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6 A label-free electrochemical immunosensor for
7 carcinoembryonic antigen detection at graphene doped
reeevedoon iy 200, 8 With  poly(3,4-ethylenedioxythiophene)/Au nanoparticles
9 platform
* *
10 Yan-Sha Gao,”” Jing-Kun Xu,”" Li-Min Lu,”" Xiao-Fei Zhu,” Wen-Min Wang,’ Tao-Tao Yang,® Kai-Xin
Accepted 00th January 20xx 11 Zhang,b Yong-Fang Yu®
DO 10.1039/x0xx00000x 12 In this work, a two-step method was developed for the fabrication of graphene doped poly(3,4-
WWW.rsc.org/ 13 ethylenedioxythiophene)/Au nanoparticles (AuNPs/PEDOT/GR) sensing platform. PEDOT nanorods grown on graphene
14  oxide nanosheets (PEDOT/GO) were firstly synthesized by liquid-liquid interfacial polymerization, followed by the chemical
15 reduction of HAuCl, by NaBH,. During the reduction process, GO doped in the PEDOT was also reduced to a more
16 conductive form of GR. The obtained AuNPs/PEDOT/GR showed excellent conductivity and large surface area. Thus, a
17 simple and sensitive label-free immunosensor based on AuNPs/PEDOT/GR nanocomposite has been proposed to detect
18 carcinoembryonic antigen (CEA) by measuring the change of electrochemical response before and after the
19 immunoreaction. Under the optimized conditions, the linear range of the proposed immunosensor is estimated to be from
20 0.0004 to 40 ng mL™ (R? = 0.9969) and the detection limit is estimated to be 0.1 pg mL" at a signal-to-noise ratio of 3,
21 respectively. Moreover, the immunosensor was examined for use in the determination of CEA in real human serum
22 samples with satisfactory results.
23

Introduction

Tumor markers are useful tools in the diagnosis of tumors,
whose measurement or identification is of great importance for
patient diagnosis or clinical management. Carcinoembryonic
antigen (CEA), a tumor-associated antigen with a molecular
weight of approximately 200 kDa, is a glycoprotein involved in
cell adhesion, and is a glycosyl phosphatidyl inositol cell
surface anchored glycoprotein.' Basically, the low levels of
CEA in colon tissue of adults are reported as 2.5-5.0 pg L'

43  whether labels are used or not, immunosensors are divided into
44  two categories: labeled type and label-free type. In general,
45 most of the labeled immunosensors must use specific material
46 as the second antibody’s marker.”* However, the activity of
47 the prepared conjugates must be carefully controlled, and some

additional reagents and procedures must be involved. Faced
with this dilemma, label-free immunosensor especially has
attracted great research interests due to its simple preparation,
more cost effectiveness and well activity conservation of
antibodies or antigens.

For an electrochemical immunosensor, its performance is

However, an elevated CEA concentration in adult plasma is 54  critically dependent on the properties of electrode interface.
widely accepted as an early indicator for diagnosis and 55 Recently, great interest in the preparation of nanocomposites of
prognostics of some cancerous diseases such as breast tumors, 56 conducting polymers and graphene or graphene derivatives has
colon tumors, ovarian carcinoma and cervical carcinomas.®’ 57 increased dramatically due to their synergistic effects.!> 14
Hence, it is very important to detect trace amount of CEA for 58 Among the conducting polymers, poly(3,4-
carly discovery, early diagnosis and early treatment. 59 ethylenedioxythiophene) (PEDOT) is the most investigated
Immunosensors, particularly the electrochemical 60 conducting polymer due to its excellent electrochemical
immunosensors, have been proved to be ideal methods for the 61 activity, high electric conductivity, low bandgap, excellent

detection of CEA because of their high accuracy, sensitivity
and selectivity, low cost and easy operation.'®!! Depending on

aColIege of Science, Jiangxi Agricultural University, Nanchang 330045, PR China
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environmental stability, and transparency in the doped state.'>
1 Moreover, PEDOT nanostructures including nanorods and

