagent Plant. Con-
centrated phosphoric acid, concentrated sulfuric acid, potas-
sium permanganate, hydrochloric acid (5%), hydrogen
peroxide (30%), IPA and L-tryptophan were all obtained from
the Tianjin Sailboat Chemical Reagent Co. Ltd. Concentrated
nitric acid was provided by the Tianjin Kemiou Chemical
Reagent Co., Ltd. Nitrogen was purchased from Tianjin Sixth
Gas Co. Ltd, CEA and anti-CEA, serum, bovine serum
albumin (BSA) and chitosan were all obtained from Shanghai
Yuduo Biological Technology Co. Ltd. All chemicals used in
this work were of analytical reagent grade and directly used
without further purification. The water used was purified via a
Millipore system (∼18.2 MΩ cm).
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2.2. Synthesis of GO

GO was obtained by the oxidation of natural graphite flakes
using a modified Hummers method [20, 40–45]. In detail,
H3PO4 (40 ml) and H2SO4 (360 ml) were mixed up together,
and then 3 g of graphite and 18 g of KMnO4 were simulta-
neously poured into it slowly in a water bath at 50 °C, stirring
for 24 h. Afterwards, we poured the dark brown colloid
mixture into the ice which was obtained by freezing the
mixture of 400 ml H2O and 3 ml H2O2, and then placed it at
room temperature for 24 h. The supernatant was then removed
and the gel left behind was washed with hydrochloric acid
solution three to five times. After that, it was washed with
deionized water by centrifugating at a speed of 10 000 rpm for
8 min several times until its pH was almost neutral. Finally, a
small amount of the obtained yellow colloid was dried under
vacuum for 24 h to calculate its solid content which was
5.7 mg g−1.

2.3. Preparation of GO-Au nanocomposites

After diluting the graphite oxide solution containing 0.1 g of
GO, the HAuCl4 solution containing 0.4 mmol of solid
HAuCl4 was added, and followed by the addition of different
amounts of IPA, the distilled water was added to it until the
total volume was 100 ml, and then stirred at room temperature
for 24 h. After that, the mixture was purged by N2 for 30 min
in order to remove the oxygen and then sealed. The suspen-
sions were then exposed to a 60Co γ-irradiation source to a
dose of 150 kGy with a dose rate of 2.7 kGy h−1 at room
temperature. After irradiation, the sample was removed from
the γ-chamber and centrifuged at a speed of 10 000 rpm for
6 min with deionized water three times to remove the resid-
uary impurity radicals. Lastly, the remaining product was
freeze-dried with a condensing temperature of 223.15 K at an
inside pressure of less than 20 Pa which provides us with the
GO-Au nanocomposite powder samples. Then we marked the

samples as Au0, Au1, Au2, Au3 and Au4 corresponding to
the content ratio of IPA in the samples of 0/100, 1/100,
3/100, 5/100 and 7/100, respectively. The experimental
procedure is shown in scheme 1. The γ-irradiation source
used in this experiment was 60Co γ-rays provided by the
Beijing Hongyi Sifang Radiation Technology Co. Ltd with a
ray radiation activity of 300 000 Curie.

2.4. Characterization

FTIR was measured using a Brook Vector-22 system. The
samples were prepared with potassium bromide (KBr) pow-
der and then were pressed into the translucent sheet. Raman
spectra were recorded on a Renishaw in via Raman micro-
scope with an excitation wavelength of 532 nm and a power
of 1 mW. The XRD data were obtained by using the Bruker
D8 Discover XRD with Cu Kα radiation (λ=1.540 59 Å) at
a scanning speed of 10°/min from 5 to 80°. XPS analyses
were recorded on an Escalab 250 spectrometer (Thermo-VG
Scientific, USA) to detect the surface atomic compositions
(at%) of these composites. The morphology and nanos-
tructure of the prepared samples were observed by HRTEM
images taken in a JEM-2100 model instrument operated at
300 kV. Samples for HRTEM were prepared by introducing a
drop of this diluted solution onto carbon-coated copper grids
and allowed to dry in a desiccator.

