
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ju

ne
 2

01
9.

 D
ow

nl
oa

de
d 

on
 7

/1
5/

20
25

 9
:0

4:
03

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A label-free imm
School of Chemistry and Materials Science,

Functional Polymer in the Universities of Sha

Center of Shandong Province for High Per

Ludong University, Yantai 264025,

bailiangjiu@ldu.edu.cn; Fax: +86-535-6669

† Electronic supplementary informa
10.1039/c9ra02565k

Cite this: RSC Adv., 2019, 9, 17187

Received 5th April 2019
Accepted 17th May 2019

DOI: 10.1039/c9ra02565k

rsc.li/rsc-advances

This journal is © The Royal Society of C
unosensor based on PHEMA/
graphene oxide nanocomposite for simultaneous
electrochemical determination of alpha
fetoprotein†

Ying Liang, Xiaoqing Zhao, Na Wang, Jing Wang, Hou Chen, * Liangjiu Bai *
and Wenxiang Wang

An electrochemical immunosensor based on poly(2-hydroxyethyl methacrylate) (PHEMA)/graphene oxide

(GO) nanocomposite was designed in a simple way for the ultrasensitive detection of tumor makers (alpha-

fetoprotein, AFP as a model). PHEMA with excellent biocompatibility, provides a large number of sites for

connecting signal molecules. After modification with signal molecules, the functional PHEMA

significantly improved the sensitivity of electrochemical detection. In order to immobilize antibodies, GO

was introduced and used to construct a nanocomposite as a substrate. The designed AFP immunosensor

showed favorable selectivity and excellent stability. Meanwhile, it has a low detection limit of 0.403 pg

mL�1. Furthermore, the immunosensor was used to detect target AFP in human serum, demonstrating

the feasibility of clinical diagnosis.
Introduction

For cancer diagnosis, highly sensitive and reliable detection
of tumor markers is extremely important.1–3 For the early
diagnosis of the patients with hepatocellular carcinoma,
alpha-fetoprotein (AFP) is a specic tumor marker.4–6

Recently, different methods for AFP detection have been
implemented, such as enzyme immunoassay, high-
throughput analysis technology and nanobody medicated
immunoassay. However, these methods have some obvious
disadvantages, including being time-consuming, expensive
and relatively complex.5–8 Taking into account its high
sensitivity, wide linear range, low cost, rapid detection and
excellent selectivity, the electrochemical immunosensor has
attracted more and more attention in the eld of immuno-
assays.9–11 Improving the sensitivity of the electrochemical
detection is still a great challenge. A series of electrochemical
immunosensors, such as nano-PEDOT-GA,12 AuNPs/PB-
PEDOT,13 N-GS-AuNPs-Chit,14 Pß-CD,15 AuNPs/GO-
MWCNTS16 as signal amplication platforms, were developed
for the detection of tumor markers, which showed high
sensitivity and low detection limits. It has been reported that
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the sensitivity of the detection can be improved through
increasing the amount of antibody in the early research.17 In
recent years, it is attractive to develop nanomaterials as
platform for constructing electrochemical immunosensors.
Fang et al. developed an electrochemical immunoassay for
the detection of procalcitonin (PCT) using functionalized Au/
mesoporous silica nanoparticles as signal amplifying probe
to localize HRP-anti-PCT, which obtained a wide detection
range from 0.01 to 350 ng mL�1.18 Wang et al. designed a gold
nanoparticles composite nanoprobe for the facile detection
of carcino-embryonic antigen (CEA) with a low detection
limit (�2.4 pg mL�1).19

It is worth mentioning that some polymer/nanomaterial
composites were also used in electrochemical immunosensors.
Cui et al. applied PEG to electrochemical detection of AFP, which
greatly improved the sensitivity of detection. They modied PEG
on the electrode surface and then introduced gold nanoparticles
(AuNPs) to the PEG surface, aims to improve the sensitivity by
further immobilizing antibodies.20 Hu et al. designed a polydop-
amine-functionalized graphene oxide composite (PDA-rGO) for
sensitive detection of biomarker. The composite was synthesized
by oxidative polymerization of dopamine in the presence of GO.21