64 nanotubes are deemed as excellent sensing materials'™'®
65 because of their high surface area and capability of offering
66 amplified sensitivity. Template method is often used as a
67 universal and powerful controlled approach towards obtaining

nanostructures. Recently, graphene oxide (GO), the
oxygenated derivative of graphene (GR), bearing epoxy,
hydroxyl, carbonyl, and carboxyl groups on the single atomic
layer of carbon, is unique and much more promising than other

J. Name., 2013, 00, 1-3 | 1
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carbon materials like carbon nanotubes carbon fibers and
fullerenes.'”*? The outstanding structural, mechanical and
thermal properties and large surface area of GO offer the
possibility of it being an excellent filler or template for
fabricating nanocomposites.?> Thus, nano-hybrid composites of
PEDOT/GO can be prepared by a simple liquid-liquid
interfacial polymerization process due to its unique advantages
of simple synthesis and purification without template moving
steps.?

Au nanoparticles (AuNPs), one of electroactive noble
materials, have been widely used in the fabrication of
electrochemical immunosensor because of advantages such as
good conductivity and biocompatibility, easy and rapid
synthesis, narrow size distribution and excellent stability.25
They can provide more active sites for the binding of
antibodies and can accelerate the electron transfer process for
signal amplification to achieve high sensitivity.”® In order to
further improve the conductivity and increase the surface-to-
volume ratio, Au nanoparticles should be loaded onto some
nano-matrixs prior to the fabrication of electrochemical
immunosensor.

In this work, we described a new electrochemical
immunosensor for the detection of CEA based on
AuNPs/PEDOT/GR composite for the first time. For the
preparation of AuNPs/PEDOT/GR composite, PEDOT/GO
composite was firstly synthesized by a simple liquid-liquid
interfacial polymerization according to our previous work.?’
And then a mixture of the obtained PEDOT/GO and HAuCl,
were reduced by NaBH, at room temperature. In this chemical
reduction process, GO and HAuCl, were reduced to GR and
AuNPs, respectively. The prominent biocompatibility,
excellent electron transport capability and large specific
surface area of AuNPs/PEDOT/GR can greatly enhance the
electrical signal and improve the immobilizing amount of
antibody on the electrode surface. The sensitive detection of
CEA was realized by monitoring the change in the electrode
response of [Fe(CN)s]*"* before and after the antigen-antibody
reaction. The fabricated immunosensor exhibited a good
response for the detection of CEA and showed great potential
for application in real sample analysis.

2 Experimental

2.1 Chemicals

CEA and anti-CEA antibody were purchased from Bosai
Biotechnology co., Itd. Human serum samples were purchased
from a local hospital. Bovine serum albumin (BSA) and 3.4-
ethylenedioxythiophene (EDOT) was purchased from Sigma-
Aldrich. Graphene oxide (GO) was obtained from Nanjing
Xianfeng nano Co. The diameter of the GO was about 1~5 nm,
and the thickness was about 0.8~1.2 nm. HAuCl,;-3H,O was
purchased from Sinopharm Chem. Re. Co. Ltd. Ferric chloride
(FeCl;) and chloroform (CHCl;) were purchased from
Shanghai Chemical Co., Ltd., (Shanghai, China). Phosphate
buffer (0.1 M, pH 7.0) was used as an electrolyte for all
electrochemistry measurement. All other reagents were of
analytical grade and were used without further purification and
double distilled water was used throughout the experiments.

2.2 Apparatus

Scanning electron microscopy (SEM) analysis was performed
using a Hitachi S-3000 N scanning electron microscope.
Transmission electron microscope (TEM) images were
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obtained at a FEI Tecnai G20 transmission electron microscope
(FEI Co., Ltd., America). X-ray diffraction (XRD) patterns
were recorded on a Rigaku powder diffractometer equipped
with Cu Ka 1 radiation (A = 1.5406 A). A Raman spectrum
(Bruker Raman RM2000) was used to analyze the samples
using a 785 nm laser. Infrared spectra was recorded using
Bruker Vertex 70 Fourier spectrometer with samples in KBr
pellets. The cyclic voltammetric and electrochemical
impedance spectroscopy measurements were carried out on a
CHI660D electrochemical workstation (Shanghai, China). A
standard three-electrode cell contained a platinum wire
auxiliary electrode, a saturated calomel reference electrode
(SCE) and the modified glassy carbon electrode (GCE) (@ =3
mm) as working electrode were employed for electrochemical
studies. All potential values given below refer to SCE.

