
E
n

H
a

b

a

A
R
R
A
A

K
B
C
E
N
R

1

e
o
p
m
p
e
a
o
o
t
a
o
p

D
3

(

0
d

Talanta 91 (2012) 95– 102

Contents lists available at SciVerse ScienceDirect

Talanta

j ourna l ho me  page: www.elsev ier .com/ locate / ta lanta

lectrochemical  immunosensor  for  carcinoembryonic  antigen  based  on
anosilver-coated  magnetic  beads  and  gold-graphene  nanolabels

uafeng  Chena,b,  Dianping  Tanga,b,∗,  Bing  Zhanga,b, Bingqian  Liua,b, Yuling  Cuia,b, Guonan  Chena,b,∗

Ministry of Education Key Laboratory of Analysis and Detection for Food Safety, Department of Chemistry, Fuzhou University, Fuzhou 350108, PR China
Fujian Provincial Key Laboratory of Analysis and Detection Technology for Food Safety, Department of Chemistry, Fuzhou University, Fuzhou 350108, PR China

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 15 September 2011
eceived in revised form 9 January 2012
ccepted 12 January 2012
vailable online 18 January 2012

eywords:
ionanolabels
arcinoembryonic antigen
lectrochemical  immunosensor

a  b  s  t  r  a  c  t

A  novel  redox-active  magnetic  nanostructure  was  synthesized  by using  a wet  chemical  method  for
high-efficiency  electrochemical  immunoassay  of  carcinoembryonic  antigen  (CEA,  as  a  model  analyte).
The  nanostructures  based  on  the  combination  of  a  magnetic  nanocore,  a layer  of  electroactive  poly(o-
phenylenediamine)  (PPD),  and  a silver  metallic  shell  displayed  good  adsorption  properties  for  the
attachment  of  anti-CEA  antibody  selective  to CEA. The  magnetic  nanostructure  presented  good  redox
behaviors  to  facilitate  and  modulate  the  way  it was  integrated  into  a  magnetic  carbon  paste  electrode.
The  assay  was  based  on a sandwich-type  immunoassay  protocol  by  using  nanogold-patterned  graphene
oxide  nanoscales  (AuNP-GO),  conjugated  with  horseradish  peroxidase-labeled  anti-CEA,  as  secondary
antibodies  and  biofunctionalized  magnetic  nanostructures  as  immunosensing  probes.  Under  optimal
anogold-decorated graphene nanosheets
edox-active magnetic nanostructures

conditions,  the  nanoparticle-based  immunocomposites  exhibited  good  electrochemical  responses  for
the  determination  of CEA, and  allowed  the detection  of  CEA  at a concentration  as  low  as  1.0  pg mL−1 at a
signal-to-noise  ratio  of 3.  In  addition,  the  magnetic  immunosensing  had  good  reproducibility,  and  accept-
able  accuracy,  and  could  be  successfully  applied  for the  detection  of  CEA  in  the  clinical  serum  specimens.
Significantly,  by  controlling  the  target  biomolecules,  this  assay  can  be easily  extended  for  use  with  other
immunosensings,  and  thus  represents  a versatile  design  routine.
. Introduction

Nanocomposites, as a multiphase solid material, have broad-
ned significantly to encompass a large variety of systems such as
ne-dimensional, two-dimensional, three-dimensional and amor-
hous materials, made of distinctly dissimilar components and
ixed at the nanometer scale [1]. In mechanical terms, nanocom-

osites differ from conventional composite materials due to the
xceptionally high surface-to-volume ratio of the reinforcing phase
nd/or its exceptionally high aspect ratio [2]. The general class of
rganic–inorganic nanocomposite materials is a fast growing area
f research. Significant effort is focused on the ability to obtain
he control of the nanoscale structures via innovative synthetic
pproaches [3]. The properties of nanocomposites depend not only

n the properties of their individual parents but also on their mor-
hology and interfacial characteristics [4].
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Magnetic nanocomposites comprised of nano-sized magnetic
crystals embedded in an amorphous matrix have been shown to
have excellent soft magnetic properties [5,6]. Recently, researchers
are attempting to join magnetic nanoparticles and fluorescent
nanoparticles in a nanocomposite particle [7,8]. The fluorescent
property can help the surgeon to better see the tumor while oper-
ating, while the magnetic property makes the tumor more visible
during an MRI  procedure done prior to surgery. Vice versa, magnetic
nanocomposites were usually employed for the sensing fabrication
in the electrochemical bioassays [9]. An important merit of mag-
netic nanomaterials is that they could be magnetically manipulated
using permanent magnets or electromagnets, independent of nor-
mal  microfluidic or biological processes [10,11]. Although magnetic
beads-based sensing probes have been used for electrochemical
immunoassays, most display low sensitivity and high background
currents. Therefore, synthesis of new magnetic nanocomposites
with redox activity and good biocompatibility is of great interest.

