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a  b  s  t  r  a  c  t

A  simple  and  effective  strategy  was proposed  for  synthesis  of  AuNPs@polyaniline  (AuNPs@PANI)
core–shell  nanocomposites.  AuNPs@PANI  nanocomposites  were  prepared  by  one-step  chemical  oxidative
polymerization  of  aniline  using  chloroaurate  acid  as  the  oxidant  and  AuNPs  as  the seeds.  The  syn-
thesized  AuNPs@PANI  nanocomposites  were  characterized  with  transmission  electron  microscope  and
UV–vis  absorption  spectra.  Cyclic  voltammetric  experiments  indicated  that  AuNPs@PANI  nanocompos-
eywords:
uNPs@PANI
ore–shell
opamine
scorbic acid
imultaneous determination

ites  showed  excellent  electroactivity  in  neutral  and  even  alkaline  solution.  The  obtained  AuNPs@PANI
nanocomposites-modified  electrode  was  fabricated  to  simultaneously  determine  dopamine  (DA)  and
ascorbic  acid  (AA)  by  differential  pulse  voltammetry.  The  separation  between  the  two  peak  potentials
of  DA  and  AA  oxidation  is  236  mV.  The  catalytic  peak  currents  were  linearly  with  the  concentrations  of
DA  and  AA  in  the  range  of  10–1700  and  20–1600  �M with  correlation  coefficients  of  0.9997  and  0.9998,
respectively.  The  detection  limits  for DA  and  AA  were  5 and  8  �M, respectively.
. Introduction

Dopamine (DA) and ascorbic acid (AA) are chemicals with sig-
ificant roles in regulation of human metabolism as well as in the
entral nervous and renal systems. Both species are vitally related
o the diagnosis of various kinds of diseases. For example, abnormal
evels of DA have become the diagnostic criteria to Parkinson’s dis-
ase, Schizophrenia and neuroendocrine disorder [1,2]. Similarly,
A is known to take part in several biological reactions and its
ontent is related to cancer and hepatic diseases [3]. Since they
sually coexist in real biological matrices, the development of a
elective and sensitive method for their simultaneous determina-
ion is highly desirable for analytical and diagnostic applications.
wing to the overlap of their voltammetric responses, it is often
ery difficult to achieve their simultaneous determination based
n electrochemical methods [4,5]. To solve this issue, some efforts
ave been developed to modify the electrode with metal nanopar-
icles [6–8], carbon nanotube [9], inorganic redox mediators [10]
nd conducting polymers [11–13]. Among them, conducting poly-
ers have received considerable attention because of their easy

reparation, good biocompatibility and stability.

Among the known conducting polymers, PANI is one of the

ost important conducting polymers due to its remarkable elec-
rical, electrochemical and optical properties as well as good

∗ Corresponding author. Fax: +86 532 84023927.
E-mail address: lifeng@qust.edu.cn (F. Li).
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oi:10.1016/j.talanta.2011.12.002
© 2011 Elsevier B.V. All rights reserved.

environmental stability [14]. These above advantages make PANI
quite suitable as an electronic material, especially in the fabrica-
tion of sensors or biosensors [15–18]. However, PANI nearly has no
electroactivity in media with pH >4 [19,20]. Since a neutral envi-
ronment is usually required in the bioanalysis process, the rigorous
condition for maintaining the electroactivity of PANI in acidic media
in a large way  restricts its application in bioengineering. There-
fore, tremendous efforts have been invested to develop PANI with
excellent redox activity at neutral pH environment [21–24].

The  incorporation of metallic nanoparticles into conductive
polymers is of great interest because of their strong electronic inter-
actions between the nanoparticles and the polymer matrixes. It has
been reported that the electrocatalytic properties of nanoparticles
could be enhanced by the conductive polymeric matrixes. Addition-
ally, the conductivity of the hybrid systems is largely improved [25].
Recently, several reports have been made on incorporating AuNPs
into polymer matrixes to produce novel nanocomposite materials
[26,27]. Wang and co-workers prepared PANI nanotubes and Au
nanoplates simultaneously by mixing aniline and chloroauric acid
hydrate in the presence of CTAB [28]. Using (NH4)2S2O8 as oxi-
dant, AuNPs@PANI composites were obtained with the adsorption
and in situ polymerization of aniline on the surface of AuNPs in
the presence of sodium dodecylsulfate [29]. Peng and co-workers
obtained PANI–Au nanocomposites with core–shell structure by

direct oxidation of aniline using HAuCl4 as the oxidant [30].