2.3 Preparation of PEDOT/GO and AuNPs/PEDOT/GR
nanocomposites

A typical procedure for the synthesis of PEDOT/GO
composites was shown in Scheme 1. 1 mL of FeCl; (1 M) was
added into 1 mL of GO dispersion aqueous (0.5 mg mL™),
followed by sonication for 10 min. Then the above solution
was slowly added into 2 mL of EDOT solution in CHCl; (25
mg mL") and an interface was generated between two layers.
The above mixture was heated at 50 °C under static conditions.
After the reaction proceed for 24 h, the upper layer mixture
was centrifuged, and the precipitac was washed with distilled
water and ethanol several times, respectively. The resulting
precipitates were collected for further use.

In the second step, the above-obtained PEDOT/GO
precipitates were dispersed in deionized water under
sonication. Prior to AuNPs loading, all glasswares were soaked
in a mixture of nitric acid and hydrochloric acid (1:3) for 1 h,
and then thoroughly washed with deionized water. 1 mL
HAuCl;-3H,0 (5 mM) aqueous solution was added to the
above-prepared PEDOT/GO suspension (8 mL), and the
mixture was vigorously stirred. 15 min later, an aqueous
solution of NaBH, (0.1 M) was added and stirring continued
for the other 6 h at room temperature. In this chemical
reduction process, both GO and Au ions are reduced
completely. Then the resulting nanocomposites of
AuNPs/PEDOT/GR were collected, washed and re-dispersed in
1 mL water and stored in 4 °C for further use.

2.4 The preparation of immunosensor

The glassy carbon electrode (GCE) was mechanically polished
with chamois leather containing 0.05 pm alumina slurry, and
then it was ultrasonically cleaned with doubly distilled water,
absolute ethanol and doubly distilled water each for 5 min,
respectively. 5 pL of the AuNPs/PEDOT/GR suspension was
transferred on the surface of GCE and then dried in air.

The obtained above modified electrode
AuNPs/PEDOT/GR/GCE was incubated in anti-CEA antibody
solution (20 pg mL™) to immobilize antibody molecules onto
the surface of AuNPs. After washing, 5 pL of 1 wt% BSA
solution was added and incubated for 30 min to eliminate
nonspecific binding sites. Subsequently, the electrode was
washed and incubated with a varying concentration of CEA for
50 min at room temperature, and then the electrode was
washed extensively to remove unbounded CEA molecules. The
prepared electrode was ready for measurement after washing
and the fabricated procedure of the immunosensor was shown
in scheme 1.

This journal is © The Royal Society of Chemistry 20xx
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233 For clear characterization of the products, the TEM of
234 PEDOT/GO (A) and AuNPs/PEDOT/GR (B) were presented in
235 Fig. 2. As can be seen in Fig. 2A, it was obvious that the GO
236 sheets had been decorated randomly with the PEDOT nanorods,

GO 237 which illustrated the successful combination with PEDOT and
238 GO. As for AuNPs/PEDOT/GR (Fig. 2B), the composite of
239 PEDOT-GR are decorated successfully with many well-
240 dispersed AuNPs. It is noted that the particle size of the Au
241 distributed with an average diameter of about (10£2) nm. In
Drop cast AuCl, = 242 fact, this was just an advantage over the composite surface for
@ — — S 243 increasing the immobilized amount of anti-CEA antibody.*
Chemical 244 The FT-IR spectras of PEDOT/GO (a) and
AuNPSPEDOT/GR ~ ™dUetion  pEDOT.GO 245 AuNPs/PEDOT/GR (b) were shown in Fig. 3A. In the
Anti-CEA " " 246 spectrum of the PEDOT/GO (a), a typical peak at 1732 cm™
' 247  attributed to the C=0 stretching was observed, suggesting the

