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Abstract A convenient and effective way for fabricating
amperometric hydrogen peroxide (H,O,) biosensor was
designed in this paper. First, the polyaniline (PANI)
nanofibers membrane with good conductance and high
surface area was electropolymerized on a gold electrode
surface. Then, Pt nanoparticle (PtNP) was electrochemi-
cally deposited on the PANI nanofibers membrane. Finally,
the hybrid film of gold nanoparticle, chitosan, and horse-
radish peroxidase (HRP) was cast onto the modified elec-
trode to form a stable biofunctional film, which was also
employed as a protective layer to PtNP. The proposed
biosensor exhibited a rapid response to H,O, with the
linear range from 7.0 x 107® to 1.4 x 107> M and a
detection limit of 2.8 x 107°M (S/N = 3). The sensitivity
of 558 pA mM ' cm 2 was obtained. The Michaelis—
Menten constant, Ky;* value was 1.90 mM suggesting a
high affinity. Moreover, it displayed a good reproducibility
and long-term stability.

Keywords Chitosan - Hydrogen peroxide biosensor -
Gold nanoparticle - Pt nanoparticle - Polyaniline nanofibers
Introduction

Polyaniline (PANI), which is one of the most important

conducting polymers, has been extensively studied for its
electronic and optical applications. Among the family of
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conjugated polymers, PANI is unique since it can be tai-
lored for specific applications through a non-redox acid/
base doping process [1]. It has attracted much attention for
many potential applications in lightweight battery elec-
trodes, electromagnetic shielding devices, anticorrosion
coatings, and sensors [2]. Recently, interest has been
directed toward nanostructured PANI (nanorods/-wires/-
fibers) since they combine the properties of low-dimen-
sional organic conductors with high-surface area materials.
This can lead to enhanced properties in applications such as
chemical sensors [3—6]. In sensor applications, nanostruc-
tured PANI could possess greater sensitivity and faster time
response relative to its conventional bulk counterpart due
to its higher effective surface area and shorter penetration
depth for target molecules [7]. The classical chemical
synthesis of polyaniline nanostructures usually requires
specific structure-directing materials added into the poly-
merization bath like templates, such as zeolite channels [8]
and porous membranes [9], or the self-assembly of func-
tional molecules, such as surfactants [10] and large organic
dopants [11]. Since all these methods lead to complex
synthetic conditions, post-synthetic treatments are required
to remove such templates or specific complex chemical
reagent in order to recover the nanostructured PANI. Some
physical methods, for example, mechanical stretching [12]
and electrospinning [13] can produce conducting polymer
nanofibers without templates. While in recent works,
methods such as electrochemical polymerization [14] and
interfacial polymerization at an aqueous/organic interface
[15] can also produce PANI nanostructure.

Due to the excellent film forming ability and mechanical
stability, together with nontoxicity, biocompatibility,
cheapness and a remarkable affinity with proteins, chitosan
(CS) has gained growing interest in immobilizing bio-
molecules, especially enzyme [16]. Recently, it also has
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been used as a protective film to prevent the leakage of
the enzyme [17] and mediator [18]. Due to these
excellent characters, CS has played an important role in
fabricating enzyme electrodes with different sorts of
methods, such as deposition [18], coating [19] and LBL
self-assembly [20].

With many special physicochemical characters, gold
nanoparticle (GNP) is one of the most important metal
nanoparticles, which has attracted great interests and
potential applications in the field of biosensors. It has been
demonstrated that the GNP is strongly bound to various
functional groups through covalent bonds, such as —-CN, —
NH,, or —SH [21]. In the mean time, as good biocompatible
materials, GNP also provides a good affinity between GNP
and some proteins with well-retained bioactivities and
gives the protein molecule more freedom in orientation
[22]. Further more, it has been reported that the GNP has
the ability to enhance the electrode conductivity and
facilitate the electron transfer, thus, improving the analyt-
ical selectivity and sensitivity.