In these reports, many biocompatible polymers were chosen and
widely used to load antigens and antibodies, due to their excel-
lent biocompatibility and easy for modication. But these
methods do not adequately apply polymers to signal amplica-
tion. So it is desirable to design a functional polymer, which can
effectively amplify the signal and improve the sensitivity of the
electrochemical immunosensors.
RSC Adv., 2019, 9, 17187–17193 | 17187
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Poly(2-hydroxyethyl methacrylate) (PHEMA), one of the most
exclusively studied polymer in biomedical applications with
distinctive biocompatibility and physical properties similar to
living tissues.22,23 It is a major component in materials for
biotechnological and biomedical applications to immobilize
proteins or cells.24–26 And its excellent biocompatibility makes it
suitable for the preparation of electrochemical immunosensors.
And on the surface of PHEMA, there are plentiful hydroxyl
functional groups that can be used to connect with signal
molecules. Aer modied by signal molecules, the functional
PHEMA will signicantly amplify the signal of electrochemical
detection. In order to further immobilize antibodies and
improve the sensitivity, the graphene oxide (GO) can be intro-
duced and used to construct the PHEMA/GO nanocomposite
due to its large surface area, unique two-dimensional structure,
synergic effect among conductivity and biocompatibility.27,28 Li
et al. reported an enzyme-linked immunosorbent based on
allochroic molecule modied carboxyl graphene oxide, which
successfully achieved the simultaneous colorimetric detection
of diagnostic biomarkers.29 As typical methods of controlled
radical polymerization, versatile RAFT polymerization have
advantage of favorable operation,30 functional monomers31 and
well-dened controllability.32

In this work, reversible addition-fragmentation chain trans-
fer (RAFT) polymerization was used to prepared PHEMA with
controllable molecular weight and carboxyl end groups. And as
the signal molecules, the anthraquinone-2-carboxylic acid was
used to modify PHEMA through their unique interaction with
the wealth of hydroxyl groups. A large amount of
anthraquinone-2-carboxylic acid was linked to PHEMA, giving
the functional PHEMA a strong electrochemical signal ampli-
cation capability. And the carboxyl end groups of functional
PHEMA were used to interact with GO, then the nanocomposite
with ability of multiple signal amplication was constructed.
The nanocomposite was used to form a sandwich-type electro-
chemical immunosensor, which could be used for the detection
of AFP. The immunosensor showed a low detection limit of
0.403 pgmL�1. Moreover, the immunosensor was used to detect
target AFP in human serum sample. The study provides a reli-
able method to ultrasensitive detection of tumor makers.

Experimental section
Materials

2-Hydroxyethyl methacrylate (HEMA,$99%, J&K Scientic Ltd.)
was passed through a column of Al2O3 to remove the inhibitor
and stored at 4 �C. Azobis-isobutyronitrile (AIBN) was recrys-
tallized in ethanol. 4-Cyanopentanoicacid dithiobenzoate
(CPADB) was synthesized by the method which was reported in
the literature.33 Diethylenetriamine (DETA), dicyclohex-
ylcarbodiimide (DCC), 4-dimethylaminopyridine (DMAP) was
purchased from Tianjin Fuyu Fine Chemical Company.
Anthraquinone-2-carboxylic acid ($99.5%) was obtained from
Zhengzhou Alfachem. Tetrahydrofuran (THF, $99.5%), N,N-
dimethylformamide (DMF, $99.5%), dimethylsulfoxide
(DMSO,$99.5%) was brought from Tianjin Chemical Reagents.
Bovine serum albumin (BSA) was purchased from Sigma-
17188 | RSC Adv., 2019, 9, 17187–17193
Aldrich. 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride and N-hydroxysuccinimide (EDC and NHS,
$99.5%, Shanghai Yuanye Biological Technology Company,
China). AFP, primary antibodies (Ab1) and secondary anti-
bodies (Ab2) were all purchased from Fitzgerald (Acton, MA,
USA). The human serum samples were provided from by the
Yuhuangding Hospital Affiliated to Qingdao University. EDC/
NHS, AFP, primary antibodies (Ab1) and secondary antibodies
(Ab2) were all dissolved in phosphate buffered solution (10 mM,
pH ¼ 7.4). And the solutions were all prepared by ultra-pure
water (18 MU cm).