P e <+ SRassens ¢ & \ $ 248 existence of oxygen functionalities at GO surface. The
& (— @ — 249  spectrum of PEDOT/GO also showed bands originating from
BSA CEA 250 OH stretching and absorbed water (3380 cm™), C=C (1631 cm’
251 ), C—C (1404 cm™), and C—O—C (1094 cm™). There were other
193 T AuNPs % pEpOT (0 GR 252 adsorption peaks at 821 and 685 cm™, which corresponded to
oo . 3

194 scheme 1 Schematic illustration of the fabrication procedure 253 v1brat10p modes of C-S-C bond of thiophene ring,
195  of the immunosensor 254  suggesting the PEDOT has been successfully decorated on the
) 255  surface of the GO sheets. In comparison with the PEDOT/GO,
256 besides the same peaks derived from PEDOT/GO, the

196 2.5 Experimental measurements 257 absorption peaks appeared at 1731 and 1094 cm™ weakened

258 dramatically in the FTIR spectra of AuNPs/PEDOT/GR (b),
197 Electrochemical experiments were carried out in 5 mL 259 which indicated that the GO was effectively transformed into
198 phosphate buffer (pH 7.0) containing 5 mM [Fe(CN)¢]*"* at 260 GR in the process of synthesis.

199 room temperature. Cyclic voltammetry experiments were
200 recorded at a potential range from - 0.2 to 0.6 V (vs. SCE) with
201 scan rate of 50 mV s™'. Differential pulse voltammetry (DPV)
202 was recorded at a potential from - 0.2 to 0.6 V (vs. SCE) with a
203 pulse period of 0.2 s and amplitude of 50 mV. Electrochemical
204 impedance spectroscopy (EIS) was recorded within a
205 frequency range from 0.1 Hz to 100 kHz, and amplitude of 5
206 mv.

207 3 Results and discussion

208 3.1. Characterization

209 The surface morphology of as-prepared PEDOT/GO (A) and
210 AuNPs/PEDOT/GR (B and C) films were investigated by SEM.
211 As for the PEDOT/GO (Fig. 1A) composite, it can be seen that
212 the GO sheets had been decorated randomly with a large
213 amount of PEDOT nanorods. It is also found that the structure 261

214 of PEODT/GO composite prepared by interface polymerization i )
215 method is the same as it was in previous literatures.2>? 262 Fig. 1. SEM image of PEDOT/GO (A), AuNPs/PEDOT/GR (B) and

216 Therefore, it is reasonable to believe that the carboxyl, 263 magnification SEM image of AuNPs/PEDOT/GR (C) films; EDS
217 hydroxyl and epoxide, and these randomly distributed 264  elemental analysis of AuNPs/PEDOT/GR (D).

218 functional groups on the surface and edges of GO sheets served 265
219 act as nucleation sites for growth of the nanorods-like

220 PEDOT.**! As the nanorods-like PEDOT structures give a

221 high specific surface area compared to their conventional bulk

222 counterparts,®* it can act as matrix carriers to anchor a large

223  amount of AuNPs. From the Fig. 1B and C, it can be observed

224  that a much higher density of AuNPs with smaller sizes were

225 formed on the PEDOT nanorods.

226 In order to further confirm the components, the

227 AuNPs/PEDOT/GR composite of energy dispersive spectrum

228 (EDS) analysis was performed. The EDS profile in Figure 1D 266 :
229 revealed the presence of Au, C, O and S, the component 267 Fig. 2. TEM images of PEDOT/GO (A) and AuNPs/PEDOT/GR (B)
230 elements of the composite of AuNPs/PEDOT/GR. Cl and Fe 268 nanocomposites.