All the electrochemical experiments were carried out in a
three–electrode electrochemical cell system at room temper-
ature. The CV test was used to detect the electrochemical
behavior of the GO-Au samples to H2O2, and the test pro-
cedure is as follows: a glassy carbon (GC) electrode modified
with the prepared samples and a platinum wire was used as
the working and counter electrode, respectively. A silver/
silver chloride (Ag/AgCl) electrode was used as the reference
electrode. Then the electrodes were inserted into the hydrogen
peroxide electrolyte and the volt-ampere characteristic scan
curve was recorded. The catalytic performance of the

Scheme 1. Schematic illustration of the preparation process under γ irradiation and IPA.
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electrode was judged by the magnitude of the reduction peak
current. For the CEA detection, the glassy carbon (GC)
electrode modified with anti-CEA and a platinum wire were
used as the working and counter electrode, respectively. A
silver/silver chloride (Ag/AgCl) electrode was used as the
reference electrode. Prior to modification, the GC electrode
was polished with alumina slurry (0.05 μm) and cleaned in
0.1M H2SO4 before potential cycling. The GO-Au nano-
composite modified GC electrode was fabricated by drop-
casting 5 μl of an aqueous GO-Au solution and allowed to dry
at room temperature for an hour. This GO-Au modified
electrode was used for electrochemical sensing of H2O2.
Then the anti-CEA was dropped in the electrode modified
with the Au0 sample for electrochemical immunosensing of
CEA. All the electrochemical measurements were carried
out by using a CHI-660D electrochemical workstation. A
0.1 mol l−1 phosphate buffer solution (PBS) (pH 7.2) was
used as a supporting electrolyte for electrochemical experi-
ments and all the potentials were quoted against the Ag/AgCl
reference electrode unless otherwise mentioned.

3. Results and discussion

3.1. Morphology and microcrystalline structure of GO-Au
nanocomposites

FTIR spectra showed the changes of functional groups on the
various samples of GO-Au nanocomposites. As shown in
figure 1(a), there were significant peaks at different positions
in the profile of the Au0 sample: the broad band observed at
around 3452 cm−1 and the sharp peak at 1415 cm−1 were
ascribed to the stretching and bending vibration of OH groups
produced by water molecules that were absorbed on GO; the
weaker peaks at 2924 cm−1 and 2855 cm−1 correspond to the
antisymmetric stretching vibration and symmetrical stretching
vibration of C–H bonding out-plane, and the peak at
1381 cm−1 was the cause of bending vibrations of C–H
bonding in-plane; the peak displayed in 1739 cm−1 was in
accordance with the stretching vibration of C=O bonding of
carboxyl and carbonyl groups; and the stronger peak at
1628 cm−1 was associated with the stretching vibration of
C=C bonding; the peak at 1066 cm−1 was due to the
stretching vibration of C–O and C–O–C groups. Figure 1(a)
shows that the Au0 sample had the highest oxidation degree,
while with the increasing addition of IPA solution, the oxy-
gen-containing groups decreased significantly due to the
reducing property of isopropyl radicals in the system and the
γ-radiolysis process. Then after 7 ml of IPA was added into
the reaction system (Au4), we can hardly see the obvious
peak of oxygen-containing groups which means the content
of IPA was adequate to eliminate the oxygen-containing
groups on GO. The reaction mechanism was deduced by the
following text. At first, there would be some preliminary
radicals such as -e ,aq H·, ·OH in the solution produced by γ-
radiolysis of the water [16]. The -e aq and H·are reducing in
nature while the ·OH is oxidative. Then the abundant pre-
cursor of HAuCl4 intercalated in the GO solution were

reduced to elemental gold by the reducing radicals produced
by the γ-irradiation of water. Afterwards, the rapidly
agglomerated AuNPs due to their high surface energy can be
divided to smaller AuNPs by the fragmentation capability of
high-energy γ-rays while there is absence of IPA in the
reaction system (Au0). Then we added different amount of
IPA to the radiolysis system. The IPA acted as the free-radical
scavenger for ·OH, can react with the ·OH to form isopropyl
radicals which are reductive in essence in the anaerobic
condition and provide a reducing environment for the reaction
[17]. Under the same absorbed dose rate of γ-rays, the amount
of isopropyl radicals can increase with the increasing additive
of IPA, thus the reaction system of different samples was
more reductive which can not only reduce the gold ions to a
zero-valent state but also reduce the GO to a certain degree.

