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a b s t r a c t

A sensitive electrochemical immunosensor with graphene-assisted signal amplification has been devel-
oped. In order to construct the base of the immunosensor, a novel hybrid architecture was initially
fabricated by combining poly (diallyldimethylammonium chloride) functionalized graphene nanosheets
(PDDA-G) and gold nanoparticles (AuNPs) via a simple sonication-induced assembly. The formed hybrid
architecture provided an effective matrix for antibody immobilization with good stability and bioactiv-
ity. Subsequently, a smart, multilabel, and graphene-based nanoprobe that contains gold nanoparticles
functionalized exfoliated graphene oxide and horseradish peroxidase-secondary antibodies was designed
for constructing a novel sandwiched electrochemical immunosensor. Enhanced sensitivity was obtained
lectrochemical immunosensor
ignal amplification

by combining the advantages of high-binding capability and excellent electrical conductivity of hybrid
architecture with the multilabel signal amplification. On the basis of the dual signal amplification strat-
egy of graphene-based architecture and the multilabel, the immunosensor displayed excellent analytical
performance for the detection of human IgG (HIgG) range from 0.1 to 200 ng/mL with a detection limit of
0.05 ng/mL at 3�. Moreover, the proposed method showed good precision, acceptable stability and repro-
ducibility, and could be used for the detection of HIgG in real samples. Therefore, the present strategy

r the
definitely paves a way fo

. Introduction

The immunoassay, based on the highly specific
ntibody–antigen recognition, has been widely used in the sensi-
ive quantitative detection of disease-related proteins which was
ritical for many biomedical research and diagnostics (Bilitewski,
000; Van Emon and Lopez-Avila, 1992). Compared with con-
entional immunoassays such as enzyme-linked immunosorbent
ssay (ELISA) and chemiluminescence immunoassay (Kato and
himizu, 1986; Lin et al., 2004), electrochemical immunoassay
as attracted considerable interest in wide range for its intrinsic
dvantages such as high sensitivity, low cost and fast analysis
Tang et al., 2010; Zhang et al., 2009; Li et al., 2006; Wang, 2006).
n recent years, with the development of nanoscience and nan-
technology, a variety of nanoparticles, such as carbon nanotube,
arbon sphere and gold nanoparticles, have been applied as

he labels in nanoparticle-based amplification platforms which
an dramatically enhance the signal intensity of electrochemical
mmunosensor and lead to ultrasensitive bioassays (Yu et al., 2006;
ui et al., 2008a; Wu et al., 2009). Although great achievement has

∗ Corresponding authors. Tel.: +86 25 83597204; fax: +86 25 83597204.
E-mail addresses: wangcm@lzu.edu.cn (C. Wang), jjzhu@nju.edu.cn (J.-J. Zhu).
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wide application of graphene in clinical research.
© 2011 Elsevier B.V. All rights reserved.

been obtained in this field, it was still a challenge for the fabrication
of novel immunosensors using new materials to achieve sensitive,
fast and facile detection.

Graphene, a single layer of carbon atoms in a closely packed
honeycomb two-dimensional lattice, has recently attracted enor-
mous attention in constructing electrochemical biosensors due to
its novel properties such as good mechanical strength, zero band
gap, high carrier mobility, large specific surface area and outstand-
ing electric conductivity (Xia et al., 2010; Li et al., 2008; Geim and
Novoselov, 2007; Novoselov et al., 2005). For example, Du et al.
(2010a) has developed a sensitive electrochemical immunosensor
using chitosan/graphene composite as the substrate material for
immunodetection of �-fetoprotein antigen. Wei et al. (2010) has
achieved sensitive detection of norethisterone antigen using thion-
ine/graphene based electrochemical immunosensor. However, the
poor biocompatibility of graphene limits their further applica-
tion in designing biosensors because graphene is hydrophobic and
tends to form agglomerates in water (Shan et al., 2009a). There-
fore, covalent or noncovalent functionalization methods, such as

using polymers or DNA as the functionalization agent, have been
made to improve the biocompatibility of graphene (Stankovich
et al., 2006; Lv et al., 2010). Among them, the positive poly (dial-
lyldimethylammonium chloride) (PDDA) functionalized graphene
(PDDA-G) reported in our previous work (Liu et al., 2010) exhib-
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ted good conductivity, solubility and biocompatibility and thus
an be modified by the negative gold nanoparticles (AuNPs) for
he formation of AuNPs/PDDA-G hybrid architecture. The hybrid
rchitecture can be an ideal substrate material to provide a biocom-
atible microenvironment for the immobilization of antibody as
ell as retaining native bioactivity due to the good affinity of AuNPs

or biomolecules. Meanwhile, it can also accelerate the electron
ransfer on the electrode surface to amplify the electrochemical
ignal due to the outstanding electric conductivity.