231 came from the oxidants and In, Si and Ca came from the ITO
232 glasses.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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Raman spectroscopy was further used to evaluate the nature
and the relative quantities of carbonaceous materials, formed
on the particle surfaces in the as-prepared composites.* Fig.
3B shows the Raman spectra of PEDOT/GO (a) and
AuNPs/PEDOT/GR (b), which were very similar to the
previous reports.'® For PEDOT/GO and AuNPs/PEDOT/GR
composites, the characteristic peaks at 440, 574 and 1101 cm™
were assigned with C—-O-C bond deformation. Vibrational
modes observed at 853 and 986 cm™ were assigned to O-C—C
deformation and oxyethylene ring deformation. The
appearance of peaks at 1253 and 1363 cm™ were due to the
thiophene C—C inter-ring stretching. The peaks at 1424 and
1506 cm™ were corresponded to symmetric and antisymmetric
C=C stretching, respectively.”> Moreover, a band of
PEDOT/GO at 1563 cm' shifted to 1550 cm” in
AuNPs/PEDOT/GR, which might be due to the fact that GO in
the nanocomposite was reduced to GR.*®

The structure of the PEDOT/GO (a) and AuNPs/PEDOT/GR
(b) were investigated by XRD and the pattern was shown in
Fig. 4. For the patterns of PEDOT/GO (a), the peak at about
11.9° could be clearly observed, while it was disappeared in
the pattern of the AuNPs/PEDOT/GR (b). The disappearance
of the peak at about 11.9° confirmed that most oxygen
functional groups were removed and GO was reduced to GR
successfully.’’** Besides, the PEDOT/GO displayed a broad
diffraction peak at 20 = 26.96°, which can be attributed to the
intermolecular spacing of polymer backbone or assigned to the
(020)  reflection.®*  Furthermore, XRD  analysis of
AuNPs/PEDOT/GR (b) also confirmed the diffraction features
appearing at 20 as 38.35°, 44.57°, 64.78°, 77.89° and 81.97°
that correspond to the (111), (200), (220), (311) and (222)
planes of the standard cubic phase of Au, respectively.

A

=9| c¢
C=C c.oC

Transmittance (a.u.)

O-H

3500

2800 2100 1400 700

Wave numbers (cm™)

Intensity (a.u.)

500 1000 1500 2000 2500

Raman shift (cm™)

Fig. 3. (A) FT-IR and (B) Raman spectroscopy of PEDOT/GO (a)
and AuNPs/PEDOT/GR (b) nanocomposites.
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Fig. 5. EIS of bare GCE (a), PEDOT/GO (b), AuNPs/PEDOT/GR
(c),  Ab/AuNPs/PEDOT/GR/GCE  (d),  BSA/Ab/AuNPs/
PEDOT/GR/GCE (e) and BSA/Ab/AuNPs/ PEDOT/GR/GCE after
incubated with 4 ng mL? of CEA (f) in 5.0 mM
KsFe(CN)e/KsFe(CN)g (1:1) containing 0.1 M KCl. Inset:
equivalent circuit for fitting the plots. Rs: solution resistance;
Rct: chargetransfer resistance; CPE: constant phase element,
which is a complex of various elements; W: Warburg
resistance, which reflects diffusion barrier in the low
frequency part.

3.2 Electrochemical characteristics of the immunosensor

Electrochemical impedance spectroscopy (EIS) is an effective
tool for monitoring the interfacial properties of surface-
modified electrodes. In the study, the impedance changes of the
immunosensor surface in the fabrication process and the
formation of an antigen—antibody complex were observed by
EIS (Fig. 5). The data can be fitted with a modified Randles
equivalent circuit (inset in Fig. 5)."' Fig. 3 presents the
representative impedance spectrum of the bare GCE (a),
PEDOT/GO (b), AuNPs/PEDOT/GR (o),
Ab/AuNPs/PEDOT/GR/GCE (d), BSA/Ab/AuNPs/PEDOT/
GR/GCE (e) and BSA/Ab/AuNPs/PEDOT/GR/GCE after
incubated with 4 ng mL' of CEA (f) in 5.0 mM
K;Fe(CN)¢/K4Fe(CN)g (1:1) containing 0.1 M KCI. After the
PEDOT/GO was modified onto the GCE (b), the semicircle
dramatically decreased relative to the bare GCE (a) owing to
the good conductivity of PEDOT nanorods. Compared with
PEDOT/GO (b), the semicircle of AuNPs/PEDOT/GR (c)
decreased distinctively, suggesting faster electron transfer