Silver  nanoparticles, one of the strongest conductive nano-
materials, have attracted great attention due to their quantum
characteristics of small granule diameter and large specific sur-

face area as well as their ability to quickly transfer photoinduced
electrons at the surfaces of colloidal particles [12,13]. Rijira-
vanich et al. reported a new method for electrochemical detection
of DNA hybridization by using hollow polyelectrolyte shells
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earing silver nanoparticles [14]. The immobilized silver nanopar-
icles on the hollow polyelectrolyte increased the conjugated
mount of biomolecules, and strengthened the electron transfer.
-Phenylenediamine, an important precursor of many heterocyclic
ompounds, condenses with ketones and aldehydes to give rise
o a variety of useful products [15]. Poly(o-phenylenediamine)
PPD),  a polyaniline derivative, can be achieved through substi-
uting hydrogen by an amino group in an aniline nucleus. The
ormed organic conducting PPD polymers naturally have both

 pore size and a charged group that prevent interfering com-
ounds from permeating them, so they have drawn wide interest

n biosensor fabrication [16,17]. Compared to the other polymers
uch as polyacetylene, polypyrrole, polythiophene and polyaniline,
oly(o-phenylenediamine) expresses good stability, high conduc-
ivity, many free amino and imino groups, unique trapezoidal,
nd semi-ladder structure [18]. Therefore, PPD has been employed
or the preparation of the biosensors [19,20]. Moreover, the aro-

atic diamine polymers had a strong ability to adsorb the Ag(I)
21,22]. Based on the merits of silver nanoparticles and poly (o-
henylenediamine), we expect to synthesize a novel redox-active
agnetic nanocomposite for improvement of electrochemical

roperties by using poly(o-phenylenediamine) as cross-linkage
ayer between magnetic nanoparticles and silver nanoparticles.

Carcinoembryonic antigen (CEA), a glycoprotein most often
ssociated with colorectal cancer, used to monitor patients with
his type of cancer. Most popular use is in early detection of relapse
n individuals already treated for colorectal cancer [23]. The value
f CEA in human serum is helpful for curative determination, mon-
toring and prognosis of cancer tumor [24]. Herein, we  fabricated

 new electrochemical immunosensor for determination of CEA,
s a model analyte, based on organic–inorganic hybrid magnetic
anocomposites as matrices and nanogold-decorated graphene
anosheets as the label of secondary antibody. The immunosensor
as prepared by immobilizing anti-CEA antibody on nanosilver-
atterned PPD-functionalized magnetic beads. The doped PPD
cted as not only a cross-linkage but also a mediator for the electron
ransfer. With the sandwich-type immunoassay mode, the assay
as performed by using the labeled horseradish peroxide on the

econdary antibody as trace tags. Related experiment details were
escribed as follows.

.  Experimental

.1. Materials and reagent

Mouse  monoclonal anti-CEA (clone C6G9), horseradish
eroxidase-anti-CEA conjugates (HRP-anti-CEA), and CEA stan-
ards (0, 5, 10, 20, 40 and 80 ng mL−1) were purchased from Biocell
iotechnol. Co. Ltd. (Zhengzhou, China). o-Phenylenediamine
98%, w/w), HAuCl4·4H2O and bovine serum albumin (BSA)
96–99%) were obtained from Sigma–Aldrich (USA). Graphene
xide nanosheets were prepared and characterized as described in
he previous published paper [25]. Magnetic Fe3O4 nanoparticles
MB, particle size: 100 nm)  in an aqueous suspension with a
oncentration of 25 mg  mL−1 were obtained from Chemicell GmbH
Berlin, Germany). Carbon graphite powder (<325 mesh, Johnson

atthey) and paraffin oil (Fluka) were used for the preparation
f carbon paste electrode. Prior to the preparation, the graphite
owder was treated at 700 ◦C for 30 s in a muffle furnace. All
ther reagents were of analytical grade and were used without

urther purification. Ultrapure water obtained from a Millipore
ater purification system (≥18 M�, Milli-Q, Millipore) was used

n all runs. Acetic acid salt-buffered saline (ABS, 0.1 M)  solution of
arious pH-values was prepared and 0.1 M KCl was used as the
upporting electrolyte.
1 (2012) 95– 102