Preparation of functional PHEMA

The PHEMA was synthesized by RAFT polymerization. In a 6
mL-ampoule, CPADB (23.0 mg, 0.0825 mmol) as RAFT agent,
AIBN (6.77 mg, 0.0413 mmol) as initiator and HEMA (1.5 mL,
22.9 mmol) as monomer were all dissolved with DMF (2 mL,
solvent/monomer volume ratio ¼ 1). Then the ampoule was
placed into ice-water bath to be purged with dry nitrogen for
10 min for the thorough elimination of oxygen and water. Soon
aerwards, the sealing of the ampoule was carried out via ame.
The reaction was carried out at 60 �C for 8 h with magnetic
stirring. Then the ampoule with the product was cooled to room
temperature, thereaer be broken open. The product was
puried with the addition of 3 mL of THF : methanol (1 : 1)
mixture. Then, the solution was poured into 10 mL distilled
water and moved into a dialysis tube. The solution was dialyzed
for 48 h. And then, the product was obtained by freeze-drying.
About 0.1 g of PHEMA powder, 0.01 g of anthraquinone-2-
carboxylic acid, 0.075 g of DCC, 0.001 g of DMAP and 4 mL of
THF were added to a 5.0 mL ampule. The mixture was reacted at
25 �C for 24 h with magnetic stirring. Aer the reaction, the
mixture was puried by dialysis for 48 h. And nally, the func-
tional PHEMA was obtained by freeze-drying.

Preparation of GO nanocomposites

GO was prepared via the Hummer's method.34 And for the GO-
DETA, 50 mg of GO was dispersed in 50 mL ethanol. Next the
mixture was sonicated for several days to make the GO
dispersed fully. Then 0.52 mL DETA was added. The mixture
was reacted at 25 �C for 24 h with magnetic stirring. The
products were puried by centrifugation and washed several
times with ethanol, methanol and acetone. Finally the solid was
dried until constant weight under vacuum to get GO-DETA.35

1 mg of GO-DETA was dispersed in 1 mL distilled water, and
then 1 mL of activation reagents (0.4 M EDC and 0.1 M NHS)
were added to the mixture. The mixture was under shacked for
1 h at ambient temperature. Removed the excess EDC and NHS
by centrifugation aer the shock. Then 0.1 mL Ab2 (0.01 mg
mL�1) was added and the mixture was immediately shook at
37 �C for 2 h. Removed the excess antibody by centrifugation
and washed with PBS. 7.5 mg PHEMA was dissolved in 1 mL
DMSO, and then 1 mL of activation reagents was added to the
solution. The solution was under shocked for 1 h at ambient
temperature. Soon 100 mL of the solution was immediately
mixed with the GO-DETA and shacked for 2 h at 37 �C. Then
This journal is © The Royal Society of Chemistry 2019
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aer centrifugation and washing with PBS, the nanocomposite
was obtained and stored at 4 �C for future use.
Scheme 1 (a) Preparation process of Functional PHEMA; (b) assem-
bling process toward the nanoprobe and (c) schematic presentation of
the immunosensor fabrication.
Fabrication of immunosensor

Before each experiment, the bare glassy carbon electrode (GCE) was
successively polished with 0.3 and 0.05 mm alumina slurry, and it
was then rinsed with distilled water, and cleaned ultrasonically
sequentially in water and 95% ethanol for 5 min. The electrode was
modied with reducing graphene oxide (rGO) and gold nano-
particles (AuNPs) aer dried in nitrogen atmosphere. 5 mL GO
dispersions (1mgmL�1) and 100 mMHAuCl4 were added to a small
beaker and degassed with nitrogen for 15 min. Then, the GCE was
immersed in the solution and cyclic voltammetry was used. The
potential was set to 0 to�1.5 V vs. Ag/AgCl and the sweep speed was
0.05 V s�1 for 300 s. The GCE was stored in 4 �C for future use.36 To
loaded Ab1, the modied GCE was immersed in Ab1 solution
(0.1 mgmL�1) for 30 min at 4 �C, and then the GCE was immersed
in BSA solution (1%) to block non-specic sites for 30 min at 25 �C.
Subsequently, AFP and the nanoprobe were assembled onto the
electrodes in turn by incubated at 30 �C for half an hour, respec-
tively. The excess materials were remove by careful washing. Thus,
the electrochemical immunosensor with multiple signal ampli-
cation was ultimately obtained. In order to explore the selectivity of
immunosensors, 1 mg mL�1 prostate-specic antigen (PSA), 1 mg
mL�1 carcinoembryonic antigen (CEA) and 25 ng mL�1 AFP were
detected by the immunosensors under same conditions, respec-
tively. And their signal value was compared. To evaluate the prac-
ticability of the immunosensors, different concentrations of AFP
were added to the normal human serum, which was diluted ten
times and then immersed for 20 min.
Characterization