On the other hand, the detection signal of the conventional
andwich-type electrochemical enzyme immunoassays usually
erived from the labeled enzyme conjugated with secondary
ntibodies. To increase the efficiency and sensitivity of the
mmunosensor, much attention is paid to the development of
ovel nanomaterials as labels, including metal nanoparticles, quan-
um dots and carbon nanotubes (Hansen et al., 2006; Rijiravanich
t al., 2008). Recently, exfoliated graphene oxide (EGO) has been
idely used in drug loading and delivery, optical and fluorescent
NA detection (Liu et al., 2008; Du et al., 2010b), owing to its

arge specific surface area (two accessible sides), abundant oxygen
unctional groups and high water solubility (Dreyer et al., 2010).
owever, the electric conductivity of EGO is much lower than

educed graphene, which limits its application in electrochemi-
al immunosensor. On the contrary, gold nanoparticles have been
ell recognized as biocompatible and conductive labels for electro-

hemical signal amplification. Therefore, the combination of EGO
ith gold nanoparticles as labels should be beneficial to develop
ighly sensitive immunosensors.

In this work, a novel AuNPs/PDDA-G hybrid architecture with
ood electric conductivity and biocompatibility was fabricated
ia a simple sonication-induced assembly. The formed architec-
ure could provide an effective matrix for antibody immobilization
ith good stability and bioactivity. Subsequently, by a layer-by-

ayer assemble technique, a multilabel-antibody functionalized
GO composite nanoprobe was obtained and used as labels for
he construction of a novel sandwich electrochemical immunosen-
or. Due to the high enzyme loading capacity on EGO bioconjugate
abel and the upstanding electric conductivity of graphene, the elec-
rochemical response of the fabricated immunosensor was greatly
nhanced and achieved the sensitive detection of HIgG. Meanwhile,
he proposed electrochemical immunosensor also exhibited good
recision, acceptable stability and reproducibility, and could be
sed for the detection of HIgG in real samples. Therefore, this novel
ual amplified strategy opened a new door to broaden the potential
pplications of graphene in clinical research.

. Experimental

.1. Reagents and apparatus

Graphite powder (KS-10) and PDDA (20%) were from Sigma. o-
henylenediamine (o-PD, 99%), H2O2 (30%), chloroauric acid and
risodium citrate were from Shanghai reagent Co. Inc. (Shang-
ai, China). Human IgG (HIgG) (Ag), rabbit anti-human IgG (Ab1),
RP-labeled monoclonal goat anti-human IgG (HRP–Ab2), HIgG
nzyme-linked immunosorbent assay (ELISA) kits, bovine serum
lbumin (BSA), BCA protein assay kit and Tween-20 were purchased
rom Nanjing Keygen Co. Inc. (Nanjing, China). The clinical serum
amples were kindly provided by the Gulou Hospital (Nanjing,
hina). The AuNPs solution used in all experiments were prepared

ccording to the reported method by boiling HAuC14 aqueous solu-
ion with trisodium citrate (Enustun and Turkevich, 1963). The
verage diameter of the prepared AuNPs was about 20 nm.

Electrochemical measurements were performed on a CHI 660a
orkstation (Shanghai Chenhua, China) with a conventional three-
tronics 26 (2011) 3627–3632

electrode system comprised of a platinum wire auxiliary, a
saturated calomel reference and the modified glass carbon (GCE)
working electrode. The electrochemical impedance spectroscopy
(EIS) analyses were performed with an Autolab PGSTAT12 (Eco
chemie, BV, The Netherlands) in the solution of 0.10 M KNO3 con-
taining 10.0 mM K3[Fe(CN)6]/K4[Fe(CN)6]. UV–Vis spectra were
obtained from a UV-3600 (Shimadzu) UV-Vis Spectrophotometers.
HRTEM images were obtained on a JEOL 2100 high resolution trans-
mission electron microscopy. Ultrasonication was performed using
a KQ2200 ultrasonic cleaner (40 kHz, 100 W, China). Absorbance in
BCA assay was recorded at 570 nm using Bio-Rad 680 microplate
reader.