2.2. Patterning nanosilver particle assembly on
poly(o-phenylenediamine)-functionalized magnetic beads
(AgNP–PPD–MB)

Prior  to experiment, a magnetic carbon paste electrode (MCPE)
was prepared. Initially, 1.0 mL  of paraffin oil was  added into 3 g of
graphite powder, and the resulting mixture was then stirred thor-
oughly. Following that, a glass tube (5 mm in diameter and 20 mm
in depth) was  initially filled with a magnet (5 mm in diameter and
2 mm in depth, to produce an inhomogeneous magnetic density,
0.2 T at the surface), then a portion of resulting paste was put into
the glass tube with electrical contact, in the meantime, a copper
wire was  inserted into the back of mixture. The obtained MCPE
was dried and stored for one day at 4 ◦C. After the electrode tip was
gently rubbed on a fine paper to produce a flat surface and cleaned
with doubly distilled water, 5 �L of magnetic Fe3O4 suspension
(25 mg  mL−1) were dropped on the surface of MCPE. With the aid
of the external magnet, magnetic beads (MBs) were immobilized
on the MCPE.

Next,  the MB-functionalized MCPE was immersed into 1.0 M
H2SO4 solution containing 0.1 M o-phenylenediamine monomer,
and the voltammetric scanning was  carried out from −0.6 V to
1.3 V (vs. SCE) at 100 mV  s−1 for 25 cycles. During this process,
the o-phenylenediamine was electrochemically polymerized onto
the MB/MCPE. Consequently, silver nanoparticles were also elec-
trochemically deposited on the PPD/MB/MCPE by a potential scan
from −1.5 to 0 V for 10 cycles at 100 mV s−1 into another mixture
containing 5.0 mM AgNO3 containing 0.1 M KNO3. The silver-
deposited PPD/MB/MCPE (designated as AgNP/PPD/MB/MCPE) was
taken out from the solution and thoroughly rinsed with water.
Then, modification by anti-CEA antibody was  performed by soak-
ing the AgNP/PPD/MB/MCPE into 500 �L of 1 mg  mL−1 anti-CEA
solution for 4 h. The obtained immunosensor (designated as
anti-CEA/AgNP/PPD/MB/MCPE) was immersed into 2.5 wt% BSA
solution, and incubated for 1 h at room temperature (RT) to block
possible remaining active sites of nanomaterials and avoid the non-
specific adsorption. The resulting immunosensor was stored at 4 ◦C
when not in use. The fabricated procedure is shown in Scheme 1a.

2.3. Synthesis and bioconjugation of nanogold-coated graphene
oxide  nanosheets (AuNP-GO)

Graphene  coated with gold nanoparticles (AuNP-GO) were syn-
thesized according to the literature with a little modification [26],
as schematically illustrated in Scheme 1b. 10 mg  of graphene oxide
nanosheets was initially dispersed into 25 mL of distilled water,
and then the mixture was  sonicated at RT until a homogeneous
solution was obtained. Following that, 1.0 mL  of 1.0 wt%  chloroau-
ric acid and 1.0 g of NaOH solid powder were quickly added into
the mixture in turn. And then the obtained mixture was sonicated
for another 2 h at RT to make the [AuCl4]− ions attach onto the
graphene nanosheets. With the aid of graphene oxide nanosheets,
the Au(III) was  in situ reduced to the zero-valent gold nanoparticles.
Free gold nanoparticles were removed by centrifugation at 6000 × g
for 10 min, and the obtained precipitate (designated as AuNP-GO)
was dissolved into 3 mL  distilled water for further use.

