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In  this  paper,  gold  nanoparticle–thionine–reduced  graphene  oxide  (GNP–THi–GR)  nanocomposites  were
prepared  to  design  a label-free  immunosensor  for the  sensitive  detection  of carcinoembryonic  antigen
(CEA).  The  nanocomposites  with  good  biocompatibility,  excellent  redox  electrochemical  activity  and  large
surface  area  were  coated  onto  the  glassy  carbon  electrode  (GCE)  surface  and  then  CEA  antibody  (anti-CEA)
was  immobilized  on the  electrode  to  construct  the  immunosensor.  The  morphologies  and  electrochem-
istry  of  the  formed  nanocomposites  were  investigated  by  using  scanning  electron  microscopy  (SEM),
abel-free
old nanoparticles
educed graphene oxide
hionine
arcinoembryonic  antigen

ultraviolet–visible  (UV–vis)  spectrometry,  electrochemical  impedance  spectroscopy  (EIS)  and  cyclic
voltammetry  (CV).  CV  and  differential  pulse  voltammetry  (DPV)  studies  demonstrated  that  the  formation
of  antibody–antigen  complexes  decreased  the  peak  current  of  THi  in  the  GNP–THi–GR  nanocomposites.
The  decreased  currents  were  proportional  to  the  CEA  concentration  in  the range  of  10–500  pg/mL  with  a
detection  limit  of  4 pg/mL.  The  proposed  method  was  simple,  fast  and  inexpensive  for  the  determination
of  CEA  at  very  low  levels.
. Introduction

Carcinoembryonic antigen (CEA), is one of the most extensively
sed clinical tumor marker. It was first described in 1965 as a
arker of colon cancer, and was expressed in many malignancies,

uch as lung cancer [1,2], ovarian carcinoma [3], breast cancer [4–6],
nd cystadenocarcinoma [7]. Therefore, sensitive determination of
EA is very important in clinical research and diagnosis.

Graphene has recently attracted much attention for its unique
lectronic properties, large specific surface area, potentially low
anufacturing cost, excellent mechanical properties, and supe-

ior thermal properties [8–14]. Owing to all of these exceptional
roperties, graphene finds potential application in microelectron-

cs [15–17], large-area optoelectronics [18–20], sensors [21–23],
ctuators [24] and so forth. Among them, of particular interest for
s is to explore its application in the field of electrochemical sensor.
he high surface area is helpful in increasing the surface load-
ng of the target molecules. The excellent conductivity and small

and gap are favorable for conducting electrons from biomolecules
13]. Graphene-based materials have been reported one after the
ther to fabricate electrochemical sensors, such as electrochemical
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determination of glucose [25,26], �-NADH [27], dopamine [28]
and cytochrome c [29]. More recently, Lin et al. explored the
graphene-based immunosensor [30]. Gong and co-workers used
graphene-based nanomaterials for the ultrasensitive detection of
cancer biomarker [31]. Zhang’s group used nanogold-enwrapped
graphene nanocomposites as tracer labels to quantify carcinoem-
bryonic antigen [32]. These results indicated that graphene-based
materials possessed a great potential to fabricate the electrochem-
ical sensor.

In  this paper, we  proposed a new lable-free electrochemical
immunosensor based on the graphene material. First we pre-
pared the gold nanoparticle–thionine–reduced graphene oxide
(GNP–THi–GR) nanocomposites. To fabricate the nanocomposites,
THi was initially noncovalently bound to the GR sheet through �–�
stacking to form a novel redox active hybrid material (THi–GR).
Subsequently, GNPs were anchored to the surface of THi–GR by the
chemisorption of the amine groups of the THi and the opposite-
charged adsorption. Herein, THi not only acts as an electrochemical
active species but also acts as a “glue” to connect the GNPs to the
GR sheets. As shown in Fig. 1. The resulting GNP–THi–GR nanocom-
posites combined the following advantages: (1) GR possesses fast

electron transfer kinetics and large specific surface area; (2) THi
has good electrochemical redox active properties; (3) GNPs can
provide a microenvironment to retain the proteins conformation
and make them free in orientation [33]. In addition, the GNPs could
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ffectively promote electronic transfer [34]. So, the immunosensors
ased on the GNP–THi–GR nanocomposites significantly enhanced
he sensitivity and greatly simplified the assay system.