Hydrogen peroxide (H,0,) is not only the by-product of
the reactions catalyzed by many highly selective oxidases,
but also an essential compound in the pharmaceutical,
clinical, and industrial settings [23]; therefore, sensitive
and selective determination of H,O, is of greatly practical
importance. Several techniques including fluorometry,
spectrophotometry, chemiluminescence, titrimetric and
electrochemistry have been employed for the detection of
H,0O,. Among these techniques, amperometric enzyme-
based biosensors have received considerable interest [24],
because this kind of technique is characterized by conve-
nience, sensitivity, and high selectivity.

In this paper, pertinent combination of Pt nanoparticle
(PtNP) with highly catalytic activity, conductive PANI
nanofibers membrane and functional hybrid film of CS,
GNP and HRP was proposed to fabricate a high sensitivity
and selectivity amperometric H,O, biosensor. First, PANI
nanofibers membrane was assembled onto the gold elec-
trode as a substrate to offer enhanced electron-transfer
kinetics and effective surface area of the electrode. Sub-
sequently, PtNP was electrochemically deposited onto the
PANI nanofibers membrane and the hybrid film of CS,
GNP, and HRP was cast onto it to achieve a CS—GNP-
HRP/PtNP/PANI film modified electrode. The combination
of excellent electrocatalytic activity of PtNP and HRP
toward H,O, reduction can significantly amplify the elec-
trochemical response signal of H,O,, resulting in a high
sensitivity. In addition, the hybrid film incorporates the
advantages of GNP and CS, and could give a favorable
biocompatible microenvironment for HRP to remain its
bioactivity. At the same time, the hybrid film also prevents
the potential leak of PtNP, which results a satisfied
stability.
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Experimental
Reagents and materials

Chloroplatinic acid (H,PtClg-6H,0), Chitosan (CS, Mw
100,000-300,000, deacetylating grade 70-85%), gold
chloride tetrahydrate and sodium citrate, HRP (EC
1.11.1.7, type VI) were purchased from Sigma Chemical
Co. (St. Louis, MO, USA). Aniline was get from chu-
andong Chemical Reagent Co. (Chongging, China). H,O,
(30%, m/v solution) was obtained from Shanghai Chem-
ical Reagent Co., China. All other chemicals employed
were of analytical grade and were used as received. The
diluted H,O, solutions were freshly prepared from 30%
H,0, before amperometric testing and the concentration
was determined by titration with potassium permanganate.
Phosphate buffer solutions (PBS) with various pH were
prepared with 0.1 M KH,PO, and 0.1 M Na,HPO,. The
supporting electrolyte was 0.1 M KCI. Fifty milligrams
of CS flakes were dissolved in acetic acid solution (1%
wt) by stirring for some time to give a 0.5 wt% CS
solution, and then adjusted its pH to 5.0 using concen-
trated NaOH solutions. Double distilled water was used
throughout this study. GNP with mean size of 16 nm
were produced by reducing gold chloride tetrahydrate
with citric acid at 100 °C for half an hour [25] (the graph
not shown).

Apparatus and measurements

Electrochemical measurements were performed using an
Autolab electrochemical system (PGSTAT12, Eco Chemie,
The Netherlands). A three-electrode configuration was
employed in this study. The working electrode was the bare
or modified Au electrode. A platinum wire was used as an
auxiliary electrode, and a saturated calomel electrode
(SCE) was used as the reference electrode. The scanning
electron micrographs were performed with a scanning
electron microscope (SEM, S-4800, Hitachi, Tokyo,
Japan). Amperometric measurements were carried out in a
stirred cell by applying a potential of —0.35 V to the
working electrode in 5 mL PBS (pH 6.0). All of the elec-
trochemical experiments were performed at room temper-
ature. UV-Vis absorption spectra was recorded using a
type of Lambda 17 UV-Vis 8500 (PE Co., USA) at room
temperature.