Prior to experiment, 300 �L of HRP-anti-CEA (0.1 mg mL−1) was
added into the above solution. The mixture was slightly shaken
for 5 min, and transferred to the refrigerator for further reaction
for 6 h. Following that, the suspension was  centrifuged at 4 ◦C for
20 min at 10,000 rpm. The obtained AuNP-GO nanosheets labeled

with HRP-anti-CEA (designated as HRP-anti-CEA/AuNP-GO) were
dispersed in 3 mL  of distilled water containing 1.0 wt%  BSA and
stored at 4 ◦C until use. For comparison, HRP-anti-CEA-conjugated
AuNPs  (HRP-anti-CEA/AuNP) and HRP-anti-CEA-conjugated GO
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cheme 1. Schematic illustration of (a) HRP-anti-CEA/AuNP-GO signal tags, (b) the m
ay.

HRP-anti-CEA/GO) were prepared based on direct absorption and
lutaraldehyde linkage.

.4.  Electrochemical immunoassay procedure

The analytical procedure for electrochemical immunoassay of
EA is schematically depicted in Scheme 1c. All electrochemical
easurements were carried out on a CHI 630D Electrochemical
nalyzer (CH Instruments Inc., Shanghai, China) using a modified
CPE working electrode, a platinum wire auxiliary electrode and

 SCE reference electrode. The assay procedure was depicted as
ollows. After incubating the immunosensor into incubation solu-
ion containing various concentrations of CEA (Note: Sample matrix
omponent was blank human serum) for 17 min  at RT and wash-
ng with distilled water, the resulting substrates were submerged in
nother incubation solution containing HRP-anti-CEA/AuNP-GO for
nother 17 min  at RT. After rinsing thoroughly with distilled water
o remove the unbound biomolecules, a differential pulse voltam-

etric (DPV) measurement from −200 to −850 mV  (vs. SCE) with
 pulse amplitude of 50 mV  and a pulse width of 50 ms  was  regis-
ered as the sensor signals in pH 5.3 acetic acid buffer containing

 mM H2O2 due to the catalytic reduction of the bound HRP toward
2O2 in the presence of PPD.

After  each immunoassay run, the immunosensors were regen-
rated by immersing into 0.1 M glycine–HCl (pH 2.0) for 5 min  to
reak the antigen–antibody linkage while the regeneration of the
lectrode was carried out by turning the nut to extrude the paste
ayer and then polishing with a fine paper to produce a smooth
hiny surface. All incubations and measurements were performed
t RT. Analyses were always made in triplicate.

. Results and discussion

.1.  Characteristics of AgNP–PPD–MB and AuNP-GO

anocomposites

Fig. 1a shows the transmission electron microscope (TEM, H600,
itachi Instrument, Japan) of AgNP–PPD–MB, and the mean size
ic immunosensor, and (c) measurement principle of the electrochemical immunoas-

was  130 nm,  which was obviously larger than 100 nm. The increase
in size was  mainly attributed to the assembly of silver nanoparticles
on the surface of magnetic beads. Meanwhile, we  could also clearly
observe many small-sized nanoparticles coated on the surface of
nanocomposites. The result revealed that silver nanoparticles could
be formed on the MBs  by using PPD as bridges. The reason might
be the fact that Ag(I) can be jointed by amino-groups. The amino
and the adjacent imino easily formed a stable network complex
structure with the Ag(I) while making the reduction of the oxida-
tive ions through complexation [27]. The redox aromatic diamine
polymers successfully achieved the aim of adsorbing a mass of
silver metal ions and formed sliver nanoparticles on the PPD. In
addition, the unique trapezoidal, semi-ladder structure of the PPD
could make them better load and avoid migration or reunion of the
nanoparticles effectively. Fig. 1b displays the typical TEM image
of the synthesized AuNP-GO. Comparing to pure graphene oxide
reported previously [28], many gold nanoparticles were homoge-
neously dispersed on the graphene nanosheets. The presence of
nanogold and nanosilver particles provided a large surface area for
the conjugation of the biomolecules.