The number-average molecular weight (Mn) and molecular
weight distribution of the synthesized PHEMA were analyzed by
Gel Permeation Chromatograph(GPC, Waters 1515) equipped
with a refractive-index detector (Waters 2414) using HR column
(7.8 � 300 mm). The FT-IR spectra measurements were per-
formed on a Nicolet is 50 (Thermo Fisher Nicolet, United States)
Fourier transform infrared spectrometer equipped with Thermo
Nicolet corporation OMINIC 32 soware. The 1H NMR spec-
trum of the PHEMA was performed via INOVA 400 MHz nuclear
magnetic resonance instrument with DMSO-d6 as solvent and
tetramethylsilane (TMS) as internal standard. Thermogravi-
metric analysis (TGA) was performed on a NETZSCH STA409PC
instrument. The morphology of the GO and PHEMA/GO were
characterized via a scanning electron microscopy (SEM,
BRUKER SU8010) and transmission electron microscopy (TEM,
JEOL JEM-1230, Japan). The CHI 660C electrochemical work-
station (CH Instruments, Shanghai) with traditional three-
electrode system was used to carried out the square wave vol-
tammetry (SWV). While Ag/AgCl and platinumwire were used as
reference and counter electrodes, glassy carbon electrode was
used as a working electrode.
This journal is © The Royal Society of Chemistry 2019
Results and discussion
Preparation and characterization of nanoprobe

The immunosensor fabrication was described in Scheme 1.
Scheme 1(a) shows the synthesis of functional PHEMA. The
preparation procedure of GO nanocomposite is presented in
Scheme 1(b). GO was used to immobilize antibodies and
multiple amplify signals. Scheme 1(c) shows the process of
immunosensor assembly. PHEMA was synthesized by RAFT
polymerization using 4-cyanopentanoicacid dithiobenzoate
(CPADB) as RAFT regent. Anthraquinone-2-carboxylic acid was
used to modify PHEMA through their unique interaction with
the wealth of hydroxyl groups. The polymerization was carried
out in DMF, with the following reaction conditions: [HEMA]0-
: [CPADB]0 : [AIBN]0 ¼ 200 : 1 : 0.5, VHEMA : VDMF ¼ 1 : 1. The
rst-order kinetic plots for the RAFT polymerization of PHEMA
were shown in Fig. 1(a) and (b). As shown in the gures, the
conversion of the monomer increased signicantly with the
increase of reaction time. And ln([M]0/[M]) (ln([M]0/[M]) ¼
kappp [Rc]t) showed extremely matched linear relationship with
reaction time, which indicated rst-order kinetics of the poly-
merization process. The plots of the number-average molecular
weight (Mn) and molecular weight distributions (Mw/Mn), were
shown in Fig. 1(b), indicating that the Mn of PHEMA increased
linearly with the monomer conversion and kept close with the
theoretical molecular weights. And the Mw/Mn values remained
quite low.