Preparation of hydrogen peroxide biosensor

The gold disk (Au) electrode (4 mm in diameter) was first
polished with 0.3 and 0.05 pm alumina slurry respectively,
then ultrasonically cleaned in ethanol and water and then
air dried. The PANI nanofibers membrane was
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electrochemically polymerized on the cleaned gold elec-
trode by pulse galvanostatic method (current pulse period
to interval period: from 25 to 25 ms; current density
0.5 mA cm™?) in an aqueous solution of 0.5 M sulfuric
acid with 0.2 M aniline. Subsequently, PtNP was electro-
chemically deposited on the PANI nanofibers membrane-
modified electrode by sweeping the potential between
—0.1 and +1.3 V in a 0.1 M H,SO, solution containing
1 wt% H,PtClg at a scan rate of 100 mV s~1. Then,
1 mg ml~" HRP solution (in PBS, pH 6.5) was mixed
with gold colloid solution (1:1, v/v). In view of the fact
that the isoelectric point (pI) of HRP is 8.9 [26], posi-
tively charged HRP could be efficiently immobilized onto
the surface of negatively charged GNP at pH 6.5 by
electrostatic force. After agitation the mixture was added
into 0.5% CS solution (1:1, v/v) under a stirring condi-
tion. Finally, 10 pL. of CS—-GNP-HRP solution was
dropped onto the resulting electrode carefully to achieve
the immobilization of HRP onto the electrode due to the
excellent film forming ability of CS, and dried at 4 °C.
The preparation process of CS—-GNP-HRP/PtNP/PANI/Au
electrode was shown in Scheme 1. It was stored in a
refrigerator (4 °C) until further use.

polymerization
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deposition [

%Zo 5[}
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o
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Scheme 1 Illustration of the preparation process of CS—GNP-HRP/
PINP/PANI/Au electrode

Fig. 1 SEM images of a PANI
nanofibers and b PtNP/PANI
membrane. The inset of Fig. 1b
shows the amplified SEM
images of PtINP/PANI
membrane

Results and discussion

Characterization of the modified electrode
and electrochemical characteristics of the biosensor

Scanning electron microscopy characterization

In order to study the morphology of the PANI nanofibers
and the PtNP deposited onto the PANI nanofibers mem-
brane, scanning electron microscopy (SEM) was per-
formed, and the results were displayed in Fig. 1. It was
determinately shown that the PANI with fibrous confor-
mation was electropolymerized on the gold electrode sur-
face (Fig. la). After PtINP was assembled, many small
bright particles, almost uniform distributing within the
whole film, could be observed at the SEM image of
resulted film, which were evidence of the presence of PtNP
(Fig. 1b), indicating that the PtNP were successfully elec-
trochemically deposited onto the PANI nanofibers
membrane.

UV-Vis absorption spectra characterization

The hybrid film was investigated by UV-Vis spectroscopic
analysis, since UV—-Vis spectroscopy is an effective tool for
conformational study of proteins [27]. The position of the
Soret absorption band of heme may provide information
about the conformational change of the heme group region
in heme proteins [28]. Figure 2 displayed the UV-Vis
spectra of CS solution, GNP colloid, HRP solution, GNP—
HRP mixture solution, and CS—GNP-HRP mixture solu-
tion, respectively. The absorbance at 518 nm observed in
GNP colloid (Fig. 2b), GNP-HRP mixture solution
(Fig. 2d) and CS-GNP-HRP mixture solution (Fig. 2e)
was attributed to the characteristic plasmon absorbance of
colloidal gold. The absorption spectra of both GNP-HRP
(Fig. 2d) and CS-GNP-HRP mixture solution (Fig. 2e)
showed the presence of Soret bands of HRP at 404 nm, as
observed in HRP solution (Fig. 2c), suggesting that HRP
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Fig. 2 UV-Vis absorption spectra of a chitosan solution, b GNP
colloid, ¢ HRP solution, d GNP-HRP mixture solution and e CS—
GNP-HRP mixture solution

kept a secondary structure similar to the native state of
HRP in PBS, and retained its biological activity.

Cyclic voltammetry characterization

Nanoscale-materials usually provided with high surface-to-
volume to enhance the effective area and the performance
of the biosensor. Cyclic voltammetry (CV) measurements
were carried out in ferricyanide solution to evaluate the
effective surface area of different modified electrodes. The
effective surface area (A) of the electrode can be obtained
according to the Randles—Sevcik equation [29]:

I, = (2.69 x 10°)n*?AD"/*!%¢ (1)

where I, was the peak current, n was the number of elec-
trons transferred per molecule of substrate, A was the
effective surface area of the modified electrode [cmz],
D was the diffusion coefficient of substrate [cm2 sfl],
v was the voltage scan rate [V s, and ¢ was the con-
centration of substrate [mol cm ™).

