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Abstract

Silver chloride@polyaniline (PANI) core–shell (AgCl@PANI) nanocomposites were synthesized in the presence of polyvinylpyrrolidone (PVP).
The obtained AgCl@PANI nanocomposites could be easily dispersed in aqueous media, which overcame the processible issues of PANI. Moreover,
the nanocomposites showed excellent electrochemical behavior at pH neutral environment, and had inhibitive effect on oxidation of ascorbic acid.
Fourier transform infrared spectrophotometry (FTIR) confirmed the existence of PVP in the nanocomposites. The C=O group of PVP is easy to form
hydrogen bonding with the hydroxyl group of ascorbic acid, which can prevent ascorbic acid from oxidization. A selective dopamine biosensor was
constructed based on the particular characteristic of the AgCl@PANI nanocomposites by the simple drop-coating. The biosensor could detect
dopamine at its very low concentration in the presence of 5000 time concentration of ascorbic acid at neutral environment.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Since the first report of electrical conductivity in a conjugated
polymer in 1977 [1], conductive polymers have attracted much
interest due to their high conductivity, ease of preparation, good
environmental stability, and large variety of applications in light-
emitting, electronic devices, chemical sensors, separation mem-
branes, and antistatic coatings [2–4]. The most widely studied
conducting polymers include polyanilie (PANI), polypyrole (PPy),
and polythiophene (PTh). During them, PANI has been proven
particularly useful in the development of biosensors, because of its
low cost, ready film-forming ability, chemical and electrochemical
stability, and scope for incorporation of functional groups [5].
However, the poor processability of PANI has greatly restricted its
exploitation in commercial biosensors. Monomer aniline is
carcinogen, and it is insoluble in common solvents [6]. The
processability issues have been overcome by PANI nanostructure
because they can be dispersed in aqueous media [7]. Moreover,
since high surface area, PANI nanostructure allows fast diffusion
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of target molecules, resulting in the acceleration of electron
transmission and the enhancement of current response[7–8].

Usually, acidic conditions (pHb4) are required for the
formation of the highly conductive form of PANI, and this
greatly restricts applications of PANI in bioelectrochemistry,
which normally needs a neutral pH environment. It was reported
that doping PANI with negatively charged units yielded a redox-
active polymer at neutral and even basic aqueous solution.
PANI nanoparticles doped with dodecyl-benzenesulfonic acid
(DBSA) were used by Morrin et al. to immobilize horseradish
peroxidase (HRP), thus H2O2 biosensors were fabricated [7,9].
Glucose biosensors were fabricated by immobilizing Glucose
oxidase (GOx) on Au nanoparticles-conductive PANI nano-
composites, and this biosensor displayed high sensitivity for
glucose sensing [8]. Sulfonate-functionalized Au nanoparticles
(Au-NPs) were incorporated into PANI microrode through
electropolymerization. The PANI/Au-NPs composites showed
good electroactivity at neutral environment, despite that PANI is
redox-active only under acidic condition by itself [10].

A kind of inorganic@conducting PANI nanocomposites, silver
chloride@PANI core–shell (AgCl@PANI) nanocomposites, was
synthesized [11]. Inorganic@conducting PANI nanocomposites
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with different combinations of the two components have attracted
significant academic and technological attention because of their
unique properties aswell as extensive applications in diverse areas
[12]. The AgCl@PANI nanocomposites exhibited excellent
electrochemical behavior at neutral pH environment. Moreover,
different with the PANI composites synthesized by Granot et al.,
which favored catalytic oxidation of ascorbic acid [10],
AgCl@PANI nanocomposites have inhibitive effect on oxidation
of ascorbic acid. Fourier transform infrared spectrophotometry
(FTIR) confirmed the existence of PVP in AgCl@PANI
nanocomposites [11]. The C=O group in PVP can form hydrogen
bonding with ascorbic acid and prevents it from oxidation. A
Biosensor, which could selectively determine dopamine in the
presence of large excess of ascorbic acid, was successfully
constructed based on the particular characteristic of AgCl@PANI
nanocomposites.