The chemical reactions taking place in the mixture are as
follows:

( ) · ·
( )

 ¼- +n.H O radiolysis e , H , OH, H , H O , etc.

1
2 aq 2 2

( ) · ( ) · ( )+  +CH CHOH OH CH C OH H O. 23 2 3 2 2

( ( ) · · )

( )

+ ¼



-GO reducing radicals e , CH C OH, H , etc

reduced GO.

3

aq 3 2

( ( ) ·
· ) ( )g
+

¼ 

+ -Au reducing radicals e , CH C OH,

H , radiolysis, etc AuNPs. 4

3
aq 3 2

The crystalline structure of these GO-Au nanocomposites
is presented in the XRD image in figure 1(b). It can be
observed that the profile of Au0 exhibited an obvious sharp
peak at 10.15° which corresponds to the C (001) plane of GO.
Then with the increasing addition of IPA, the peak becomes
weaker and even vanished at 10.15° while broad peaks
appeared around 24° which indicated that the GO had been
reduced. Also, in addition to the peak of reduced GO, another
four significant diffraction peaks appear at 37.96°, 44.05°,
64.28° and 77.33° ascribed to the (111) (200) (220) and (311)
facets of Au elements, respectively, which provided direct
evidence that the AuNPs with face central cubic structure has
successfully formed in the composites. The size of AuNPs
were calculated with the Debye–Scherrer equation, which
turned out to be 3.514 nm, 3.528 nm, 3.544 nm, 3.551 nm and
3.533 nm corresponding to the samples of Au0, Au1, Au2,
Au3 and Au4, respectively.

Raman spectra of GO-Au nanocomposites were shown in
figure 1(c) and the value of ID/IG was displayed in
figure 1(d). The Raman spectra of GO-Au nanocomposites
exhibited a prominent D band at around 1347 cm−1 which
corresponds to the in-plane vibration of sp2 hybrid carbon
atoms as well as a highlighted G peak at about 1589 cm−1

which was due to the carbon atoms with dangling bonds in-
plane terminations and the results can represent the amount of
disorder and relative degree of graphitization, respectively
[46]. The ratio of ID/IG can reflect the degree of disorders or
area of sp2 domains of GO [16]. Compared with the 0.89 of
the ID/IG value of Au0, the ratio of ID/IG of Au1, Au2 and
Au3 samples were increased to 0.96, 0.98 and 1.09,

4

Nanotechnology 30 (2019) 495501 X Zhao et al



separately. The trend indicated that the ID/IG value was
positively correlated with the concentration of IPA which
meant the defects and the reduction degree of GO were rising
with the increasing of IPA amount [47]. With the further
increasing of the additive amount of IPA (7 ml), the ID/IG
value decreased (to 1.08), which was regarded as the increase
of defects on GO [48], the AuNPs reduced by IPA and γ-
irradiation covered the defects of GO and it also proved the
AuNPs were embedded in the interlayer of GO and that the
oxygen-containing groups in the GO have a great degree of
reduction while the addition of IPA up to 5 ml in the system
hence the IPA content was excess.

Figures 2(a)∼(e) showed the C1s spectra fitted by a
Gaussiane–Lorentzian peak shape, and the detailed informa-
tion about the functional groups on the prepared composites

was displayed in table 1. It can be observed that the value of
sp2 C–C/sp3 C–C ratio exhibited a trend of increase first
(Au0 to Au3) and then descended (to Au4), which meant the
degree of graphitization on the GO was the opposite ten-
dency. The results were in highly consistent with the Raman
spectra (figure 1(c) and (d)). It also proved that the level of all
kinds of oxygen-containing groups showed a decreasing trend
with the increasing additive of IPA in table 1. The oxygen-
containing groups reduced a little while the addition of IPA
increased from 5 ml to 7 ml, which indicated that the additive
amount of IPA was adequate. Furthermore, the table 2
demonstrated that the amount of oxygen element reduced
sharply after the addition of IPA. Moreover, the figure 2(f)
also convincingly proved that the AuNPs were grown in the
GO, and all the gold elements existed in the form of an

Figure 1. (a) FTIR spectra of GO-Au composites prepared with different content of IPA; (b) XRD diffraction patterns of GO-Au composites;
(c) Raman spectra of GO-Au composites; (d) the trend of ID/IG value from Raman spectra of GO-Au nanocomposites.