2.2. Preparation of AuNPs/PDDA-G hybrids

EGO dispersion was prepared from graphite according to a
modified Hummer’s method (Hummers and Offeman, 1958) and
its concentration was estimated by calibration curve from the
absorbance at 231 nm in the UV–Vis spectra. PDDA-G was prepared
according to our previous work (Liu et al., 2010) and redispersed
in water with a final concentration of 1.0 mg/mL. Furthermore, as
a comparison, in a control experiment, pure graphene was also
prepared by reduction of EGO using hydrazine without adding
any stabilizer. Then, 2 mL of the as-prepared PDDA-G dispersion
was added into 10 mL AuNPs solution (2.54 × 10−4 mol/L) and son-
icated for 30 min. After centrifugation, the colorless supernatant
was casted and the obtained AuNPs/PDDA-G composites were fur-
ther washed with water for three times and redispersed in 4 mL
water for further use.

2.3. Preparation of HRP–Ab2/AuNPs/PDDA–EGO bioconjugates

EGO was functionalized with PDDA imitating previous liter-
ature (Cui et al., 2008b). 5 mL EGO dispersion (0.5 mg/mL) was
mixed with 10 mL PDDA aqueous solution (1.0%) and sonicated
for 30 min to give a homogeneous suspension. After centrifugation
under 20,000 rpm, the complex was washed with water for at least
three times and redispered in 5 mL water with mild sonication. To
conjugate with AuNPs, 2 mL of the above PDDA–EGO dispersion
was mixed with 5 mL AuNPs solution (2.54 × 10−4 mol/L) and son-
icated for 30 min. After centrifugation, the colorless supernatant
was discarded and the purple red AuNPs/PDDA–EGO composite
was further washed with water for three times and redispered
in 6 mL of 50 mM pH 9.0 Tris–HCl buffer solution. Finally, 100 �L
HRP–Ab2 (1 mg/mL) was added to 6.0 mL above AuNPs/PDDA–EGO
composite solution and shaken overnight at room temperature.
After centrifuged at 20,000 rpm, the obtained bioconjugate was
further washed with buffer solution for at least three times and
resuspended in 5.0 mL PBST (PBS, 0.05% Tween) that contained
0.1% BSA as the assay solution. The concentration of HRP–Ab2
solution before and after assemble was measured by the BCA pro-
tein assay kit to quantify the loading amount of HRP–Ab2 on the
AuNPs/PDDA–EGO composite.

2.4. Immunoreaction and measurement procedure

The immunoassay procedure was illustrated in Scheme 1. Prior
to use, the GCE with a diameter of 3 mm was successively pol-
ished using 0.3 and 0.05 �m alumina slurry followed by rinsing
thoroughly with water. 5 �L AuNPs/PDDA-G composite solution
was dropped on the pretreated GCE and allowed to dry at 4 ◦C
overnight. Then the modified electrode was washed with PBST

and immediately incubated with 50 �L of 0.1 mg/mL Ab1 in pH
7.4 PBS for 12 h at 4 ◦C as the biomolecules could retain its bioac-
tivity for a long time at this temperature. Next, they were rinsed
with PBST to remove physically absorbed Ab1 and blocked with
50 �L 2% BSA solution containing 0.05% Tween for 50 min at 37 ◦C to
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Scheme 1. Schematic illustration of the preparation of graphene-based hyb

lock possible remaining active sites against non-specific adsorp-
ion. After washed with PBST, the Ab1 modified electrode was
ncubated with 50 �L of the target HIgG antigen for 50 min at
7 ◦C as the immunoreaction could obtain higher efficiency at this
emperature, and washed with PBST. Finally, the electrode was
ncubated with 50 �L of HRP–Ab2/AuNPs/PDDA–EGO bioconjugate
olution for 50 min at 37 ◦C and then washed thoroughly with PBST
o remove non-specifically bounded conjugates. Electrochemical

easurement was carried out in 5.0 mL of pH 7.0 PBS involving
mM o-PD and 4 mM H2O2 which was deaerated thoroughly with
itrogen before measurement and the differential pulse voltamme-
ry (DPV) scan was performed from −0.3 to −0.8 V.