.  Experimental

.1. Reagents

Graphite powder, trisodium citrate and thionine acetate salt
ere obtained from Shanghai Biochemical Reagent Company

Shanghai, China). Chloroauric acid (HAuCl4), lyophilized bovine
erum albumin (BSA), CEA and CEA antibody (anti-CEA) were pur-
hased from Sigma (St. Louis, USA). GNPs with mean size of 16 nm
ere prepared by citrate reduction of HAuCl4 in aqueous solu-

ion at 100 ◦C for half an hour [35]. Phosphate buffer solution (PBS,
.1 mol/L, pH 6.0) was used as working solution. All solvents were
f analytical grade. Ultrapure water from a Milli-Q plus system
Millipore Co., >18 M� cm)  was used in all aqueous solutions and
insing procedures. The healthy people’s serum specimens supplied
y Central Hospital of Shangqiu were diluted to different concen-
rations with PBS of pH 6.0.

.2. Apparatus

Electrochemical measurements were recorded using a CHI
60D electrochemical workstation (Shanghai, China) with a con-
entional three electrode system comprised of platinum wire
s the auxiliary electrode, saturated calomel electrode (SCE) as
he reference electrode and modified glassy carbon electrode
GCE, 3 mm in diameter) as the working electrode. The elec-
rochemical impedance spectroscopy (EIS) measurements were
erformed in the solution of 0.10 mol/L KCl containing 5.0 mmol/L
3[Fe(CN)6]/K4[Fe(CN)6] (1:1) mixture as a redox probe at a
ias potential of 0.20 V. The alternative voltage was  5 mV  and
he frequency range was 0.1–1.0 × 105 Hz. The ultraviolet–visible
UV–vis) spectrometry was acquired with a UV 2300 spectropho-
ometer (Shanghai, China). Scanning electron microscopy (SEM)

mages were obtained using an S-3000 N scanning electron micro-
cope (Tokyo, Japan). Ultrasonication was performed using a
Q-100E ultrasonic cleaner (Kunshan, China). All experiments were
erformed at room temperature.

Fig. 1. Preparation process of the GNP–THi–G
 (2011) 2620– 2625 2621

2.3. Preparation of GR

Graphene  oxide (GO) was  first synthesized from natural
graphite powder using a modified Hummers and Offeman’s method
[36]. GR was  prepared by the chemical reduction of GO according
to the literature with a little modification [37]. Briefly, the resulting
GO dispersion (100 mL)  was mixed with certain amount of ascorbic
acid solution. Then the mixture was  treated by ultrasonication for
1 h at 60 ◦C. The obtained black suspension was  washed with water
for several times and dried in vacuum at 60 ◦C overnight.

2.4. Preparation of GNP–THi–GR nanocomposites

In a typical procedure, the as-prepared GR (1 mg) were dispersed
in 1 mL  water by ultrasonication, and then mixed with 1 mL  of
1 mmol/L THi solution at room temperature for at least 12 h. After
discarding the supernatant, the THi–GR nanocomposites again
were dispersed in 1 mL  water. Subsequently, the THi–GR nanocom-
posites were added dropwise into 20 mL  of the as-prepared GNPs.
The mixture was  allowed to react at room temperature under stir-
ring for 24 h, followed by centrifugation. The resulting GNP–THi–GR
nanocomposites were washed with water and then re-dispersed in
1 mL  of PBS (pH 7.4) buffer and stored at 4 ◦C before use.