The 1H NMR spectrum was used to analyze the PHEMA
(Fig. 1(c)). The signal at d ¼ 0.97–1.99 ppm belongs to the shi
of methyl (a) and methylene (b). The signal at d ¼ 3.90 ppm (c)
was attributed to the methylene connect to the ester group. The
signal at d¼ 3.54 ppm (d) was attributed to themethylene which
connect to the hydroxyl group. And the signal at d ¼ 4.80 ppm
RSC Adv., 2019, 9, 17187–17193 | 17189
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Fig. 1 (a) First-order kinetics investigation of PHEMA; (b) number-
average molecular weight (Mn) and molecular weight distribution (Mw/
Mn) vs. monomer conversion for the RAFT polymerization of PHEMA;
(c) 1H NMR spectrum of PHEMA recorded at 25 �C with DMSO-d6 as
solvent; (d) FT-IR spectra of PHEMA, anthraquinone-2-carboxylic acid
and functional PHEMA; (e) FT-IR spectra of GO and GO-DETA; (f) the
TG spectra of GO, PHEMA and nanocomposite.

Fig. 2 (a) Square wave voltammetry (SWV) for immunosensor in the
absence and presence of AFP (25 pg mL�1); (b) electrochemical
impedance spectroscopy (EIS) of differentmodified electrodes in 0.1 M
KCl containing 2.5 mM K3Fe(CN)6 and K4Fe(CN)6; (c) the peak currents
against the content of BSA; (d) the plots of the peak currents against
incubation time of AFP during sandwich immunoassay; (e) the plots of
the peak currents against the graft density of nanocomposites; (f) the
peak currents against the molecular weight of PHEMA.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Ju

ne
 2

01
9.

 D
ow

nl
oa

de
d 

on
 7

/1
5/

20
25

 9
:0

4:
03

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
(e) was attributed to the hydroxyl group. These chemical shis
demonstrated the successful synthesis of PHEMA. In order to
investigate whether the anthraquinone-2-carboxylic acid was
successfully connected to the PHEMA, the products were char-
acterized by FT-IR. The results were shown in Fig. 1(d). Aer
comparison, it can be seen that a set of weak peaks appeared at
1400–1650 cm�1 in the spectrum of functional PHEMA. Which
corresponds to the stretching vibration of the benzene ring, and
was consistent with the anthraquinone-2-carboxylic acid. In
addition, the other peaks of the PHEMA did not change
signicantly aer the reaction. This proves that PHEMA is
successfully combined with anthraquinone-2-carboxylic acid.
GO and GO-DETA were also characterized by FT-IR. As shown in
Fig. 1(e), the peaks at 1720, 1613, 1206 and 1048 cm�1 were
attributed to C]O stretching, C]C stretching of the aromatic
ring, epoxy C–O stretching, and alkoxy C–O stretching vibration
of GO, respectively. A decrease could be found for GO-DETA at
the peak of 860 cm�1, which was attributed to the epoxy C–O
stretching vibration. In addition, the GO-DETA exhibited new
peaks at 1363 and 1120 cm�1, corresponding to O–H bending
and C–N stretching vibrations, respectively. These indicated
that DETA reacted successfully with the epoxy groups of GO. The
broad peak at 3000–3300 cm�1 also showed the generation of
amino groups. Thus, GO was successfully modied to GO-
DETA. As shown in Fig. 1(e), PHEMA has an about 10% mass
loss below 150 �C due to the evaporation of water absorbed. The
mass then remained almost constant until the temperature rose
17190 | RSC Adv., 2019, 9, 17187–17193
to 300 �C. There is a sharp decease between 300 �C and 450 �C,
corresponding to the decomposition of low-molecular segments
into volatile small molecules. The mass does not reduce aer
the temperature rose to 450 �C. It can be seen from the TG
spectrum that GO has about 43%mass loss between 150 �C and
450 �C. This is a signicant difference with the weight loss curve
of the nanocomposite. It can be seen from the spectra that the
curve of the composite located between the other two curves
roughly. The distinction is that it continues losing weight before
450 �C. And its mass is between the other two polymers aer
constant weight, it has a weight loss of about 90% until constant
weight. By calculation as reported ref. 30 and 31, PHEMA weight
content relative to the nanocomposite was roughly calculated to
be 88.4%. The morphology of the PHEMA/GO and GO were
characterized by SEM and TEM. From Fig. S1(a and c),† GO had
a layered structure, the surface of GO was relatively smooth and
showed no other impurities. Aer graing of PHEMA (in
Fig. S1(b and d)†), this morphology differs from typical GO,
where a pretty rough surface of graed polymer layer can be
observed. In addition, the change of color intensity can be
clearly seen in Fig. S1d,† the darker color is the place where the
polymer is graed, and there has a certain thickness layer. The
results indirectly indicated that the PHEMA was successfully
graed to the surface of GO.
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 (a) The detection range of the immunosensor is from 2.5 ng
mL�1 to 2.5 � 104 pg mL�1. (b) Quantitative measurements of the peak
currents as a function of the concentration of AFP. (c) Specificity
investigation of the electrochemical immunosensor for AFP (25 ng
mL�1), CEA (1 mg mL�1) and PSA (1 mg mL�1); (d) the reproducibility
study of the immunosensor; (e) the time stability study of the
immunosensor.
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Optimization of the immunosensor response