Herein,  a facile strategy for synthesis of AuNPs@PANI nanocom-
posites was  proposed by polymerization of aniline using AuNPs
as the seeds and HAuCl4 as the oxidant. Cyclic voltammetric
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ig. 1. TEM images of (a) AuNPs and typical products obtained with the following
HCl] = 25 mM.  Scale bar: 50 nm.

xperiments proved that AuNPs@PANI nanocomposites had excel-
ent electroactivity in neutral and even alkaline media. The
xcellent electrochemical catalytic activities towards DA and AA
ere achieved by the AuNPs@PANI nanocomposites modified

lassy carbon electrode (GCE). The oxidation overpotentials of DA
nd AA significantly decreased and their oxidation peak currents
ramatically increased at AuNPs@PANI modified GCE. Application
o the analysis of real samples was also investigated.

. Experimental

.1. Chemicals

Chloroauric acid tetrahydate (HAuCl4·4H2O) was  supplied by
inopharm Chemical Reagent Co., Ltd. Trisodium citrate and acetic
cid (HAc) were purchased from Sigma–Aldrich. Chitosan (CS)
ith 98% deacetylation and an average molecular weight of

 × 104 g mol−1 (Yuhuan Biomedical Corp., China) was  used in this
tudy. DA was purchased from Sigma–Aldrich. AA and sodium
odecyl sulfate (SDS) were from Tianjin Bodi Chemical Co. Ltd. Ani-

ine monomer (purity 99.5%) was purchased from Tianjin Ruijinte
hemical Co. Ltd. Aniline was distilled into colorless under reduced
ressure prior to use.

The  0.1 M phosphate buffer solutions (PBS) at various pH val-
es were prepared by mixing the stock solutions of NaH2PO4 and
a2HPO4 and then adjusted with different amounts of 0.1 M NaOH
r H3PO4. All other chemicals were of analytical grade and doubly
istilled water (DDW) was used throughout this work.

.2.  Apparatus and instruments
Cyclic  voltammetric (CV), electrochemical impedance spec-
roscopy (EIS) and amperometric measurements were performed
ith a CHI 660 D electrochemical analyzer (Shanghai CH Instru-
ent Company, China). A conventional three-electrode system was
Cl4-to-aniline molar ratios: (b) 0.25:1, (c) 0.5:1 and (d) 0.75:1. [Aniline] = 1.0 mM,

used  with bare glassy carbon electrode (GCE) or modified GCE as the
working electrode, saturated calomel electrode (SCE) as reference
electrode, and platinum wire as auxiliary electrode, respectively.
Transmission electron microscopy (TEM) images were obtained
using JEM–200EX transmission electron microscope with an accel-
erating voltage of 160.0 kV. The UV–vis absorption spectra of AuNPs
and AuNPs@PANI were recorded on a Cary 50 Scan UV–vis spec-
trophotometer (Varian, USA) at room temperature.

2.3. Synthesis of AuNPs@PANI core–shell nanocomposites

AuNPs seeds were prepared by the conventional citrate reduc-
tion of HAuCl4 in aqueous solution according to the literature [31].
Citrate-stabilized AuNPs (2.0 mL)  were concentrated to a total of
20 �L after centrifugation at 12,000 rpm for 15 min. The isolated
AuNPs were then added to a mixture of acidic aniline (3.0 mM,
5.0 mL)  solution and SDS (15.0 mM,  5.0 mL). Different concentra-
tions of HAuCl4 (5.0 mL)  solution were dropped into the above
mixture under stirring at room temperature. The total volume of the
final mixture was 15 mL,  where [aniline] = 1.0 mM,  [SDS] = 5.0 mM
and [HCl] = 25.0 mM.  The reaction mixture was incubated for 4 h
under stirring to ensure complete polymerization. After that, the
precipitate was centrifuged and washed several times with distilled
water and ethanol. The final product was dried in vacuum at 40 ◦C
for 24 h.

2.4.  Preparation of the modified GCE

The GCE was  carefully polished with 0.3 �m and 0.05 �m �-
Al2O3 slurry, respectively, before each experiment, and followed by
successive sonication in DDW and ethanol for 5 min. Then the GCE

was  thoroughly rinsed with water and dried at room temperature.