. Results and discussion

.1. Characterization of the composite

FT-IR spectroscopy was first used to investigate the reduc-
ion and the functionalization process as shown in Fig. S1. The
ramatical decrease or disappearance of the adsorption bands
f oxo-groups on pure graphene and the PDDA-G indicated that
he EGO had been reduced successfully (Zhang et al., 2010; Shan
t al., 2009b). Compared with PDDA, the peaks at 2930 cm−1 (CHn),
630 cm−1 (C C) and 1430 cm−1 (C C) in the spectra of PDDA-
clearly indicated the functionalization of graphene with PDDA

Yang et al., 2005). The images of water dispersion of graphene
ithout and with PDDA in the inset of Fig. S1 show the good disper-

ity of PDDA-G. Additionally, as shown in the typical AFM images
n Fig. S2, after reduction, the thickness of nanosheets increased
o 1.3 nm of PDDA-G from 0.8 nm of EGO and each nanosheets
ept independent in the dispersion due to the electrostatic inter-

ction, which indicated that the PDDA played an important role as
capping reagent for the stabilization of the as-prepared PDDA-
nanosheets. Furthermore, Raman spectroscopy was also used to

tudy the order and disorder structures of graphene (Reina et al.,
009; Hassan et al., 2009). As shown in Fig. S3, compared with
nd the construction of the sandwich-type electrochemical immunosensor.

graphite, the G band broadened and blue shifted to 1585 cm−1

accompanied with a significant increase of D band in EGO. The
2D band shape and the shift at 2681 cm−1 of PDDA-G indicated
the single layer structure and the increase in thickness of PDDA-
G should be attributed to the attachment of PDDA (Srinivas et al.,
2010; Ferrari et al., 2006).

Next, to facilitate the immobilization for biomolecules to fab-
ricate immunosensor, a novel AuNPs/PDDA-G hybrid architecture
with good electric conductivity and biocompatibility was fabri-
cated via a simple sonication-induced assembly. The obtained
AuNPs/PDDA-G hybrid architecture was confirmed by the UV–Vis
absorption spectrum as shown in Fig. 1A. The as-prepared citrate-
stabilized colloidal AuNPs (curve a) appeared a strong characteristic
absorption peak at 524 nm caused by surface plasmon resonance.
PDDA-G (curve b) showed a strong absorption peak at 270 nm
which referred to � → �* transitions of aromatic C C bond indicat-
ing the restoration of the �-conjugation network of the graphene
nanosheets. Meanwhile, the band of n → �* transition of C O
at about 300 nm was disappeared hinting the complete reduc-
tion of EGO (Zhou et al., 2009). After the AuNPs were deposited,
the characteristic peak of AuNPs was observed in AuNPs/PDDA-
G (curve c) at 526 nm which indicated the efficient adsorption of
AuNPs onto the nanosheets surface. Additionally, the TEM image
of the AuNPs/PDDA-G composite was also clearly indicated the
formation of hybrid as shown in the inset of Fig. 1A. As could
be seen, it clearly shows the thin flake-like shapes with some
corrugation suggesting a flexible structure of the nanosheets and
almost all anchored AuNPs were distributed homogeneously on
the sheet surface with negligible nanoparticle agglomeration. Due
to the upstanding electric conductivity of graphene and good
biocompatibility of AuNPs, the AuNPs/PDDA-G composite could

accelerate the electron transfer on the electrode surface and pro-
vided a biocompatible microenvironment for biomolecules loading
as well as retaining native bioactivity. Therefore, it would be an
ideal substrate material for electrode modification to immobilize
biomolecules for immunoassay.
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ig. 1. (A) UV–Vis absorption spectra of AuNPs (a), PDDA-G (b) and AuNPs/PDDA-G
b), AuNPs/PDDA–EGO (c). Inset: TEM image of AuNPs/PDDA–EGO.