To  further monitor the formation of AgNP–PPD–MB and AuNP-
GO, UV–vis absorption spectrometry (UV 1102, Tianmei, China)
was used to characterize the synthesized nanostructures (Fig. 2).
The UV–vis absorption spectra of magnetic Fe3O4 nanoparticles
were complicated, and the absorbance increased with the wave-
length decreased in the range of 800–200 nm [29]. When a layer
of o-phenylenediamine was  electrochemically polymerized on
the magnetic beads, an obvious absorption peak at 475 nm was
observed (Fig. 2a), which was in accordance with the reported
result [30]. The presence of poly(o-phenylenediamine) could pro-
vide a biocompatible microenvironment for the immobilization
of silver nanoparticles since the poly(o-phenylenediamine) has
strong affinity capacity for heavy metals, such as Ag(I) [27]. During
the polymerization process, although many o-phenylenediamine

molecules were electropolymerized together, some uncombined
amidogens could be exposed outside of the polymer. Significantly,
another absorption peak at 398 nm was appeared after the forma-
tion of AgNP–PPD–MB (Fig. 2b), indicating the successful synthesis
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Fig. 1. TEM images of: (a) Ag–PPD–MB and (b) AuNP-GO.
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electropolymerized on the MB/MCPE, a couple of redox peak at
−600 and −480 mV  was  achieved (Fig. 3b). The result indicated
that the formation of poly(o-phenylenediamine) did not change its
redox properties, which could act as a mediator for electron transfer
Fig. 2. UV–vis absorption spectra of: (a) PPD–MB, (b

f silver nanoparticles [31]. Following that, anti-CEA antibodies
ould be conjugated onto the surface of AgNP–PPD–MBs through
he interaction between AgNPs and the SH/or NH2 groups of
nti-CEA. In addition, we also utilized UV–vis absorption spectrom-
try to investigate the as-prepared AuNP-GO nanocomposites. As
een from Fig. 2a′, there was an absorption peak at 227 nm for
he graphene oxide nanosheets. However, when gold nanoparti-
les were in situ synthesized on the graphene oxide nanosheets,
wo absorption peaks at 534 nm and 238 nm were simultane-
usly acquired (Fig. 2b′). The existence of the new peak at 534 nm
evealed the presence of gold nanoparticles [32]. The absorption
eak at 238 nm was ascribed to the typical carbonyl groups on the
O. However, the absorption wavelength was obviously red shift

n contrast with that of pure graphene oxide at 227 nm.  The rea-
on might be the fact that the formation of AuNP-GO decreased the
xcited energy of carbonyl groups from n orbital to �* orbital [33].
he results indicated that the Au(III) could be reduced to Au0 under
he wild conditions.

.2.  Electrochemical characteristics of the magnetic
mmunoassays
Fig. 3 displays the cyclic voltammograms of the magnetic
mmunoassay after each step in ABS, pH 5.3 at 50 mV  s−1.
o peak was observed at MB-modified MCPE in the applied
otential (Fig. 3a). When o-phenylenediamine monomers were
P–PPD–MB, (a′) graphene oxide, and (b′) AuNP-GO.
Fig. 3. Cyclic voltammograms of (a) MB/MCPE, (b) PPD/MB/MCPE, (c)
AgNP/PPD/MB/MCPE, (d) anti-CEA/AgNP/PPD/MB/MCPE in pH 5.3 ABS, and
(e)  cyclic voltammograms of the electrode ‘d’ after incubation with 10 ng mL−1 CEA
and excess HRP-anti-CEA/AuNP-GO in pH 5.3 ABS containing 3 mM H2O2.
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etween the solution and the base electrode. The processes of
eduction reactions for the PPD could be illustrated as follows:

N

N

N

N n
H

H

Oxidation

Reduc tio n

+ 2n  (H+ + e-)

Although the residual amino groups on the poly(o-
henylenediamine) could be used for the conjugation of
iomolecules by using the cross-linking reaction, the immo-
ilized amount was limited. The assembly of silver nanoparticles
n the PPD/MB/MCPE could provide a large surface coverage
or the immobilization of biomolecules. Significantly, the redox
eak current did not decrease in comparison with those of the
PD/MB/MCPE after the formation of AgNP/PD/MB/MCPE (Fig. 3c).
s shown in Fig. 3d, after immobilization of anti-CEA antibody, the
eak current was decreased. This phenomenon might be attributed
o introduction of anti-CEA biomacromolecules in the complex

embrane.
To investigate the bioactivity of the immobilized anti-CEA on

he magnetic beads, the as-prepared immunosensor was  used
or detection of 10 ng mL−1 CEA (as an example) by using HRP-
nti-CEA/AuNP-GO as secondary antibodies. As shown in Fig. 3e,
he peak currents were decreased obviously in comparison with
nti-CEA/AgNP/PPD/MB/MCPE (Fig. 3d), suggesting that the formed
mmunocomplex on the MCPE hindered the electron transfer. After