Table 1. Analysis of the deconvoluted C1s peaks from XPS of the prepared composites.

Samples Sp2 C–C (%) Sp3 C–C (%) C–OH (%) C–O–C (%) C=O (%) –COOH (%) sp2 C–C/sp3 C–C
B.E(eV) 284.0–284.4 284.5–285.1 286.2–286.7 286.8–287.3 287.5–288.2 288.5–289 —

Au0 16.85 33.7 16.85 13.48 14.61 4.51 0.5
Au1 25 37.5 14.94 10.19 7.69 4.69 0.667
Au2 30.61 40.82 10.49 8.20 5.52 4.36 0.750
Au3 38.59 38.59 8.80 6.76 4.26 3.01 1
Au4 37.21 41.80 8.04 6.26 3.83 2.86 0.890
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elementary substance rather than compounds. Additionally, it
can be observed that the content of AuNPs in the surface of
various samples showed an increasing trend from Au0 to
Au3, and then reduced in Au4 with the decrease of oxygen-
containing groups.

The HRTEM images of the GO-Au composites are
shown in figure 3. The mean size of these samples were 3.09,
3.33, 3.54, 3.69 and 3.53 nm of Au0, Au1, Au2, Au3 and
Au4, respectively. It showed an interesting phenomenon that
the size of the AuNPs on the GO displayed an increasing
trend from Au0 to Au3 while being smaller in Au4 with the
increasing addition of IPA and the trends were in accordance
with the results calculated by XRD spectra. Figure 3(f)

showed the Fourier transform diagrams at different locations
on the GO-Au composites and the AuNPs with a single
crystalline structure are indicated by the regularly dotted
pattern and well-resolved lattice fringes. The lattice of GO
and the AuNPs grown on the surface of GO showed a regular
six-membered ring shape (f2) and a parallelogram shape (f1),
respectively. The bright irregular circular ring indicated that

Figure 2. C1s XPS spectra of Au0 (a), Au1 (b), Au2 (c), Au3 (d) and Au4 (e) samples;(f) XPS peaks of Au 1s in different samples.

Table 2. The ratio of C/O in various samples.

Samples Au0 Au1 Au2 Au3 Au4

Ratio 2.39 3.02 4.05 4.32 4.56
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the AuNPs were intercalated in the sheets of GO which means
that the AuNPs were between the GO layer. To better
understand the dispersion mechanism of AuNPs in GO under
IPA and γ-irradiation process, we should first find the dif-
ferences between the prepared five samples. The FTIR image
(figure 1(a)) combined with the HRTEM figures suggested
that the lower the amount of oxygen-containing groups, the
larger the size of the AuNPs and more uniform the dispersion
was at first, and then the size of AuNPs become a little
smaller while the oxygen-containing groups reduced to a

certain degree. This phenomenon confirmed that the oxygen-
containing groups played a non-negligible role in the dis-
persion mechanism of AuNPs on GO during the γ-irradiation
process for biosensors. And as we all know, hydroxyl and
epoxide are distributed on the basal plane of GO while the
carbonyl and carboxyl are located on the edges of GO, so that
we can infer that the distribution of AuNPs in the GO is more
likely related to the hydroxyl and epoxide. As we can see, the
AuNPs in figure 3(a) were small in size and distributed uni-
formly, and then with the decreasing levels of hydroxyl and