2.5.  Fabrication of the immunosensor

Glassy  carbon electrode (GCE) was  polished down to mirror-
like with 1.0 and 0.3 �m alumina slurry, followed by successive
ultrasonication in distilled water and ethanol for 5 min  and dried
in air. Afterwards, 5 �L GNP–THi–GR nanocomposites were dipped
onto the surface of the GCE, and dried for 2 h at room tempera-
ture. The obtained electrode was  immersed in the anti-CEA solution
and incubated for more than 12 h at 4 ◦C. Then, unbound antibod-
ies were washed away with PBS. Subsequently, the as-prepared
immunosensor was incubated in 1% BSA for 1 h at 37 ◦C to block pos-

sible remaining active sites and avoid the nonspecific adsorption.
After washed carefully for three times with PBS, the electrode was
stored at 4 ◦C while not in use. The fabrication process of the elec-
trochemical immunosensor is schematically illustrated in Fig. 1.

R nanocomposites and immunosensor.
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was modified with GNP–THi–GR nanocomposites, the semicir-
cle domain became smaller in curve b. The reason may  be that
THi as an excellent electron transfer mediator and GR  together
with GNPs in the GNP–THi–GR nanocomposites possessing good
ig. 2. SEM images of GR (a), GNP–THi–GR nanocomposites (b) and GNP–GR
anocomposites (c).

.6. Electrochemical measurement procedures

The prepared immunosensor was incubated in 100 �L incuba-
ion solution containing different concentration of CEA at 37 ◦C for
0 min. After the residual was removed with PBS, differential pulse
oltammetry (DPV) from 0.2 to −0.6 V (vs. SCE) was recorded in
.1 mol/L PBS (pH 6.0). The measurement principle was  based on
he inhibition of the response current of THi in the GNP–THi–GR
anocomposites after the formation of antigen–antibody complex,
hich was directly proportional to the concentration of CEA.

.  Results and discussion

.1.  Characterization of the GNP–THi–GR nanocomposites

The morphology of GR, GNP–GR and GNP–THi–GR nanocom-
osites were characterized by SEM technique. The SEM image of

R (Fig. 2a) showed a wrinkled paper-like structure with irregular
ize. These wrinkles are important for preventing the aggrega-
ion of graphene during drying and maintaining a high surface
rea [38,39]. From Fig. 2b, it can be clearly seen that GNPs were
Fig. 3. UV–vis absorption spectra of GR (a), THi–GR (b) and pure THi solution (c).

bound on THi–GR surface with dense distribution, indicating the
strong interaction between the GNPs and the THi–GR nanocom-
posite. For comparison, we  mixed the GR with the GNPs without
THi molecules, and observed few GNPs anchored on the GR sheets
(Fig. 2c), indicating the important role of THi molecules play in the
binding of GNPs to the GR sheet.

UV–vis spectrometry was employed to explore the interactions
between GR and THi. Fig. 3 showed the typical UV–vis spectra
of GR (a), THi–GR (b) and pure THi solution (c). The spectrum of
GR showed an absorption band at about 266 nm (curve a), which
corresponded to the chemically reduced GO [40]. Two absorption
bands at 280 and 599 nm were observed at THi–GR nanocomposite
(curve b). In comparison with those obtained at pure THi solution
(curve c), the slightly red shift and broadened for the absorption
band at 599 nm provided further evidence for the formation of
THi–GR nanocomposite. This phenomenon was  consistent with the
reported literature [31].

3.2.  Electrochemical characteristics of the immunosensor

In order to confirm that the sensing interface has been con-
structed successfully, we utilized EIS to monitor the impedance
change of each modification process. The results were shown in
Fig. 4. It was  observed that the bare GCE showed a small well semi-
circle domain at higher frequencies (curve a). After the electrode
Fig. 4. EIS of bare GCE (a), GNP–THi–GR/GCE (b), anti-CEA/GNP–THi–GR/GCE (c),
BSA/anti-CEA/GNP–THi–GR/GCE (d) and CEA/BSA/anti-CEA/GNP–THi–GR/GCE (e) in
5 mmol/L K3Fe(CN)6/K4Fe(CN)6 (1:1) solution containing 0.1 mol/L KCl.
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Fig. 5. The different modified electrodes in 0.1 mol/L PBS: (a) bare GCE,
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b)  GNP–THi–GR/GCE, (c) anti-CEA/GNP–THi–GR/GCE, and (d) BSA/anti-
EA/GNP–THi–GR/GCE, all potentials were given vs. SCE and the scan rate
as  50 mV/s.