Figure 3 showed cyclic voltammograms (CVs) of dif-
ferent modified electrodes in a 5 mM ferricyanide solution
at scan rate 50 mV s~ '. Well-defined CVs was observed at
the bare gold disk electrode (curve a) with an effective
surface area of 15.2 mm?. Compared with the bare gold
electrode, the CVs of PANI nanofibers membrane modified
electrode exhibited a prominent enhanced I, and suggested
that the PANI nanofibers membrane greatly increased the
effective surface area of the modified electrode (curve b,
A = 30.2 mm?). When the PtNPs were deposited onto the
PANI nanofibers membrane, the I, gave a further increases
(curve ¢, A = 31.7 mmz). As showed in Fig. 3d, the value
of I, was obviously decreased after the coating of CS-
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GNP-HRP hybrid film (curve d, A = 21.3 mm?) due to the
non-conductive properties of chitosan and HRP, which
would hinder the electron transfer of the electrochemical
probe ferricyanide anions.

Electrochemical characteristics of the biosensor

The electrocatalytic behavior of the biosensor towards the
reduction of H,O, was studied using CV. Figure 4 depicted
the CVs obtained at the biosensor in PBS (pH 6.0) con-
taining varied concentration of H,0O,. The -catalytic
reduction of H,O, at the biosensor can be seen clearly.
With the addition of H,0,, the cathodic currents increased

200

100 +
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[
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-0.2 0.0 0.2 0.4 0.6
E/V(vs. SCE)

Fig. 3 CVs of the modified electrodes in 5.0 mM Kj;Fe(CN)g/
K4Fe(CN)g (1:1) solution: a bare Au electrode; b PANI/Au electrode
¢ PINP/PANI/Au electrode and d CS-GNP-HRP/PtNP/PANI/Au
electrode. Scan rate 50 mV s~

-
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Fig. 4 CVs of the CS-GNP-HRP/PtNP/PANI/Au electrode in 0.1 M
PBS (pH 6.0) without H,O, (a), with 0.250 mM H,0, (b), 1.05 mM
H>0, (¢) and 7.54 mM H,0, (d). Scan rate 50 mV s7!
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significantly and the anodic current slightly decreased
(from Fig. 4b—d). This experiment result revealed that our
proposed biosensor modified with HRP, PtINP and PANI
film displayed excellent catalytic activity for the reduction
of H202.

Optimum of analytical conditions
Effect of pH on the response of the biosensor

It was well known that pH strongly affects the ampero-
metric response of a biosensor. We had systemically
investigated the impact of pH on the amperometric
response of the biosensor to H,O,. The change of chro-
noamperometric current with the pH under constant H,O,
concentration (0.35 mM) at —0.35V was shown in
Fig. 5a. As can be seen, the biosensor response enhanced
with the increasing pH from 4.5 to 6.0 and then decreases
as the pH increases further. The experimental results
showed that the maximum response appears at pH 6.0. This
pH optimum may be related with following factors: (1)
biomolecule HRP has an optimum pH for retaining a good
bioactivity of HRP; (2) the electrochemical action of H,O,
is related to pH and (3) biopolymer chitosan with some
primary amino groups is a polysaccharide. Its pKa is about
6.3 [30]. The pH would affect the solubility of CS due to
amino groups protonated or deprotonated, thus affect the
stability of CS—-GNP-HRP film. So the buffer solution of
pH 6.0 was selected for further experiments.

Influence of applied potential on biosensor response

In order to obtain an efficient biosensor for H,O, the
influence of applied potential on the response of biosensor
electrode was investigated by chronoamperometry. Fig-
ure 5b showed the chronoamperometric current response to
constant concentration H,O, (0.35 mM) on the applied
potential ranging from —0.5 V to 0 V. From Fig. 5b, it can
be seen that the maximum response appears at —0.35 V.

Fig. 5 Dependence of the -120

Therefore, a constant potential of —0.35 V was adopted to
get the maximum sensitivity.