Dopamine is a very important catecholamine neurotransmitter
in the mammalian central nervous system. The change in the level
of dopamine has been proved to be a very effective route toward
brain functions, and the loss of dopamine-containing neuronsmay
result in serious disease such as Parkinson's disease [13,14].
Selective and sensitive determination of dopamine has been a
long-standing goal, and electrochemical techniques have been
proved to be one of the most advantageous ways in the deter-
mination of dopamine [13–18]. A major problem in dopamine
detection is the interference of ascorbic acid, which is also present
in biological fluids at very high concentration (100–
500 μmol L−1), whereas dopamine levels are much smaller
(b100 nmol L−1) [19,20]. At bare electrodes, ascorbic acid is
oxidized at a potential very close to that of dopamine [21].
Moreover, electrode surface can be easily fouled by the product of
ascorbic acid oxidation, which results in rather poor selectivity
and reproducibility in the determination of dopamine [22,23].

In this paper, a selective dopamine biosensor was developed
by a very quick and simple drop-coating method. AgCl@PANI
nanocomposites can be easily dispersed in aqueous media. Some
dispersion solution was deposited on a glassy carbon (GC)
electrode. The electrode was dried in air and then coated with a
film of Nafion. The developing method involves no electrochem-
ical steps, so it is easily amenable to mass production [10].
AgCl@PANI nanocomposites have inhibitive effect on oxidation
of ascorbic acid, andNafion film can suppress oxidative current of
ascorbic acid further through charge discrimination [15,20]. The
biosensor could determine dopamine in the presence of large
excess of ascorbic acid at a neutral pH environment with great
selectivity and sensitivity.

2. Experiment

2.1. Instruments and chemicals

Aniline, silver nitrate, Polyvinylpyrrolidone (PVP), hydro-
chloride (HCl), and ammonium persulfate ((NH4)2S2O8, APS)
were purchased from Shanghai Chemical Reagent Co. Aniline
was distilled under reduced pressure. Nafion, a 5 wt.% solution
in a mixture of lower aliphatic alcohols and 20% water, was
obtained from Aldrich. The 1% Nafion solution used in this study
was prepared by diluting the 5% Nafion in ethanol. Ascorbic acid
and dopamine chloride were purchased from Sigma Chemicals and
used as received. Other chemicals used were of analytical reagent
grade and used without further purification. Aqueous solutions
were preparedwith distilledwater. Phosphate buffer solution (PBS)
was prepared from NaH2PO4 (0.1 M) and Na2HPO4 (0.1 M) and
adjusted the pH with 0.1 M H3PO4 and NaOH solutions. Freshly
prepared ascorbic acid and dopaminewere used for all experiments.

Electrochemical experiments were performed on a CHI630a
electrochemical workstation (Chenhua Co., Shanghai, China) in a
three-electrode configuration. A saturated calomel electrode
(SCE) and a platinum electrode served as reference and counter
electrode, respectively. All potentials given belowwere relative to
the SCE. The working electrode was a modified GC electrode.
Buffers were purged with highly purified nitrogen for at least 20
min prior to use and all electrochemical experiments were
performed under nitrogen atmosphere.

Scanning electron microscopy (SEM) pictures were recorded
on a JSM-5900 instrument.

2.2. Synthesis of AgCl@PANI nanocomposites

AgCl@PANI nanocomposites were synthesized according
to reference [11]. AgNO3 (0.012 M) and aniline (0.012 M) were
added to 2% or 4% PVP aqueous solution. 5 mL of 1M HCl
aqueous solutions of APS as oxidant were dropped into the above
mixture under stirring at room temperature. The molar ratio of
aniline toAPS ([An]: [APS])was 1:1. The reactionwas allowed to
proceed for 24 h. 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.