onductive properties are favorable for the electron transfer. After
he GNP–THi–GR/GCE was incubated with anti-CEA, a large semi-
ircle domain was found in curve c. Subsequently, when BSA was
dsorbed on the surface, the electron-transfer resistance obvi-
usly increased (curve d). At last, after CEA was coupled onto the
SA/anti-CEA/GNP–THi–GR/GCE, an increase of interfacial resis-
ance was obtained (curve e). The reason may  be that the outer
rotein membrane on the electrode acts as the electron com-
unication and mass-transfer blocking layer, further insulating

he conductive support and counteracting the interfacial electron
ransfer [41].

On  the other hand, cyclic voltammetry (CV) was  employed to
onitor each immobilization step and the corresponding results
ere shown in Fig. 5. It can be seen that the bare GCE had no redox
eak in PBS solution (curve a) for the absence of redox probes.
hen a pair of well-defined redox peak was appeared in curve b
ith GNP–THi–GR nanocomposites modified GCE. Therefore, these

wo peaks were from the redox reaction of THi in the GNP–THi–GR
anocomposites. However, the loading of anti-CEA led to a decrease
f the redox peak currents (curve c). After the modified electrode
as immersed in BSA, a further decrease of the current can be

bserved (curve d). These measurements were in good agreement
ith the results obtained from EIS.

Moreover, The CVs of the resulting immunosensor in PBS (pH

.0) at different scan rates were also studied. The results were
hown in Fig. 6. It can be observed that the couple of redox peak
urrents increased with the increase of potential scan rate. In addi-
ion, both the anodic and cathodic peak currents were directly

ig. 6. Cyclic voltammograms of the modified electrode at different scan rates (from
nner to outer): 20, 50, 100, 150, 200, 250, 300 and 400 mV/s in 5 mL 0.1 mol/L PBS
pH 6.0) under room temperature. The inset shows the dependence of redox peak
urrents on the potential sweep rates.
Fig. 7. Effects of (a) pH of detection solution, (b) incubation temperature, and (c)
incubation time on the immunosensor.

proportional to the potential scan rates in the range of 20–400 mV/s
(shown in the inset), suggesting a surface confined redox process
[42].

3.3. Optimization of analytical conditions for immunoassay

The pH of the supporting electrolyte would influence the elec-
trochemical response of the immunosensor. Unsuitable pH may
cause protein denaturalization. In addition, the pH may  affect the
electrochemical behavior of the THi. In order to optimize the pH, a
series of PBS solutions with the pH from 5.0 to 8.5 were prepared
and the immunosensors were tested by CVs (Fig. 7a, a–h, scan rate
50 mV/s). It was  found that the immunosensor exhibited a maxi-
mal current response at pH 6.0 PBS and an increase in pH led to a

decrease of the redox peak current (Fig. 7a, inset). The reason was
that the reduction and the oxidation of THi need the participation
of proton. Thus, the optimal pH of 6.0 was chosen in the further
study.
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Fig. 9. Current response of the immunosensor to 100 pg/mL CEA (1), (1) +1 ng/mL
IgG (2), (1) +1 ng/mL BSA (3), (1) +1 ng/mL AA (4), (1) +1 ng/mL lysine (5), (1) +1 ng/mL
cysteine (6), (1) +1 ng/mL glutamate (7), (1) +1 ng/mL glucose (8). Error bar = RSD
(n = 5).

Table 1
Recovery of prepared immunosensor.

Sample Standard value of CEA (pg/mL) Found (pg/mL) Recovery (%)

1 40 45.20 113
2 80 78.98 98.7
3 100 92.46 92.5
ig. 8. The calibration curve of the immunosensor for CEA determination. Inset:
PV curves of the immunosensor after incubating with different CEA solutions with
oncentrations of 0, 10, 50, 200, and 500 pg/mL (from top to bottom).