Figure 3. HRTEM images of GO-Au composites in the scale bar of 20 nm: (a) Au0, (b) Au1, (c) Au2, (d) Au3, (e) Au4; Inset: the size
distribution histogram of the corresponding TEM image of the GO-Au composites; (f) Fourier transform diagrams at different locations on
the GO-Au composites.
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epoxide, the AuNPs in the prepared samples became large
and have a certain degree of reunion. This result illustrated
that there might exist a negative correlation between the
amount of oxygen-containing groups with the size of AuNPs
during the γ-irradiation process, thus we inferred that the
hydroxyl and epoxide between the neighboring GO layers can
exert a capture effect in order to catch the AuNPs which
promotes a more even distribution of AuNPs. On the basis of
these results, we suspected the growth mechanism of AuNPs
in the GO during γ-irradiation process was by the following
inference. Under the synergistic effect of γ-irradiation and
IPA, Au ions were reduced to elemental gold, and then
trapped by hydroxyl and epoxide on the GO. Afterwards, the
gold element acted as the crystal nucleus, and other Au par-
ticles began to grow and adhere to it. As a result, the high
amount of oxygen-containing groups endow more AuNPs
growing in the GO layers and then the further growth of
AuNPs would be controlled by the γ-irradiation. Afterwards,
the content of oxygen-containing groups reduced with the
increasing addition of IPA, which provided more space for
the sufficient growth of the produced Au crystal grains.
Therefore, the size of AuNPs became large as the amount of
hydroxyl and epoxide decreases. When the content of oxy-
gen-containing groups had been reduced to a certain extent,
the distance between the GO sheets became smaller, thus
limiting the further growth of AuNPs.

Therefore, we suspected the mechanism on the growth of
AuNPs on GO to be by the following deduction. At first,
while there was absence of IPA or little IPA in the reaction
system, the Au3+ was reduced to Au mainly by the reducing
radicals produced during the γ-radiolysis process, and these
radicals were in a weak reduction which can only reduce the
metal ions rather than the oxygen-containing groups on the
GO. This way, the growth of AuNPs could be restricted by
the fragmentation ability of γ-irradiation. Then, with the
increasing addition of IPA in the system, these reducing
radicals produced in the γ-radiolysis process could not only
reduce the Au3+ but also the oxygen-containing groups on the
GO, which would in turn weaken the van der Waals’ force
and increased the interlayer spacing of the GO. Thus the
growth of AuNPs on GO would be controlled by the effect of
the content of oxygen-containing groups and the interlamellar
limitation of GO, that is, during the γ-irradiation process,
when there are large numbers of the hydroxyl and epoxide,
oxygen-containing groups played a major role in the growth
of AuNPs, and while they were reduced to a certain extent,
the interlamellar confinement effect of GO started to exert an
influence on the size of AuNPs.

3.2. Performance of the prepared GO-Au nanocomposites

Since the electrocatalytic activity of the GO-Au nano-
composites dominates the sensitivity of the fabricated elec-
trochemical immunosensor, we need to detect the signal
amplification capability of these samples. As H2O2 is an
extensively existing chemical in living bodies which can be
catalyzed by Au elements, it was used in detecting the elec-
trocatalytic activity of the GO-Au nanocomposites. Thus we

detect the electrocatalytic activity of the GO-Au nano-
composites to H2O2 before we determine the immunosensor
performance to CEA. As figure 4(a) and (b) show, the elec-
trochemical immunosensor performance gradually decreases
from Au0 to Au3, and then increases from Au3 to Au4 as the
amount of IPA addition in the samples during the experiment
process increases. In a word, the results indicated that the
smaller the gold particle size and the higher degree of gra-
phitization, the stronger the catalytic response to H2O2 was.
The catalytic property of the prepared samples was promoted
by the synergistic effect of the size of the metal particles and
the degree of graphitization, as the small particle size can
provide a large catalytic surface area and the complete gra-
phite structure offers many electron transport channels [48].
Meanwhile, on the basis of figure 2(f), it can be observed that
the Au0 sample with smallest particle size had the lowest
relative amount of Au particles but showed the best catalytic
property of all the five samples, which meant the highest
utilization of the gold elements in the Au0 sample. In addi-
tion, it also proved that the effect of the prepared composites
structure on the biosensor performance of GO-Au nano-
composites is very significant. Consequently, as the Au0
sample exhibited an excellent electrocatalytic activity for
H2O2, it was chosen to further detect the sensitivity of the
immunosensor for CEA [12].