2.3. Preparation of the modified GC electrode

A GC electrode was polished to a mirror surface before each
experiment with 0.05 μmα-Al2O3 slurry, and then ultrasonicated
in distilled water and acetone successively. The cleaned electrode
was dried with a stream of nitrogen immediately before use.
AgCl@PANI nanocomposites were dispersed in distilled water to
form a 1.0 mg/mL solution and ultrasonically treated for 30 min.
The pretreated GC electrode was cast with 5 μL of the blue
suspension of AgCl@PANI nanocomposites in water. The
electrode was dried in air and then coated with 10 μL of 1%
Nafion solution. The solvent was allowed to evaporate at room
temperature. The modified electrode is denoted as Nafion–
AgCl@PANI/GC.

PVP modified GC electrode was prepared by droplet
evaporation of 20 μL of a 0.2% (wt/vol) methanolic PVP
solution followed by drying for 12 min at room temperature.

3. Results and discussion

3.1. Physical characterization of Nafion coated AgCl@PANI
film

The core–shell structure of AgCl@PANI nanocomposites
has been verified by transmission electron microscopy (TEM).



Fig. 2. Cyclic voltammograms of bare GC electrode. Curve (a): pH 7.0
phosphate buffer (0.1 M); Curve (b): (a) +1 mM ascorbic acid; Curve (c):
(a) +1 mM dopamine; Curve (d): (a) + a mixture of 1 mM dopamine and 1 mM
ascorbic acid. Scan rate: 0.1 V s−1.
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Shell thickness and core diameter of the nanocomposites is of
20-70 nm separately [11]. Fig. 1 shows the SEM images of the
AgCl@PANI (up) andNafion coated AgCl@PANI (down) films
on silicon wafers. Uniform films consisted of nanocomposites
are observed. The subtle difference between the two images
results from the membrane of Nafion, which was cast on one of
the silicon wafers after they were coated with AgCl@PANI
nanocomposites.

3.2. Cyclic voltammetric behavior of ascorbic acid and dopamine
at AgCl@PANI nanocomposite modified GC electrode

Fig. 2 depicts the cyclic voltammograms obtained at a bare
GC electrode in pH 7.0 phosphate buffer solution (0.1 M)
(curve a), containing 1 mM ascorbic acid (curve b), 1 mM
dopamine (curve c), and a mixture of 1 mM dopamine and
1 mM ascorbic acid (curve d). As shown in Fig. 2, the oxidation
peak potential of ascorbic acid on the bare GC electrode surface
is 0.175 V, which is close to that of dopamine (0.21 V). That
oxidation of the two species occurred almost at the same
potential would result in an overlapped voltammetric response.
Actually, cyclic voltammogram obtained for the mixture of
ascorbic acid and dopamine exhibits only one anodic peak. It is
believed that oxidized dopamine acts as a catalyst for oxidation
of ascorbic acid, which is also one of the reasons why only one
oxidation peak with great peak current was obtained for
Fig. 1. SEM images of AgCl@PANI nanocomposite (up) and Nafion coated
AgCl@PANI nanocomposite films (down) on silicon wafers.
ascorbic and dopamine mixture. These observations clearly
indicated that the existence of ascorbic acid had seriously
interfered with the determination of dopamine at bare GC
electrode [24–26].

The curve (a) of Fig. 3 shows the cyclic voltammetric
behavior of the modified GC electrode in 0.1M PBS (pH 7.0).
Only one pair of broad redox peaks was observed, which is the
overlap of two redox processes normally found for the PANI
system under acidic conditions. GC electrode modified with
AgCl@PANI nanocomposites shows two pairs of redox peaks
in solution with pH value below 4 [11]. It is well known that
PANI exists in three well-defined oxidation states: leucoemer-
aldine, emeraldine and pernigraniline, and the two oxidation
peaks are assigned to the transition of leucoemeraldine to
emeraldine salt and the transition of emeraldine salt to
pernigraniline separately [5, 27]. The two pairs of redox
peaks of AgCl@PANI nanocomposites moved close with the
increase of pH value and finally merged to show only one pair
Fig. 3. Cyclic voltammograms of AgCl@PANI/GC electrode. Curve (a): pH 7.0
phosphate buffer (0.1 M); Curve (b): (a) +1 mM dopamine; Curve (c):
(a) +1 mM ascorbic acid (Scan rate: 0.1 V s−1). The insert shows the enlarged
view of the region indicated by the arrow.