This journal is © The Royal Society of Chemistry 20xx
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kinetics of [Fe(CN)s]>™ on the electrode surface, which was
ascribed to the significantly improved electrical conductivity of
PEDOT and GR. When anti-CEA was immobilized onto the
modified electrode, the Ret presented an apparent increase (d),
which might be due to the fact that the anti-CEA was
successfully immobilized on the surface and formed an
additional barrier and blocked the electron exchange between
the redox probe and the electrode. The Ret increased in a
similar way after BSA was used to block nonspecific sites (e).
After the immunosensor was incubated with the CEA antigen,
the Ret further increased (f), which indicated the formation of a
hydrophobic immunocomplex layer hindering the electron
transfer.

Cyclic voltammetry (CV) was employed to monitor each
immobilization step and the corresponding results were shown
in Fig. 6A. The redox-labeled [Fe(CN)s]*™ revealed a
reversible CV at the bare GCE (a). After the pretreated GCE
was modified with AuNPs/PEDOT/GR, the peak current
increased (b), implying that the AuNPs/PEDOT/GR
nanocomposites facilitated the electron transfer. However, the
peak current decreased after anti-CEA was immobilized onto
the modified electrode surface (c), which indicated that the big
protein molecules blocked the electron transfer, in agreement
with the results of EIS. A further decrease of the peak current
was observed when BSA was employed to block non-specific
sites (d). After the immunosensor was incubated with CEA
antigen, the peak current decreased due to the immunocomplex
retarding the electron transfer (e).

Useful information involving electrochemical mechanism
usually can be acquired from the relationship between peak
current and scan rate. The CV of the proposed immunosensor
in 5.0 mM [Fe(CN)¢]*™ solution at different scan rates are
investigated in the range of 10-250 mV s™. It is clearly
observed that the potentials and peak currents are dependent on
the scan rate in Fig. 6B. As shown in the inset of Fig. 6B, both
the anodic and cathodic peak currents were directly
proportional to the square root of scan rate, suggesting a
diffusion controlled process.

3.3. Optimization of experimental conditions

The factors influencing the performance of the immunosensor
included the buffer pH, the incubation temperature, and the
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incubation time. The effect of pH on the detection solution on
the immunosensor behavior was investigated over a pH range
from 5.5 to 8.0 with 0.4 ng mL™" CEA. As shown in Fig. 7A,
the current responses increased from pH 5.5 to 7.0 to reach the
maximum value and decreased from pH 7.0 to 8.0. Hence, pH
7.0 was chosen as the optimum pH of the detection solution
throughout this study to obtain a high sensitivity.

Incubation time is another important parameter in the
construction of the immunosensor. As shown in Fig. 7B, the
immunosensor was incubated in a constant concentration of
CEA for different times. A I rapidly increased within the first
50 min and then decreased. Therefore, 50 min was chosen as
the optimal incubation time.

The effect of temperature on the current responses was also
studied at the temperature range from 10 to 50 °C. As shown in
Fig. 7C, maximum response was achieved at a temperature
around 35 °C. However, temperature above 40 °C might cause
irreversible denaturation of CEA and anti-CEA. As is well
known, long-time use in high temperature may damage the
modifier and affect the lifetime of the immunosensor. Thus,

35 °C was the best incubation temperature to take
immunoreaction.
3.4 Analytical performance of immunosensor

To assess the sensitivity and dynamic working range of the
electrochemical ~ immunosensor, a  differential pulse
voltammetry (DPV) measurement was applied to detect CEA
standards in pH 7.0 phosphate buffer containing 5.0 mM
Fe(CN)s>* solution. As can be seen in Fig. 8A, when the CEA
concentration increased, the DPV current signal decreased
accordingly. The reason can be attributed to the insulating
CEA protein layer acting as a nonconductor obstructed the
electron transfer between the electrolyte and electrode
surface.*” Therefore, it can be seen that the DPV response of
the immunosensor decreased with the increment of CEA
concentrations, and exhibited a good linear relationship with
the logarithm of CEA concentration from 0.0004 to 40 ng mL™'
(Fig. 8B). The linear regression equation was adjusted to Al
(nA) = 0.4696 + 0.1165 x log C [CEA] (ng mL™', R? = 0.9969).
The relative standard deviations (RSD) for the measurement of
each data point were less than 5.0%. The limit of detection
(LOD) was 0.1 pg mL™" at a signal-to-noise ratio of 3.