Furthermore, for the signal amplification to improve the sensi-
ivity of immunosensor, EGO was selected to conjugate with AuNPs
o obtain AuNPs/PDDA–EGO composite for the labeling of enzyme
abel-antibody. The UV–Vis absorption spectrum was also used to
onfirm the formation of the composite as shown in Fig. 1B. As
ould be seen, the EGO (curve b) showed a strong absorption peak
t 231 nm and a shoulder peak at 300 nm, which corresponded to
→ �* transitions of aromatic C C bond and n → �* transition of
O bond, respectively (Chen and Yan, 2010). After decorated with

uNPs, AuNPs/PDDA–EGO showed a characteristic peak of AuNPs
t 531 nm which indicated the capture of AuNPs. The slight red
hift of resonance wavelength of AuNPs in the hybrid attributed
o interparticle plasmon coupling as observed in clustered AuNPs
Guarise et al., 2005; Thomas et al., 2004), which suggested that the
urface-modified AuNPs tightly stacked with each other but with-
ut agglomeration, as evidenced by the TEM images in the inset
f Fig. 1B. As could be seen, the sheets remained separated with
ach other without any aggregation indicating the high soluble
ispersity of PDDA–EGO and all AuNPs absorbed homogeneously
n the sheet surface same as the AuNPs/PDDA-G. Owing to the
arge special surface areas of EGO and the good affinity of AuNPs
o biomolecules, the AuNPs could be deposited on both sides of
DDA–EGO sheets and it was beneficial to increase the loading
mount of enzyme label-antibody.

Finally, a novel bioconjugate of HRP–Ab2/AuNPs/PDDA–EGO
as first developed for multilabel signal amplification to

nhance sensitivity via adsorption of HRP–Ab2 on the surface
f AuNPs/PDDA–EGO through the interaction between AuNPs
nd mercapto or primary amine groups of biomolecules (Hayat,
989; Xu, 1997). The amount of HRP–Ab2 adsorbed onto the
uNPs/PDDA–EGO composites was determined through the mea-
urement of protein concentration in supernatant before and after
he adsorption through a BCA protein assay which was a typ-
cal measurement method for protein concentration (Hill and
traka, 1988). Then, the total amount of HRP–Ab2 in the stock
RP–Ab2/AuNPs/PDDA–EGO dispersion (5 mL with EGO concentra-

ion of 0.5 mg/mL) was estimated to be 16.82 �g.

.2. Electrochemical behavior of the immunosensor

EIS was an effective technique for probing the surface features
f modified electrodes to understand the chemical transformations
nd processes associated with the conductive electrode surface. The

mpedance spectra include a semicircle portion and a linear por-
ion. The semicircle diameter at higher frequencies corresponds
o the electron-transfer resistance (Ret), and the linear part at
ower frequencies corresponds to the diffusion process. The step-

ise construction process of the immunosensor was characterized
set: TEM image of AuNPs/PDDA-G. (B) UV–Vis absorption spectra of AuNPs (a), EGO

by EIS as shown in Fig. 2A. The bare GCE (curve a) displayed a
small semicircle with a Ret of about 90 � at high frequencies.
After the bare electrode was modified with AuNPs/PDDA-G com-
posite film, the electrode showed a much lower resistance for
the redox probe (curve b), implying that AuNPs/PDDA-G was an
excellent electric conducting material and accelerated the electron
transfer. Subsequently, when the Ab1 was loaded on the surface
of AuNPs/PDDA-G modified electrode, the Ret increased which
suggested that the Ab1 formed an additional barrier and further
prevented the redox probe to the electrode surface (curve c). This
result was consistent with the fact that the hydrophobic layer of
protein insults the conductive support and hinders the interfacial
electron transfer. After the electrode was incubated with BSA to
block non-specific sites of electrode surface, the Ret increased sig-
nificantly to about 230 � (curve d). Furthermore, the Ret reached to
about 300 � after bounded with Ag (curve e), then to about 330 �
after incubated with HRP–Ab2 (curve f) which indicates the for-
mation of hydrophobic immunocomplex layer embarrassing the
electron transfer.