Firstly, 0.5% CS aqueous solution was prepared according to the
previously reported procedure [32]. Briefly, 0.05 g CS flakes were
dissolved in 10.0 mL  0.05 M HAc solution. After the undissolved
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taining 1.0 mM  Fe(CN)6
3− and 1.0 mM Fe(CN)6

4− with the
frequency ranging from 104 to 10−1 Hz (see Supplementary
material  Fig. S1). As can be seen, significant differences in the
38 L. Yang et al. / Tala

aterial was filtered, the pH was adjusted to 5.5 using 1.0 M NaOH.
hen, 10.0 �L of the obtained CS solution was deposited on the
retreated electrode. The electrode was then placed under humid
onditions for 4 h. After thoroughly rinsed by DDW, the obtained
S/GCE was immersed in AuNPs@PANI solutions for 6 h. The as-
repared electrode was denoted as AuNPs@PANI/CS/GCE.

.5. Characterization

The synthesized AuNPs@PANI nanocomposites were char-
cterized with TEM and UV–vis absorption spectroscopy. CV
xperiments were carried out in quiescent solutions with the
can rate of 50 mV  s−1. EIS experiments were performed in
.0 mM K3Fe(CN)6/K4Fe(CN)6 (1:1) mixture containing 0.1 M KCl
ith the voltage frequencies ranging from 104 to 10−1 Hz.

. Results and discussion

.1.  TEM of AuNPs@PANI core–shell nanocomposites

The structure of the prepared AuNPs@PANI was confirmed
irectly by TEM. As shown in Fig. 1, the synthesized AuNPs seeds
howed a size of 13 nm (Fig. 1(a)). It could be seen that the polymer-
zation growth of aniline by HAuCl4 oxidation occurred around the
uNPs seeds and a core–shell structure of AuNPs@PANI composites
as obtained. The dark spot and light coating in the TEM images

epresented the AuNPs and PANI, respectively. The morphology of
uNPs@PANI composites was found to change when the molar ratio
f HAuCl4-to-aniline varied. As shown in Fig. 1(b–c), the AuNPs
nside the composites underwent a persistent growth when HAuCl4
oncentration increased. It has been reported that the PANI–Au
omposites could be obtained by direct oxidation of aniline using
AuCl4 as the oxidant [30], where the obtained composites show

 core–shell structure and the AuNPs are encapsulated by PANI of
etrahedron shape. Herein, the core–shell structure of AuNPs@PANI
anocomposites is attributed to the existence of AuNPs seeds and
he product show an orbicular shape. The aniline could preferen-
ially adsorb onto the surface of Au seeds by NH2–Au interaction
nd offer suitable nucleation sites for the formed aniline oligomers
uring the polymerization process. As the reaction proceeds, the
urther gold deposition occurs on the AuNPs seeds and the formed
ANI on the AuNPs surface provides a steric barrier against the
urther growth of AuNPs.

.2.  UV–vis spectra

Fig.  2 shows the UV–vis spectra of the prepared AuNPs and
uNPs@PANI. The AuNPs exhibit an absorption peak at 520 nm

Fig. 2(a)) [33]. As shown in Fig. 2, when the molar ratio of HAuCl4
o aniline was 0.25:1, the absorption peak for the AuNPs shifted to
bout 532 nm (Fig. 2(b)). While the ratio was 0.5:1, a slight shift
f the absorption peak to about 535 nm was observed (Fig. 2(c)).
ith molar ratio increased to 0.75:1, the absorption peak further

ed shifted to about 538 nm (Fig. 2(d)). This strongly indicated that
he growth of AuNPs occurred during the polymerization of aniline.
esults were consistent with those observed by TEM. As the con-
entration of HAuCl4 increases, the polaron band at about 770 nm
elated to the absorption of PANI becomes broader and shifts to

onger wavelengths. Since the absorption of the polaron band is
trongly dependent on the molecular weight and protonation level
f the PANI [34], this indicates a difference in molecular weight of
he polymer with increasing HAuCl4 concentration.
Fig. 2. UV–vis spectra of (a) AuNPs and typical products obtained with the following
HAuCl4-to-aniline molar ratios: (b) 0.25:1, (c) 0.5:1 and (d) 0.75:1.

3.3. Electroactivity of the AuNPs@PANI nanoparticles

Fig. 3 shows CVs of different electrodes in the potential range
from −200 to 600 mV  in phosphate buffer solution (pH 6.0) at a scan
rate of 50 mV  s−1. No redox peaks appeared for bare GCE and CS/GCE
(Fig. 3(a and b)). In contrast, a pair of well-defined redox peaks
was observed for the AuNPs@PANI/CS/GCE with the anodic and
cathodic potential of 163 mV  and 195 mV,  respectively. The peaks
were attributed to the redox reaction of AuNPs@PANI. Therfore,
AuNPs@PANI has been successfully immobilized on the electrode
surface and showed remarkable redox behavior at neutral pH envi-
ronment. The well redox behavior of AuNPs@PANI nanocomposites
was attributed to the incorporation of AuNPs and was  similar to
results from Au NPs/PANI hybrid systems in neutral environment
[25,35].