To acquire a high electrochemical response, incubated condi-
ions such as incubation temperature and incubation time for the
ntigen–antibody reaction should be optimized. The effect of incu-
ation temperature on the immunosensor was studied in the range
rom 20 to 42 ◦C as shown in Fig. 7b. The current response decreased
ith increasing temperature up to 37 ◦C, while the temperature

ver 37 ◦C, the current response began to increase, implying a favor
f the physiological temperature about the immunoreaction. Thus,
he incubation temperature was chosen to be 37 ◦C. At this tem-
erature, we investigated the effect of the incubation time on the
urrent response (Fig. 7c, scan rate 100 mV/s). It was found that the
esponse signal decreased with the incubation time up to 10 min
nd then tended to level off, which indicated an equilibration state
as reached. Therefore, 10 min  of incubation time was used for the
etection of CEA.

.4.  Performance of the immunosensor

Under  the optimal conditions, the DPV response of the
mmunosensor to CEA was investigated. As expected, the cur-
ent response signal decreased with increase of CEA concentration
ecause antigen–antibody complex acting as an inert block layer
indered the electron transfer toward the electrode surface. The
alibration plots were obtained by recording the current response
ersus the different concentrations of CEA standard solutions
Fig. 8). The linear range spans the concentration of CEA from 10
o 500 pg/mL, with a correlation coefficient of 0.9978. The lin-
ar regression equation was y = −0.0042x + 6.0412 and a detection
imit was estimated at 4 pg/mL (S/N = 3). The performances of the
eveloped CEA immunosensors were superior to those of other

mmunosensors reported in the literatures [43–48], especially the
etection limit.

.5.  Selectivity, reproducibility and stability of immunosensors

Selectivity is a crucial parameter which influences the perfor-
ance. Thus, the potential interferents, including human IgG, BSA,

itamin C, l-lysine, l-cysteine, l-glutamate and glucose were stud-
ed. The 100 pg/mL of CEA solution containing 1 ng/mL of interfering
ubstances was tested by the immunosensor and the results are
hown in Fig. 9. The current variation due to the interfering sub-
tances was less than 6% of that without interferences, indicating

he selectivity of the immunosensor was satisfactory.

To evaluate the reproducibility of the immunosensors, a series
f five electrodes were prepared for detecting 100 pg/mL CEA. The
elative standard deviation (RSD) of the measurements for the five
4 150 142.87 95.3
5 200 207.94 104

electrodes was 4.6%, suggesting the precision and reproducibility of
the immunosensor was  quite good. The stability of the successive
assays was  studied. After 50 CV measurements in PBS, a RSD of
3.2% was  acquired. The long-time stability of the immunosensor
was also investigated. When not in use, the electrode was stored
in PBS at 4 ◦C. After two  weeks, the response of the immunosensor
retained about 90% of its initial value. The good stability may  be due
to the fact that the protein molecules were attached firmly onto the
surface of GNP–THi–GR nanocomposites.

3.6.  Real sample analysis

To  examine the applicability and reliability of using the present
immunosensor for practical analyses, recovery experiments were
performed by standard addition methods in human serum. Sev-
eral freeze-drying standard samples were dissolved in the human
serum samples with concentrations from 40 pg/mL to 200 pg/mL
and analyzed by using the proposed immunosensor. The exper-
imental results are listed in Table 1. It showed an acceptable
recovery in the range of 92.5–113%. This result also indicated that
the present immunosensor might provide a feasible alternative tool
for determining CEA in human serum for routine clinical diagnosis.

4. Conclusions

In this paper, we had synthesized GNP–THi–GR nanocomposites
using THi molecules as interlinkers. The �–� stacking interactions
between GR and THi, and the interaction between the amine groups
in THi and GNPs together with the electrostatic interaction between
THi and GNPs, resulted in the formation of GNP–THi–GR nanocom-
posites. Based on this nanocomposite film, a sensitive and label-free
immunosensor for CEA determination was  developed. It was  worth

noting that the as-prepared nanocomposites in our work combined
the advantages of the GR (unique electrical conductivity, enlarged
active surface area) and THi (excellent redox activity) together with
GNPs (excellent biocompatibility). Therefore, the immunosensor
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xhibited a highly response sensitivity, a low detection limit, good
tability and a wide linear range to CEA.
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