I('ulrcnl /;::\

250 mV s’
.

0.2 0.0 0.2 0.4 0.6
Potential / V vs. SCE

Fig. 6. (A) CV of bare GCE (a), AuNPs/PEDOT/GR (b), Ab/AuNPs/PEDOT/GR/GCE (c), BSA/Ab/AuNPs/PEDOT/GR/GCE (d) and
BSA/Ab/AuNPs/PEDOT/GR/GCE after incubated with 4 ng mL™ of CEA (e) in 5.0 mM K3Fe(CN)g/K4Fe(CN)g (1:1) containing 0.1 M KCl. (B) CVs
of the modified electrodes at different scan rates (from inner to outer): 10, 20, 50, 80, 120, 150, 180, 200 and 250 mV s'l; The inset shows
the dependence of redox peak currents on the square root of scan rates.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7. Influence of the pH of the PBS (A), incubation time (B)
and incubation temperature (C) on the current responses of
the developed immunosensor.

The analytical performance of the immunoassay has been
compared with those of other CEA immunoassays reported
(Table 1). The comparative data suggested superiority of the
present sensor over some earlier reported methods, especially
the detection limit. The good electrochemical performance was
ascribed to the large amount of AuNPs with an average
diameter of about (10+2) nm, accordingly more anti-CEA can
be absorbed on the electrode surface, and can enhance the
access chance of the antigen and antibody. Besides, the good
electrons transfer capability of AuNPs/PEDOT/GR can greatly
enhance the electrochemical signal, so the immunosensor
possessed higher sensitivity than previously works.

This journal is © The Royal Society of Chemistry 20xx
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3.5 Selectivity,
immunosensor

reproducibility and stability of the

The selectivity of the proposed immunosensor plays an
important role in analyzing biological samples without
separation. a-Fetoprotein (AFP) was usually used to test the
selectivity of the biosensor for CEA (the concentration of CEA
is 0.4 ng mL™"). AFP, like CEA, is one type of the tumor
markers. The anti-CEA/AuNPs/PEDOT/GR/GCE blocked by
BSA was separately exposed to 10 ng mL™ of AFP and the
current response was recorded. As can be seen in Fig. 9A, the
decrease in the current of AFP was much lower than that of the
CEA. In addition, the effects of glucose, dopamine, glycine and
L-glutamate, which may exist in human serum, were also
investigated. Results showed that higher current was observed
with the 0.4 ng mL"' of CEA than those of interfering
substances. This suggested that the current response caused by
the interaction of CEA and anti-CEA was specific without
much interference from nonspecific adsorption of other
interferents.

A
o0k
-15F
<
§ 30 F
a
-60 F
-0.2 0.0 0.2 0.4 0.6
Potential / V vs. SCE
B 0.8
06F v =0.4696 + 0.1165x
2
R™=0.9969
Zo04f
g
02f
0.0 . " N . .