The amperometric response of the sensor was shown in Fig. 2B.
No obvious response was observed at both bare GCE (curve
a) and Ag/BSA/Ab1/AuNPs/PDDA-G modified GCE (curve b) over
the working potential range in 0.1 M pH 7.0 PBS containing
2 mM o-PD and 4 mM H2O2. After incubated with conven-
tional HRP–Ab2, a pair of stable and well defined redox peaks
was observed at the HRP–Ab2/Ag/BSA/Ab1/AuNPs/PDDA-G mod-
ified GCE (curve c) at −0.632 V and −0.566 V corresponding
to the redox of enzymatic product of 2, 3-diaminophenazine.
However, when incubated with HRP–Ab2/AuNPs/PDDA–EGO bio-
conjugate, the redox peaks of enzymatic product increased
significantly compared to the HRP–Ab2/Ag/BSA/Ab1/AuNPs/PDDA-
G modified GCE at the obtained HRP–Ab2/AuNPs/PDDA–EGO
bioconjugate/Ag/BSA/Ab1/AuNPs/PDDA-G modified GCE (curve d).
This phenomenon indicated that the AuNPs/PDDA–EGO hybrid pro-
vided a large number of active sites which could increase the
loading amount of HRP–Ab2 in the enzymatic reaction to develop
the sensitivity of immunoassay.

3.3. Performance of the immunosensor

In order to investigate the analytical performance of the
obtained immunosensor, differential pulse voltammetrics (DPV)
was explored for the amperometric response of HIgG at the

immunosensor. Fig. 3A shows the typical DPV obtained after the
sandwich immunoreactions for different concentrations of HIgG
using HRP–Ab2/AuNPs/PDDA–EGO bioconjugates as the label. In a
controlled experiment, the sensor was performed through the full
procedure without exposure to antigen, and the final electrode still
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Fig. 2. (A) EIS of bare (a), AuNPs/PDDA-G (b), Ab1/AuNPs/PDDA-G (c), BSA/Ab1/AuNPs/PDDA-G (d), Ag/BSA/Ab1/AuNPs/PDDA-G (e) and HRP–Ab2/Ag/BSA/Ab1/AuNPs/PDDA-G
(f) modified GCEs in 0.10 M KNO3 containing 10.0 mM K3[Fe(CN)6]/K4[Fe(CN)6]. (B) CVs of GCE (a), Ag/BSA/Ab1/AuNPs/PDDA-G/GCE (b), HRP–Ab2/Ag/BSA/Ab1/AuNPs/PDDA-
G/GCE (c) and HRP–Ab2/AuNPs/PDDA-EGO bioconjugate/Ag/BSA/Ab1/AuNPs/PDDA-G/GCE in 0.1 M pH 7.0 PBS containing 2 mM o-PD and 4 mM H2O2.
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ig. 3. (A) Typical DPV of immunosensor using HRP–Ab2/AuNPs/PDDA–EGO biocon
00.0 ng/mL) in 0.1 M pH 7.0 PBS containing 2 mM o-PD and 4 mM H2O2. (B) Calibra

ehaved a conspicuous peak in 0.1 M pH 7.0 PBS containing 2 mM
-PD and 4 mM H2O2 (curve a), which might be caused by the phys-
cal adsorption of the HRP–Ab2/AuNPs/PDDA–EGO bioconjugates
n the GCE. However, the DPV signals were obviously enhanced in
he presence of antigen. Under optimal conditions, the peak cur-
ents had a good linear relationship with the logarithm of HIgG
oncentration from 0.1 to 200 ng/mL as shown in Fig. 3B. The linear
egression equation was i(�A) = 15.12 + 4.98 log CHIgG (ng/mL) with
correlation coefficient (R) of 0.9965. The detection limit (S/N = 3)
as estimated to be about 0.05 ng/mL.

As a comparison, the amperometric response of conventional
RP–Ab2 label was also investigated as shown in Fig. 4. Under

he same conditions, the signal intensity was greatly decreased
ompared with the HRP–Ab2/AuNPs/PDDA–EGO label at differ-
nt concentrations of HIgG. Meanwhile, the catalytic current
n HRP–Ab2/AuNPs/PDDA–EGO labeled electrode was greatly
nhanced compared with the blank (with HIgG concentration
f 0 ng/mL). This result indicated that the analysis sensitivity
reatly enhanced using HRP–Ab2/AuNPs/PDDA–EGO bioconjugates
s label which was a result of a higher number of HRP molecules
oaded on the AuNPs/PDDA–EGO hybrid to achieve the signal
mplification. Therefore, the proposed immunosensor exhibited a

ood analytical performance for the HIgG detection and could be
sed for the detection of HIgG in real sample.