EIS was  further employed to characterize the interface prop-
erties of the modified electrodes [36]. The typical results
of AC impedance spectra of the bare GCE (a), CS/GCE (b),
AuNPs@PANI/CS/GCE (c) were obtained in 0.1 M KCl con-
Fig. 3. CVs (a) bare GCE, (b) CS/GCE, (c) AuNPs@PANI/CS/GCE in 0.1 M PBS pH 6.0 at
a scan rate of 50 mV s−1.
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ig. 4. CVs of the AuNPs@PANI/CS/GCE in 0.1 M PBS at pH (a) 5.0; (b) 6.0; (c) 7.0; (d)
.0; (e) 9.0 at a scan rate of 50 mV s−1.

lectron transfer resistance (Ret) were observed upon the step-
ise modification of the electrode. Compared with bare GCE

Fig. S1(a)), CS/GCE showed a smaller electron transfer resistance
Ret) value (Fig. S1(b)). This could be understood that a positively
harged surface of CS formed on GCE promotes the diffusion of
e(CN)6

3−/4− towards the electrode surface. However, the plot of
uNPs@PANI/CS/GCE was almost a straight line (Fig. S1(c)), indi-
ating that AuNPs@PANI nanocomposites were excellent electric
onducting composites and accelerated the electron transfer.

The  electroactivity of AuNPs@PANI nanocomposites is investi-
ated in 0.1 M PBS with various pH values ranging from 5.0 to 9.0.
enerally, PANI is redox–active only for acid media with pH <4

19,20]. As shown in Fig. 4, two pairs of redox peaks of AuNPs@PANI
ould be observed when pH value was 5.0. These two  pairs of peaks
erged and showed only one pair of broad peaks when pH value
as 6. The well-defined redox peaks could be observed even when
H value was 9.0, indicating that AuNPs@PANI nanocomposites
how excellent electrochemical behavior at neutral and alkalescent
nvironment. It has been reported that PANI has three sets of redox
eaks in acid media. At higher pH value, these redox peaks would
erge into a broad redox peak [37–40]. Two sets of peaks of PANI

orrespond to the redox transitions between leucoemeraldine and
meraldine and between emeraldine and pernigraniline, respec-
ively. Another set of peaks has also been identified as belonging to
he water-soluble degradation products. In order to meet the needs
f bioanalysis under physiological condition, the experiment was
arried out in PBS with a pH value of 6.0

.4. Electrochemical behaviors of AA and DA at
uNPs@PANI/CS/GCE

.4.1. Voltammetric separation for the anodic waves of DA and AA
In order to investigate the electrocatalytic activity of the

uNPs@PANI, control experiments for the simultaneous determi-
ation of DA and AA were carried out by DPV with the bare GCE
nd AuNPs@PANI/CS/GCE, respectively. As shown in Fig. 5(b), the
oltammetric response of the bare GCE is observed as one peak
t 230 mV  for the oxidation of DA and AA. The peak potentials for
A and AA were indistinguishable. Therefore, it is impossible to
etermine the individual concentration from the overlapped oxida-

ion peaks. In contrast, AuNPs@PANI nanocomposites modified GCE
ould efficiently resolve this issue. Two defined oxidation peaks
t 28, 264 mV  in DPV (Fig. 5(d)) were revealed corresponding to
he oxidation of AA and DA, respectively. The potential separation
Fig. 5. DPVs of bare GCE (a and b) and AuNPs@PANI/CS/GCE (c and d) in 0.1 M PBS
(pH 6.0) in the presence (b and d) and absence (a and c) of 2.0 × 10−4 M DA and
1.5  × 10−4 M AA at a scan rate of 50 mV s−1.

between two substrates was  236 mV. Such large separation allows
the selective and simultaneous determination of AA and DA in their
mixture.

Considering that the PANI is �-rich in nature, the �–� inter-
action between phenyl structure of DA and PANI makes the easy
arrival of DA molecules to the surface of modified electrode. Sec-
ondly, although the �–� interaction between penta-heterocycle
of AA and PANI is weak, the presence of positively charged CS pro-
vides a remarkable electrostatic attraction to negatively charged AA
in PBS (pH 6.0) due to the charge characteristic of AA (pKa = 4.10).
The integrated effect of the above aspects might result in simulta-
neous determination of DA and AA at the AuNPs@PANI-modified
GCE electrode.