The Au0 sample was coated in the glassy carbon elec-
trode and then modified with anti-CEA, which endowed it
with the special selectivity to CEA. We then investigated the
immunosensor performance to CEA by SWV tests, which
were recorded with 0 V–0.3 V in 0.1 mol·l−1 PBS and 0.3 M
H2O2 at a 0.05 V s−1 scan rate by the electrochemical work-
station. During the test process, CEA with different con-
centrations were added into the electrolyte and the SWV
current response at around 0.7 V was recorded while each
1 ng of CEA was added. As the blocking effect of antigen-
antibody loaded on the Au0 sample modified the GCE, the
degree of electron transfer (generated during the catalytic
reduction process of H2O2 by Au) would be limited and thus
the redox current lessened as the concentration of CEA
increased. The reduction in redox current is displayed in the
inset of figure 4(c). From figure 4(c), the peak intensity of the
SWV curves was negatively correlated with the concentration
of CEA. The Au0 sample modified with anti-CEA and CEA
showed the SWV response at around 0.13 V and exhibited a
low detection limit of 15.8 pg ml−1 (S/N=3) and a wider
linear range from 1 to 40 ng ml−1, and this performance
belonged to a medium grade level compared to other carbon-
based precious metal biosensors for CEA which were pre-
pared in more complicated methods according to the table 3.

The selectivity of the electrode modified with the Au0
sample and anti-CEA was conducted subsequently and the
result could be observed in figure 4(d). To evaluate the
selectivity of the Au0 immunosensor for CEA, various
potentially interfering substances were added during the CEA
detection. During the detection process, 10 ng CEA were
added into the electrolyte and the peak current of SWV
response were recorded. Then L-tryptophan, BSA and chit-
osan of 500 ng were chosen as the interference factors added
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into the electrolyte and the SWV response were recorded.
Additionally, 10 ng CEA was put into the real human serum
and then the change in current response was compared. The
results exhibited that the current response in the immune
reaction process was almost undisturbed which demonstrated
that the Au0 sample with anti-CEA showed a high selectivity
to CEA. The selectivity test also manifested that the GO-Au
samples prepared with γ-irradiation applied in a biosensor are
viable. It can also offer a promising potential application in

the detection of other biomolecules when modified with the
corresponding antigen or antibody.

4. Conclusions

In this work, the GO structure evolution and interlayer-
embedded Au nanoparticle size and dispersion induced from
γ-ray and IPA for biosensors were investigated. AuNPs were

Figure 4. CV recorded for GO-Au composites with H2O2 (a) and the trend of maximum response current of CV (b); (c) SWV recorded of
Au0 sample. Inset: fitted plot of peak current versus concentration of CEA; (d) The selectivity of the electrode modified with the as-prepared
composites of Au0 samples and anti-CEA.

Table 3. Comparison of the performance of electrochemical sensors in detecting cancer cell-related substances with previous work.

Materials Detection object Limit of Detection Reference

AuNPs-TiO2-graphene nanocomposite CEA 10 ng ml−1 [49]
Thionine monolayer modified gold CEA 200 pg ml−1 [50]
AuNPs and graphene CEA 280 pg ml−1 [51]
Immuno-magnetic bead CEA 500 pg ml−1 [52]
AuPt nanochains on MWCNTS CEA 38 ng ml−1 [2]
Graphene quantum dots and Au@Pt CEA 6 pg ml−1 [53]
Ag/Au nanoparticles coated graphene CEA 8 pg ml−1 [54]
AuNPs-aptamer-UCNPs sandwich complex CEA 0.5 ng ml−1 [55]
Graphene-Au nanoparticles CEA 15.8 pg ml−1 This work
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in situ formed in GO interlayers and the prepared sample
demonstrated excellent performance for CEA detection with a
low detection limit of 15.8 pg ml−1 and a high selectivity
when modified with an anti-CEA. Results show that the
greater content of oxygen-containing groups and higher
degree of graphitezation on the GO determined the smaller
size and more uniform distribution of AuNPs on GO and thus
lead to a better electrochemical immunosensor performance
of the GO-Au nanocomposites. The small size and uniform
dispersion of AuNPs was attributed to the synergistic effect of
γ-irradiation, content of oxygen-containing groups and the
interlamellar confinement of GO. This work extends the
approaches for fabricating GO-Au nanocomposites as effi-
cient immunosensors to CEA, and we could further optimize
the immunosensor performance by regulating the structure of
the GO.
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