Furthermore, the analytical performance of the proposed
mmunosensor had been compared with that of other HIgG
mmunosensors reported. As shown in Table S1, the present sensor
as label with increasing HIgG from a to j (0, 0.1, 0.5, 1.0, 5.0, 10.0, 30.0, 100.0, 150.0,
urve of the immunosensor for HIgG determination plotted on a semi-log scale.

displayed a good performance than some earlier reported methods,
especially the detection limit.

3.4. Specificity, reproducibility and stability of the immunosensor

The specificity of the immunosensor played an important role
in analyzing biological samples in situ without separation. Some
proteins such as C-reactive protein (CRP), carcinoembryonic anti-
gen (CEA) and �-fetoprotein (AFP) were used as the interfere to
evaluate the specificity through comparing the electrochemical
responses of 100 ng/mL pure HIgG and a same solution containing
additional interfere of 500 ng/mL. The currents response changes
were 6.2%, 5.5% and 8.7%, respectively, which indicated that the
specificity of the immunosensor was acceptable. The intra-assay
precision was estimated by testing one HIgG level for five repli-
cate measurements. The inter-assay precision or the fabrication
reproducibility was also estimated by measuring one HIgG level
with five immunosensors made at the same GCE independently.
The relative standard deviations of the intra- and inter-assay were
9.3% and 9.7%, respectively, at the HIgG concentration of 100 ng/mL.
This result indicated that the immunosensor possessed acceptable
precision and reproducibility. Furthermore, when the immunosen-

sor was stored at 4 ◦C for 20 days, it retained 91.0% of its response,
indicating the good stability of the immunosensor which attributed
to the strong interactions between the AuNPs/PDDA-G and Ab1. The
slow decrease of response might be due to the gradual deactivation
of the immobilized biomolecules.
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Fig. 4. Comparison of amperometric response between
HRP–Ab2/AuNPs/PDDA–EGO bioconjugate/Ag/BSA/Ab1/AuNPs/PDDA-G/GCE
(a) and HRP–Ab2/Ag/BSA/Ab1/AuNPs/PDDA-G/GCE (b) at different concentrations
of HIgG (0, 1, 10 and 100 ng/mL) in 0.1 M pH 7.0 PBS containing 2 mM o-PD and
4 mM H2O2.

Table 1
Comparison of serum HIgG levels determined using two methods.

Serum samples 1 2 3

Immunosensor (ng/mL)a 90.65 9.72 1.93
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ELISA (ng/mL)a 97.02 9.01 2.00
Relative deviation (%) −6.57 7.89 −3.50

a The average value of three successive determinations.

.5. Application of the immunosensor in human serum

The feasibility of applying the immunosensor in clinical sys-
ems was investigated via analyzing several real clinical serum
amples, and the results were then compared with the reference
alues obtained by the commercial ELISA method. Table 1 shows
he correlation results obtained using the proposed immunosen-
or and the ELISA method. The relative deviations of the proposed
mmunosensor ranged from −3.50% to 7.89%. It obviously sug-
ested that there was no significant difference between the results
iven by two methods. Therefore, the proposed sensor could be
easonably applied in the clinical determination of HIgG in human
lasma.

. Conclusion

In summary, PDDA-G were successfully prepared by a sim-
le synthetic method and decorated with AuNPs. The obtained
uNPs/PDDA-G hybrid architecture could be an ideal substrate

or antibody immobilization with good stability and bioactivity.
urthermore, multilabel-antibody functionalized EGO composites
ere also prepared and applied as labels in sandwich elec-

rochemical immunoassay. Due to the dual signal amplification
trategy of graphene-based architecture and the multilabel, the
lectrochemical response of the fabricated immunosensor was
reatly enhanced and achieved the sensitive detection of HIgG.
eanwhile, the proposed electrochemical immunosensor also
xhibited good precision, acceptable stability and reproducibility,
nd could be used for the detection of HIgG in real serum sam-
les. Therefore, this novel dual amplified strategy opened a new
oor to broaden the potential applications of graphene in clinical
esearch.
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