Fig. 4. Square-wave voltammograms of AgCl@PANI/GC electrode. Curve (a):
pH 7.0 phosphate buffer; Curve (b): (a) +0.1 mM dopamine; Curve (c):
(a) +1 mM ascorbic acid.

Fig. 5. Molecular structures of PVP (a), dopamine (b), ascorbic acid (c) and
intramolecular hydrogen bonding of ascorbic acid (d) (A).Cyclic voltammo-
grams of PVP modified GC electrode. Curve (a): pH 7.0 phosphate buffer
(0.1 M); Curve (b): (a) +1 mM ascorbic acid; Curve (c): (a) +1 mM dopamine
(Scan rate: 0.1 V s−1) (B).
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of broad redox peaks when pH value reached 4, and the redox
peaks could still be observed even when pH value was 8 [11],
indicating that AgCl@PANI nanocomposites could show
excellent electrochemical behavior at pH neutral environment.

PANI is redoxactive only in acid media (pHb4) by itself [5].
This greatly restricts its applicability in bioelectrochemistry,
which normally requires a neutral pH environment. It was
shown, however, doping PANI with negatively charged
sulfonate units [28], or the incorporation of negatively charged
poly (acrylic acid) [29] or DNA units [30], yields a redox-active
polymer at neutral and even basic aqueous solutions. Although
the mechanism why AgCl@PANI nanocomposites show good
electrochemical activity in neutral media has not been clear yet,
we believe that large amounts of negatively charged chloride
ions have provided the anionic doping that made AgCl@PANI
nanocomposites redox-active at neutral and even slightly basic
aqueous solutions [31].

Certain amounts of AgCl@PANI nanocomposite dispersion
solutions were dropped on the surface of GC electrode and then
dried in air. The prepared modified GC electrode is referred as
AgCl@PANI/GC electrode. The electrochemical behaviors of
dopamine (curve b) and ascorbic acid (curve c) in pH 7.0 PBS at
AgCl@PANI/GC electrode were examined using cyclic vol-
tammetry. In curve b, there is a shoulder peak at 0.22 V, whereas
no obvious shoulder peak appears in curve c. It can be seen in
Fig. 2 that dopamine showed a couple of quasi-reversible redox
peaks at bare GC electrode, but no reduction peak belonging to
dopamine was observed in Fig. 3. In the mean time, both the
oxidation and reduction peak currents of AgCl@PANI nano-
composites decreased. These observations suggest that there
should be considerable interaction between the AgCl@PANI
nanocomposites and dopamine or its oxidation products.
Oxidation of ascorbic acid at bare GC electrode is believed to
be totally irreversible, and at AgCl@PANI/GC electrode, no
peak corresponding to reduction of ascorbic acid could be
observed too. However, oxidation peak could not be observed at
the same time, indicating that there are interactions between
ascorbic acid and AgCl@PANI nanocomposites too.
3.3. Square-wave voltammetric behavior of ascorbic acid and
dopamine at AgCl@PANI/GC electrode