2O2 was added into the pH 5.3 ABS, an obvious catalytic char-
cteristic with a distinct increase of the reduction current and a
ecrease of the oxidation current was observed (Fig. 3e). The result

ndicated that the immobilized HRP molecules on the HRP-anti-
EA/AuNP-GO still retained high enzymatic activity. Therefore, the
s-prepared magnetic immunosensor could be applied for deter-
ination of CEA.
The  proposed reaction scheme for HRP-PPD is depicted in

cheme 1c. HRP converts molecular hydrogen peroxide to water
nd oxygen oxidizing the PPD matrix simultaneously. The reduced
tate of the polymer is recovered by the Nernstian equilibrium. The
olymer reduction step causes current flow through the electrode.
he catalytic cycle closes by the reoxidation of the polymer by HRP
34].

.3. Comparison of various immunosensing interfaces

To investigate the effect of various immunosensing interfaces
n the electrochemical properties of the magnetic immunoas-
ays, we prepared four types of immunosensors, such as
nti-CEA/MB/MCPE (Preparation method was  described in our
revious report [29]), anti-CEA/PPD/MB/MCPE (using glutaralde-
yde as cross-linkage reagent), anti-CEA/AgNP/MB/MCPE (using
he opposite-charged adsorption technique between AuNPs and

Bs), and anti-CEA/AgNP/PPD/MB/MCPE for detection of various
EA concentrations with the same assay mode using HRP-anti-
EA/AuNP-GO as secondary antibodies. o-Phenylenediamine was
dded into the detection solution when using anti-CEA/MB/MCPE
nd anti-CEA/AgNP/MB/MCPE as sensing interface. The optimal
rinciple for various immunosensing interfaces was  based on the
hift in the cathodic current relative to zero analyte. As shown
n Fig. 4A, an optimal current response was found at the anti-
EA/AgNP/PPD/MB/MCPE. Several possible explanations might be
ttributed to the observation: (i) PPD with high conductivity
nd good redox properties could provide a convenience for elec-

rochemical measurement; (ii) PPD complex membrane had a

esoporous and branched structure with many residual amino
roups, which could increase the surface area of the modified elec-
rode and enhance the immobilized amount of biomolecules; (iii)
1 (2012) 95– 102 99
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(1)

Silver nanoparticles with good biocompatibility and excellent con-
ductivity favored for the biomolecular conjugation, and facilitated

the electron communication with the base electrode. Therefore,
nanosilver and PPD were used for the fabrication of the magnetic
immunosensors.

3.4. Comparison of various secondary antibodies

In the sandwich-type immunoassays, the detectable signal
mainly derives from the labeled signal tags on the secondary anti-
bodies. In this study, the signal tags, i.e. HRP molecules, were
initially labeled to anti-CEA antibody, and then the HRP-anti-
CEA conjugates were relabeled to the AuNP-GO. Could AuNP-GO
enhance the signal of the electrochemical immunosensor? We
also prepared three types of signal tags, i.e. HRP-anti-CEA/AuNP-
GO,  HRP-anti-CEA-labeled AuNPs, and HRP-anti-CEA-conjugated
GO,  which were employed for determination of CEA on the
anti-CEA/AgNP/PD/MB/MCPE. The assay was based on the afore-
mentioned principle. As seen from Fig. 4B, the simultaneous
existence of AuNPs and GO could obviously improve the elec-
trochemical response of the immunosensor. The reason might be
attributed to the following issues: (i) The absence of gold nanopar-
ticles, i.e. direct conjugation of HRP-anti-CEA on the graphene,
might decrease the immobilized amount of biomolecules compared
with the presence of nanogold particles; (ii) graphene oxide with
three-dimensional nanosheets could immobilize much more gold
nanoparticles than signal gold nanoparticle, thus indirectly increas-
ing the conjugation of HRP-anti-CEA on the graphene.