To demonstrate the detection of AFP by the immunosensor,
which were constructed by the PHEMA/GO nanocomposite, the
electrochemical behavior of the immunosensor was investi-
gated. Fig. 2(a) showed the typical square wave voltammetry
curve of the immunosensors with a peak at 0.52 V vs. Ag/AgCl.
Comparing to the signal value of the blank, there is a signi-
cantly high current value when the concentration of AFP is 2.5
ng mL�1. Besides, in order to make signal amplication of
PHEMA/GOmore convincing, PHEMA/GO is compared with GO
using CV characterization, the result demonstrates that
PHEMA/GO has higher electrical signal (in Fig. S2†). The
comparison of electrochemical impedance spectroscopy (EIS)
was made to conrm the validity of the electrode aer every
modication step. As shown in Fig. 2(b), the electron transfer
resistance (Ret) became smaller aer rGO/AuNPs modied,
which was consistent with the high conductivity and electron
transfer rate of AuNPs. And aer immobilization of the Ab1 and
BSA, the Ret increased because these macromolecules hinder
the conduction of current. Aer loading AFP and nanoprobe,
the value of Ret increased. The results showed that rGO/AuNPs,
Ab1, BSA, AFP and nanoprobe were all loaded on the surface of
glassy carbon electrode. The content of BSA has a great inu-
ence on electrochemical behavior. In order to optimize the
content of BSA, a series of BSA solution with the concentration
from 0% to 2% were prepared. The immunosensors were
measured by SWV. It can be seen in Fig. 2(c) that when the
concentration of BSA is less than 1%, the signal value is posi-
tively correlated with it. And the signal value decreased when
the BSA content exceeds 1%. This is because excessive BSA
hindered the transfer of electrons on the surface of the elec-
trode. Thus, 1% is the optimal concentration of BSA. Another
inuence factor is incubation time. It was investigated in the
time range of 10–35 min. Fig. 2(d) shows that the signal value
rapidly increased within the rst 30min and then keep level due
to the saturation of the antigen–antibody binding. Considering
its effect on electrochemical behavior, the proportion of PHEMA
in nanocomposite was explored. Keep the amount of GO (m ¼ 1
mg) constant, different composites were constructed by
increasing the amount of PHEMA. Fig. 2(e) shows that the
current response rapidly increased before the amount of
PHEMA increased to 7.5 mg. And then the signal value tended
to level due to the saturation of the PHEMA/GO. It can be seen
from the thermogravimetric results that the PHEMA in the
nanocomposite accounted for a large proportion. As an
important parameter of the PHEMA, the molecular weight of
PHEMA also has a great impact on the electrochemical
behavior. We prepared different composites constructed by
a series of PHEMA with different molecular weight. The detec-
tion of AFP (2.5 ng mL�1) by these nanocomposites were
explored. The results were shown in Fig. 2(f). From these results,
it can be seen that with the increase of PHEMA molecular
weight, the signal value increased. Comparing to the Mn PHEMA

¼ 7100 g mol�1, when Mn PHEMA ¼ 32 000 g mol�1 the signal
value increased signicantly due to the PHEMA with more
signal molecules.
This journal is © The Royal Society of Chemistry 2019
The electrocatalytic detection of AFP

Under the optimal conditions, different concentrations of AFP
were detected by the immunosensor, and the results were
shown in Fig. 3(a and b). The detection range of the immuno-
sensor is from 2.5 ng mL�1 to 2.5 � 104 pg mL�1 (R2 ¼ 0.997).
And it exhibited a low detection limit of 0.403 pg mL�1 (S/N ¼
3). Table 1 showed the comparison of different electrochemical
immunosensors for the detection of AFP. It can be seen that the
immunosensor we prepared has a signicantly low detection
limit and an acceptable detection range. Specicity is an
important indicator of electrochemical immunosensor.