Fig. 4 is the Square-wave voltammograms obtained at
AgCl@PANI/GC electrode in pH 7.0 phosphate buffer (curve a),
containing 1 mM dopamine (curve b), or 1 mM ascorbic acid
(curve c). In curve a, oxidation peak at 0.02 V corresponds to the
transition of leucoemeraldine to pernigraniline. When dopamine
was added, a new oxidation peak at 0.22 Vappeared. At the same
time, the oxidation peak current of AgCl@PANI nanocomposites
dropped due to the interaction between the nanocomposites and
dopamine or its reduction products. A small broad wave at c.a.
0.22 Vwas observed when ascorbic acid was added into the buffer
solution. It can be seen that although the concentration of ascorbic
acid was ten times as much as that of dopamine, the oxidation peak
current of ascorbic acidwasmuch smaller. Aswe know, both PANI
and dopamine carry positively charged amino groups at neutral



Fig. 7. (A) Square-wave voltammograms of ascorbic acid and dopamine at
Nafion–AgCl@PANI/GC electrode in 0.1M phosphate buffer solution (pH 7.0).
[Dopamine] changed and [ascorbic acid] kept constant (i.e., [ascorbic acid]=
1mM, [Dopamine]: (a) 0.2, (b) 0.4, (c) 0.6, (d) 0.8, (e) 1.0, (f) 1.4, (g) 1.8, (h) 2.2,
(i) 2.6, (j) 3.0, (k) 3.6, (l) 4.2, (m) 4.8, (n) 5.4, (o) 6.2, (p) 7.0, (q) 8.0 μM). Inset
is the square-wave voltammograms at Nafion–AgCl@PANI/GC electrode in
0.1 M phosphate buffer solution (pH 7.0) when [ascorbic acid] was 1 mM.
(B) Relationship between the anodic peak currents and the concentration of
dopamine.

Fig. 6. Cyclic voltammograms of AgCl@PANI/GC electrode (a) and Nafion–
AgCl@PANI/GC electrode (b) in pH 7.0 phosphate buffer (0.1 M). Scan rate:
0.1 V s−1.
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environment. The electrostatic repulsion between positively
charged PANI shell of the AgCl@PANI nanocomposites and
dopamine explains the reason why the oxidation peak current of
dopamine at the electrode was much smaller than that at bare GC
electrode. Ascorbic acid exists as a negatively charged ascorbate
species in a neutral media, and the electrostatic attraction between
ascorbic acid and PANI can enhance the surface concentration of
ascorbic acid at the electrode. That is the reason why PANI is
usually believed to favor catalytic oxidation of ascorbic acid.
However, AgCl@PANI nanocomposites showed completely
different characteristic. Although the surface concentration of
ascorbic acid at the electrode had been improved through the
interaction between positively charged PANI shell and negatively
charged ascorbate, the oxidation of ascorbic acid at AgCl@PANI/
GC electrode could hardly be decerned by cyclic voltammetry.
Even by square-wave voltammetry, when the concentration of
ascorbic acid reached 1 mM, only a small broad wave correspon-
ding to oxidation of ascorbic acid could be observed. This indicates
that not only does AgCl@PANI nanocomposites have no catalytic
effect on oxidation of ascorbic acid, but also inhibit its oxidation.
When ascorbic acid was added into the phosphate buffer solution,
it can be observed that the redox peak currents of AgCl@PANI
nanocomposites decreased (Fig. 3), indicating an unknown
interaction between ascorbic acid and AgCl@PANI nanocompo-
sites, which had hampered oxidation of ascorbic acid.