3.5. Optimization of assay conditions

To achieve an optimal analytical property of the as-prepared
immunosensor, some conditions including incubation tempera-
ture, incubation time (i.e. response time) and pH of assay solution
should be investigated. Considering the convenient operation and
practical application of the immunosensor, all experiments were
carried out at room temperature (25 ± 1.0 ◦C). At this condition, we
investigated the effect of various incubation times on the current
of the immunoassay using 5 ng mL−1 CEA as an example. As shown
in Fig. 5a, the reduction currents increased with the increment of
incubation time, finally, trended to level off after 17 min. Longer
incubation time did not improve the signal. Therefore, 17 min  was
used for the antigen–antibody reaction.

Fig. 5b shows the effect of pH of ABS on the current responses
of the immunosensor. The optimal current response was obtained
at pH 5.3 ABS. Actually, the reaction of the PPD in the electro-
chemical process involved additional protonation/deprotonation
transition  and exhibited better electrochemical performance in
acidic electrolyte than in alkaline one [35]. In addition, consider-
ing the bimolecular activity, pH of the ABS could not be too low. So,
pH 5.3 ABS was  used as supporting electrolyte for detection of CEA.

3.6. Analytical performance of the magnetic immunoassay

Under optimal conditions, the sensitivity and dynamic range of

the magnetic immunoassay was evaluated toward CEA standards.
As shown in Fig. 6, the peak current of the magnetic immunosensor
increased with the increscent of CEA concentration and exhibited a
wide linear dynamic range of 0.01–40 ng mL−1 with a low detection
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Table 1
Comparison of analytical properties of variously electrochemical immunosensors toward CEA.

Electrochemical immunosensora Dynamic range (ng mL−1) LOD (ng mL−1) Ref.

Anti-CEA/CS-CNTs-AuNP/GCE 0.1–2.0, 2.0–200 0.04 [36]
HRP-anti-CEA-NGGNs 0.05–350 0.01 [37]
Anti-CEA/AuNP/CNTs/(PSS/PDDA/CNTs)2/GCE 0.1–2, 2–160 0.06 [38]
Anti-CEA/(AuNP)nAu/Fe3O4 nanoparticle/SPCE 0.005–50 0.001 [39]
Core-Shell  Fe3O4@silver 1.5–200 0.5 [29]
Anti-CEA/AuNP/TH/NF 0.01–12 0.005 [40]
HRP-anti-CEA/AuNP/Fe3O4-CS/PB/GCE 0.1–220 0.01 [41]
CEA/AgNP/DNA/TH/NF/SCPE 0.03–32 0.01 [42]
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Anti-CEA/AgNP/PPD/MB/MCPE 0.01–40 

a CS, chitosan; CNT, carbon nanotube; GCE, glassy carbon electrode; NGGN, nan
oly(diallyldimethylammonium chloride); SPCE, screen-printed carbon electrode; 

imit of 0.001 ng mL−1 CEA at a signal-to-noise ratio of 3. The lin-
ar regression equation is ipc (�A) = −28.32 to −1.332 × Ln C[CEA]
ng mL−1, R2 = 0.991). The dynamic range of the electrochemi-
al immunoassay was acceptable and could be further used for
ractical application. In addition, the analytical properties of the
lectrochemical immunosensor were compared with other CEA
mmunosensors or immunoassays (Table 1). The results indicated
hat the electrochemical immunoassay enabled available linear
anges and low LOD.

.7.  Precision, reproducibility, selectivity and stability of the
agnetic  immunoassay
The  precision and reproducibility of the magnetic immunoas-
ay were evaluated by using the variation coefficient (CV) of the
ntra- and inter-assay (CV, n = 3). The experimental results indicated

ig. 4. Effect of: (A) various immunosensing interfaces: (a) anti-CEA/AgNP/PPD/MB/
EA/MB/MCPE on the electrochemical signal of the magnetic immunoassay using HRP-anti
b) HRP-anti-CEA/AuNP, and (c) HRP-anti-CEA/GO on the electrochemical signal of the ma
oward  various concentrations of CEA standards.