The prostate specic antigen (PSA), carcinoembryonic
antigen (CEA) and AFP were chosen to explored the selectivity of
the immunosensor, the results were shown in Fig. 3(c). We can
see from the gure that the signal value of PSA and CEA were all
obviously lower than that of AFP, while the concentration of PSA
and CEA were signicantly higher. The results conrmed that
the specicity of the proposed immunoassay is acceptable for
the determination of AFP43 The reproducibility of the immu-
nosensor was also investigated. A series of freshly prepared
electrodes were used for the detection of AFP. The results were
shown in Fig. 3(d). For the electrodes, the relative standard
deviation (RSD) of the measurements was 3.7%, proving that
the reproducibility of the immunosensor is quite good. And the
long-term stability of the immunosensor was further studied.
RSC Adv., 2019, 9, 17187–17193 | 17191
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Table 1 Comparison of methods for the detection of AFP

Method Electrode Detection range LODs Reference

Electrochemical
immunosensor

ITO glass 0.01–300 ng mL�1 0.85 fg mL�1 37

Electrochemical
immunosensor

ITO electrode 0.5–50 ng mL�1 0.1 ng mL�1 38

Electrochemical
immunosensor

GCE electrode 0.035–35 ng mL�1 0.106 pg mL�1 39

Electrochemical
immunosensor

GCE electrode 0.1–100 ng mL�1 30 pg mL�1 40

Electrochemical
immunosensor

GCE electrode 0.1–300 ng mL�1 0.03 ng mL�1 41

Electrochemical
immunosensor

CILE electrode 1–250 ng mL�1 0.1 ng mL�1 42

Electrochemical
immunosensor

GCE electrode 0.0025–25 ng mL�1 0.403 pg mL�1 This work

Table 2 Recovery of AFP in serum sample

Entry
Standard value
(ng mL�1)

Average value
(ng mL�1)

RSD (%,
n ¼ 3)

Recovery
(%)

1 1.75 1.72 2.62 98.3
2 0.175 0.168 2.03 96
3 0.0175 0.0179 3.35 102.3
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The working electrodes were prepared and stored at 4 �C before
use. As shown in Fig. 3(e), the current of the immunosensor was
dropped by 3.1% aer 6 days. The response current still main-
tained 90.7% aer 15 days. The results show that the immu-
nosensor constructed by PHEMA/GO nanocomposite has good
stability.
Application of the immunosensor in the analysis of real
samples

Moreover, the standard addition method was used to evaluate
the accuracy of the immunosensor. By adding different
concentrations of AFP to human serum, the different samples
were prepared. The analytical results for AFP were listed in
Table 2. It can be seen form the result that the recovery and
relative standard deviation values are acceptable. This implies
the accuracy of the immunosensor is good, it also indicates that
the immunosensor can be used for the analytical detection in
complex human serum.
Conclusions

In this work, PHEMA and GO were used to construct a nano-
composite, which exhibited excellent performance in electro-
chemical immunosensor. Owing to the excellent
biocompatibility of PHEMA, the immobilized AFP antibody
could retain high bioactivity. And at the same time, PHEMA
provided a large number of contact sites for signaling mole-
cules. It greatly improved the sensitivity of detection. The
introduction of GO further immobilized antibodies and ach-
ieved multiple amplication of the signal. The immunosensor
17192 | RSC Adv., 2019, 9, 17187–17193
exhibited favorable selectivity, high sensitivity, and ultralow
detection limit. Furthermore the immunosensor could be used
to detect target AFP in human serum, demonstrating the
feasibility of clinical diagnosis. By changing aptamers of
different target molecules, the PHEMA/GO composite can be
used to detect various tumor markers, so it may have potential
prospect for other studies.
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