3.4.2. Selective determination of AA and DA
To verify the feasibility of the simultaneous determination

of DA and AA at AuNPs@PANI/CS/GCE, the DPVs carried out
at AuNPs@PANI/CS/GCE in solutions containing various con-
centrations of DA and 0.1 mM AA have been illustrated in
Fig. S2 (see supplementary material Fig. S2). The peak current
response for the oxidation of DA linearly increases with the increase
of DA concentration, while the peak current for AA oxidation
keeps nearly unchanged. This demonstrates that AA has no inter-
ference for the detection of DA. Similarly, with the increase of
AA concentration, the oxidation current of AA exhibits a linear
increase (see supplementary material Fig. S3), which suggests that
the presence of DA does not interfere with the response of AA
oxidation. The peak currents for DA and AA increased linearly
with correlation coefficients of 0.9997 and 0.9998 respectively,
while increasing their concentrations (10–1500 �M for DA  and
20–1400 �M for AA). All the results strongly imply that DA and AA
can be separately determined in their mixture using the proposed
method.

3.4.3. Simultaneous determination of DA and AA
To further investigate the applicability of AuNPs@PANI/CS/GCE

for the simultaneous determination of both analytes in a mix-
ture, the current responses of these species by simultaneously
changing the concentrations of DA and AA have been measured.

As depicted in Fig. 6, the peak currents for DA and AA increased
linearly with correlation coefficients of 0.9997 and 0.9998 respec-
tively, while increasing their concentrations (10–1700 �M for DA
and 20–1600 �M for AA). The relative standard deviations for DA
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Fig. 6. DPVs of AuNPs@PANI/CS/GCE in 0.1 M PBS pH 6.0 containing different con-
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entrations of DA and AA. DA concentrations from (a) to (l) are: 0, 10, 50, 100, 150,
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nd AA based on eight times measurements in the mixture of
00 �M DA and 100 �M AA are 3.3% and 4.5%, respectively.

In order to demonstrate the analytical capacity of the proposed
iosensor, a comparison of linear range and low detection limit with
ther electrode for the determination of AA and DA was  listed in
able S1. Compared with the sensor based on poly(acriflavine) [S1],
odine–adlayer [S2] and poly(4-aminothiophenol)/Aunnano [S4],
he proposed method shows a more wide liner range of detection
or AA and DA. Even though the detection limit of current proposed
iosensor is comparable or a little higher than that reported in the
eference, the AuNPs@PANI nanocomposites modified electrode
rovide a very well platform for the simultaneous determination of
A and DA. The good electroactivity of AuNPs@PANI nanocompos-

tes also shows a huge potential for the fabrication of other sensors
r biosensors.

.5. Reproducibility and stability of the biosensor

The reproducibility and stability of the developed biosensor
ere also investigated. The relative standard deviation (R.S.D.) for
A and AA of the 3.2% and 3.5% were obtained for the sensor

esponse to 0.1 mM DA and AA for the same electrode with contin-
ously testing for 30 times. The storage stability of the sensor was
xamined by intermittently measuring the current response to DA
nd AA standard solution every 3 days over the period of a month.
he response could maintain about 86% of its original response after
ne month. Thus, the DA and AA sensor showed a good stability and
eproducibility for the determination of DA and AA.

.6.  Analytical application

In  order to verify the practicability of the proposed biosensor
or analysis of DA and AA, the modified electrode was applied to
etermine DA and AA in human serum. The serum samples were
iluted 10 times with PBS and different amounts of DA and AA
ere added without further treatment. Then, 5.0 mL  of the sample

olution was transferred into the electrochemical cell for the deter-
ination of these analytes using DPV. For DA determination, the
ecoveries ranged from 98.2% to 106.5%. For AA determination, the
ecoveries ranged from 98.8% to 104.5% (Table S2). The good recov-
ries indicate that the proposed method has potential application
or the determination of DA and AA in commercial samples.

[

[
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4. Conclusions

AuNPs@PANI core–shell nanocomposites were successfully pre-
pared by one-step chemical oxidative polymerization of aniline
using HAuCl4 as the oxidant and AuNPs as seeds in the presence
of sodium dodecyl sulfate. Due to the excellent electrochemical
behavior of AuNPs@PANI in neutral and even in alkaline media,
it is very suitable for sensing the species in biological fluids in
physiological condition. The AuNPs@PANI/CS/GCE showed excel-
lent catalytic activity towards the electro-oxidation of AA and DA
and could be used for the simultaneous determination of AA and
DA in their binary mixture. The proposed method has also been
applied for detecting DA and AA in real samples with satisfactory
results.
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