-3.6 -24 -1.2 0.0 1.2 24
log(C,,(ng mL™))

Fig. 8. Differential pulse voltammetry of the immunosensor
after being incubated with different concentrations of CEA (a—
j: 0, 0.0004, 0.004, 0.04, 0.4, 4, 10, 20, 30 and 40 ng mL™) (A).
The calibration curve based on the change of the DPV peak
currents versus the logarithm of the concentrations (B).
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480 The stability of the immunosensor was also investigated by
a0} A 481 successive cycle scan and long-term storage assay. After 20
482  successive CV measurements under optimal conditions at a
483 scan rate of 50 mV s, a 5.23% decrease in the initial response
30 484  was observed (Fig. 9B). The stability of the immunosensor was
485 studied after storage at 4 °C for a 15-day period, the activity of

=
o: 486 immunosensors can maintained at 81.2%, demonstrating a
~ 20 487 good stability of the immunosensor.
<
ol 488 3.6 Recovery and clinical application of the proposed
489 immunosensor
" . - B . i " Bl | 490 The feasibility of the proposed method for the detection of
F £ S 491 CEA was evaluated by applying it to assay different
o Y Y & & & « 492  concentrations of CEA added in human serum. Tests were
f° 493 performed by immersing the biosensor in five different
494  concentrations of CEA respectively. The experimental results
i B 495  are shown in Table 2, and the recoveries are in the range from
50 |

496 97.00 to 103.20%, indicating that the immunosensor can be
497 effectively applied to the determination of CEA in human
30F 498 serum.

499 4 Conclusions

30k 500 In summary, a new electrochemical immunosensor was
501 proposed by using AuNPs/PEDOT/GR nanocomposite material
502 for detecting CEA. The significantly enhanced sensitivity

Current / pnA
(=]

60F , ) \ , 503 relied on the good conductivity, large specific surface area and
0.2 0.0 0.2 0.4 0.6 504 excellent biocompatibility of AuNPs/PEDOT/GR
5 ] 505 nanocomposite. ~ Under  optimized  conditions,  the
466 Potential / V vs. SCE 506 immunosensor exhibited a wide linear range (0.0004 to 40 ng
-1 . . -1
467 Fig. 9. (A) Comparison of the response of the immunosensor 507 mL"), 1.0\.”. detectlon. .11m1t (0.1 pg mL").  acceptable
468 t0 0.4 ng mL? CEA. 10 ng mL AFP. BSA glucose, dopamine 508 reproducibility, selectivity and stability. It was also
; ’ el o ’ 509 successfully applied for the determination of CEA in human
469 glycine and L-glutamate. (B) The stability of the immunosensor 510 serum sample with good accuracy
470 at successive cycle scan. '
471 To evaluate the reproducibility of the immunosensor, a >11
472 series of five different electrodes were prepared for the 512
473  detection of 0.4 ng mL"' CEA. DPV was used to record the 513
474  electrochemical signal in 5.0 mM [Fe(CN)s]*** in 10 mM PBS
475  solution (pH 7.0). The relative standard deviation (RSD) of the 514
476 measurements for the five electrodes was 4.17%, which 515
477 suggested that the reproducibility of the proposed
478 immunosensor was quite good. 516
479
517 Table 1 Analytical performance of electrochemical immunosensors for detection of CEA.
Immunosensors Linear range (ng-mL™) Detection limit (ng-mL"™") References
3D-AuNPs/GN 0.001-10 0.00035 [9]
NGC-PWE? 0.001-10 0.0006 [43]
Chit-AuNPs/GCE 0.5-60 0.2 [44]
PTGO/GCE® 0.01-60 0.005 [45]
AuNPs/thionine/Nafion/GCE 0.01-12 0.005 [46]
AuNPs/L-cys/Nafion/CdS-GR/GCE 0.01-10.0 0.0038 [47]
AgNPs/DNA/thionine/SCPE 0.03-3 0.01 [48]
AuNPs/PEDOT/GR/GCE 0.0004-40 0.0001 This method

518 NGC-PWE?: nanoporous gold/chitosan modified paper working electrode;
519 PTGO/GCE": platinum-thionine-graphene nanocomposite modified glassy carbon electrode.
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Table 2 The recovery of the prepared immunosensor.

Sample Added of CEA (ng mL™) Found (ng mL™) Recovery (%)
1 1.00 0.97 97.00
2 5.00 5.16 103.20
3 10.00 10.28 102.80
4 20.00 19.74 98.70
5 30.00 29.13 97.10
570 16 F. Jonas, W. Krafft, B. Muys, Macromol. Symp., 1995,
571 100, 169-173.
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