The molecular structure of AgCl@PANI nanocomposites was
characterized by Fourier Transform infrared spectrophotometry
(FTIR). The characteristic peak at 1651 cm–1 assignable to C=O
could prove the presence of PVP in the nanocomposites [11]. Fig.
5A displays the molecular structures of PVP, dopamine
hydrochloride and ascorbic acid. Ascorbic acid in aqueous
solution, as in the crystal, exists exclusively as its enol tautomer
(structure c) [32], and the tautomer can gain additional stability by
the forming of intramolecular hydrogen bond (structure d). When
pH value is over 5, however, the intramolecular hydrogen bond
will break for the deprotonation of the hydroxyl group at C(3).
PANI is positively charged at neutral environment, meanwhile
ascorbic acid is negatively charged. Ascorbic acid can be adsorbed
on the modified electrode surface through the electrostatic
attraction. It has been proved that the C=O group in PVP is
easy to form hydrogen bond with other atoms like oxygen,
nitrogen and fluorin [33], thus the PVP in the nanocomposites can
form intermolecular hydrogen bond with ascorbic acid, and
prevents the hydroxyl group at C(2) from oxidization. Fig. 5B
shows the cyclic voltammograms obtained at the PVP modified
GC electrode in pH 7.0 phosphate buffer solution (curve a),
containing 1 mM ascorbic acid (curve b), or 1 mM dopamine
(curve c). A couple of redox peaks at 0.15V can be observed on
curve b, whereas no redox peaks could be observed on curve c,
indicating that PVP has prevented oxidation of ascorbic acid.

3.4. Square-wave voltammetric application for the determination
of dopamine at Nafion–AgCl@PANI/GC electrode

In order to eliminate the interference of ascorbic acid with
detection of dopamine completely, Nafion, a cation-exchange
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polymer, whose films are highly permeable to cations but almost
impermeable to anions, was used to coat AgCl@PANI nano-
composite modified GC electrode. Fig. 6 shows the cyclic
voltammograms of AgCl@PANI/GC electrode (curve a) and
Nafion–AgCl@PANI/GC electrode (curve b) obtained in pH 7.0
phosphate buffer solutions. At Nafion–AgCl@PANI/GC elec-
trode, the peak separation between redox peaks (ΔEp) was
136 mV, which was small than that at AgCl@PANI/GC electrode
(332 mV). The decrease of ΔEp might result from that Nafion
film had provided enough negative charges for the PANI shell
of nanocomposites, and then the conductivity of AgCl@PANI
nanocomposites was improved [32]. In the meantime, the peak
currents of PANI at Nafion–AgCl@PANI/GC electrode in-
creased, which could be attributed to the fact that the membrane
of Nafion had prevented AgCl@PANI nanocomposites at GC
electrode from diffusing into the electrolytes.

Since dopamine exists in cationic form and ascorbic acid exists
in anionic form at neutral environment, the Nafionmembrane can
strongly repulse anionic ascorbic acid and highly attract cationic
dopamine. Fig. 7A represents the SWVs of different concentra-
tion of dopamine at Nafion–AgCl@PANI/GC electrode where
the concentration of ascorbic acid kept the same (1mM). From the
insert of Fig. 7A, it can be seen that almost no response could be
observed when 1 mM ascorbic acid was added into the phosphate
buffer solution. This clearly indicates that Nafion film on the
electrode surface have prevented anionic ascorbic acid from
reaching the electrode surface, and made the electron exchange
between ascorbic acid and the modified electrode almost
impossible. Thus the selectivity of the AgCl@PANI/GC electrode
towards dopamine was improved after it was coated with Nafion
film. It was observed in Fig. 7 that with the increase of dopamine
concentration, the peak currents for AgCl@PANI nanocompo-
sites increased. The Nafion–AgCl@PANI/GC electrode can
sense the increase in low level of dopamine (0.2 μM) in the
presence of high concentration of ascorbic acid (1 mM), and the
anodic peak currents for dopamine increased linearly with the
increase of dopamine concentration with the correlation coeffi-
cient of 0.996 and sensitivity of 0.49 μA μM−1 (Fig. 7B).

3.5. Conclusion

AgCl@PANI nanocomposites have showed excellent redox-
active behavior at neutral environment. Moreover, they had in-
hibitive effect on oxidation of ascorbic acid. The remaining PVP
in the nanocomposites can form hydrogen bonding with ascorbic
acid, and prevent it from oxidization. A highly selective dopamine
biosensor was constructed based on the particular characteristic
of AgCl@PANI nanocomposites. The biosensor could detect
dopamine at its very low concentration in the presence of 5000
times concentration of ascorbic acid at neutral environment.
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