Fig. 5. Effects of: (a) incubation time and (b) pH of ABS on the e
0.001 This work

-enwrapped graphene nanosheets; PSS, poly(sodium-p-styrene-sulfonate); PDDA,
ionine; NF, Nafion; PB, prussian blue.

that  the CVs of the assays using the immunosensors with the same
batch were 9.2%, 8.5% and 9.6% at the 0.01 ng mL−1, 5 ng mL−1,
and 40 ng mL−1 CEA levels, respectively. And the sensor-to-sensor
reproducibility with various batches was  monitored, and the CVs
were 7.7%, 9.3% and 8.4% at the above mentioned levels, respec-
tively. Hence, the precision and reproducibility of the magnetic
immunoassay was acceptable.

To investigate the interfering effects of sample matrix com-
ponents on the electrochemical responses of the developed
immunoassays, we challenged the system with several possible
components in human serum, such as K+, Ca2+, Cl−, HCO3

−, glu-
cose (Glu), uric acid (UA), dopamine (DA), and cancer antigen 125

(CA125). These samples were assayed by spiking them into blank
human serum. The comparative study was carried out by measur-
ing the low concentration of CEA analyte and high concentration of
interfering components. As indicated from Fig. 7, higher current

MCPE, (b) anti-CEA/PPD/MB/MCPE, (c) anti-CEA/AuNP/MB/MCPE and (d) anti-
-CEA/AuNP-GO as trace tags, and (B) various signal tags: (a) HRP-anti-CEA/AuNP-GO,
gnetic immunoassay using anti-CEA/AgNP/PD/MB/MCPE as immunosensing probe

lectrochemical responses of the magnetic immunoassay.
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ig. 6. Calibration plots of the magnetic immunoassay toward CEA standards in pH
.3 ABS containing 3.0 mM H2O2. Inset: linear and DPV curves.

as observed with the target CEA than those of other compo-
ents. These results clearly demonstrated the high specificity of
he electrochemical immunosensors. In addition, the stability of the
mmunosensor was satisfactory, and as much as 88.7% of the initial
eak current was preserved after storage of the immunosensor and
ignal tags at 4 ◦C for 30 days.

.8.  Evaluation of real samples and method comparison

To further investigate the analytical reliability of the magnetic
mmunoassay, the immunosensor was applied for determination of
6 real serum specimens, and the assayed results were compared
ith those obtained by a commercially available Electrochemi-

uminescent enzyme-linked immunoassay (ECL-ELIA) (Note: an
ppreciate dilution by using distilled water was preferable when
he concentration of CEA was too high). Comparison of the exper-
mental results obtained by the proposed immunosensor with
hose of ECL-ELIA was performed via a regression method (Fig. 8).
he regression line was fitted to y = (1.025 ± 0.15)x − (0.765 ± 3.2)
R2 = 0.995), where x stands for the CEA concentrations estimated

ith the electrochemical immunosensor and y stands for those of

he reference procedure. No significant differences were encoun-
ered between the optimum values of intercept and slope, thereby

ig. 7. The interfering effects of sample matrix components on the currents of the
mmunosensors.
Fig. 8. Comparison of assay results for 16 human serum specimens by using the
electrochemical immunoassay and commercially available ECL-ELIA.

revealing a good agreement between both analytical methods.
Thus, we  might utilize the magnetic immunoassay for detection
of CEA in clinical diagnostics.

4.  Conclusions

In summary, this work reports a simple and facile route for the
synthesis of a new magnetic nanocomposite with redox activity
and good biocompatibility, and its possible application in the elec-
trochemical immunoassays. Experimental results indicated that
the magnetic immunosensors could exhibit high sensitivity, good
reproducibility, and acceptable selectivity. Compared with our
previously reported magnetic immunoassays [43,41,44], the devel-
oped magnetic immunoassays have several merits as follows: (i)
The redox electroactive species can be efficiently encapsulated
into the magnetic nanocomposites, facilitate the electrochemi-
cal measurement, and avoid the contamination of the electron
mediators in the detection solution; (ii) The synthesized poly(o-
phenylenediamine) polymers with the trapezoidal and semi-ladder
structures can provide a large surface coverage for the pat-
terning of silver nanoparticles; (iii) Graphene nanosheets with
two-dimensional nanostructures are used for the immobilization
of gold nanoparticles and multiple biomolecules, which enhances
the possibility of antigen–antibody interaction. Importantly, the
methodology can be readily extended for use with other cancer
markers by controlling the target antibody, and thus represents a
universal and versatile detection method.
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