Amperometric response of the biosensor

The amperometric response of the resulting electrode was
investigated by successively adding H,O, to a continuous
stirred PBS solution (pH 6.0) under an applied potential at
—0.35 V. The typical current—time curve of the biosensor
was plotted in Fig. 6. When an aliquot of H,O, was added
into the PBS solution, the reduction current rose sharply to
reach a steady-state value within 5 s (achieving 95% of the
steady-state current). Such fast response may be ascribed to
the good conductive of PANI nanofibers membrane and
GNP, which offered high electron-transfer kinetics. The
inset of Fig. 6 pictured the calibration curve of the bio-
sensor for H,O, determination, and the response of the
biosensor is linear in the range between 7.0 x 107° to
1.4 x 107> M with a detection limit of 2.8 x 107°M
(S/N = 3). The linear regression equationis / (LA) = —82.78
to 0.1189 [H,O,] (uM) with a correlation coefficient of
0.998. The high sensitivity was up to 558 uA mM~' cm 2.
As controlled experiment, Fig. 7 depicted the amperomet-
ric responses measured at the PtNP/PANI/Au electrode
without CS-GNP—HRP (Fig. 7b), CS—-GNP—HRP/PtNP/
Au electrode without PANI (Fig. 7c) and CS—-GNP—HRP/
PANI/Au electrode without PtNP (Fig. 7d), respectively.
As expected, the proposed enzyme electrode modified with
PtINP, PANI and HRP displayed the best performance
(Fig. 7a). This fact indicated that enzyme HRP, Pt nano-
particles (PtNP) and polyaniline naofibers (PANI) all
contributed to the catalytic reduce of H,O, at the modified
electrode. The integration of them into the sensing system
would result in a synergistic electro-catalytic activity to
H202.

The apparent Michaelis-Menton constant (Ky;"), which
gives an indication of the enzyme—substrate kinetics, can
be calculated from the electrochemical version of the
Lineweaver—Burk equation [31]:

-120

current response of the CS—
GNP-HRP/PtNP/PANI/Au

electrode to 0.35 mM H,O, on -105 -
the pH of PBS at an applied

b
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Fig. 6 Amperometric response of the biosensor in 0.1 M PBS (pH
6.0) at applied potential of —0.35 V upon successive additions of
H,0, in the time intervals of 30 s. Inset shows linear calibration
curves
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Fig. 7 Amperometric response of different modified electrodes in
0.1 M PBS (pH 6.0) at applied potential of —0.35 V upon successive
additions of H,0,. a CS-GNP-HRP/PtNP/PANI/Au electrode;
b PtNP/PANI/Au electrode; ¢ CS—-GNP-HRP/PtNP/Au electrode
and d CS-GNP-HRP/PANI/Au electrode

1 1 KPP
i 4 M
ISS ImaX ]max C

where I is the steady-state current after the addition of
substrate, which can be obtained from amperometric
experiments, I, is the maximum current under saturated
substrate condition and C is the bulk concentrate of the
substrate. The Ky{¥ value was determined by analysis of
the slope (Ky" /Imax) and intercept (1/1,,5) for the plot of
the reciprocals of the steady-state current (/) versus H,O,
concentration (C). The Kyi* determined in the present
studies was calculated to be 1.90 mM. The low value of
Ky" indicates that HRP immobilized in CS-GNP-HRP/
PtINP/PANI film retains its bioactivity and has a high
biological affinity to H,O,.
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Interference determination

The influence of substances that might interfere with the
response of the biosensor was investigated. In our experi-
mental, six kinds of possible interfering substances,
ascorbic acid, uric acid, lactic acid, L-cysteine, citric acid
and glucose were used to evaluate the selectivity of the
electrode and the result was shown in Fig. 8. It can be
observed that the six tested interferents could not cause
obvious interference to the determination of H>O,. This is
largely attributed to the high selectivity of HRP for the
catalytic reduction of H,O,. The other aspect is the low
working potential of -0.35 V used in the determination of
H202.

Repeatability and stability of the H,O, biosensor

The relative standard deviation (RSD) was 2.2% for seven
successive assays for 0.4 mM H,O, with the proposed
biosensor. The fabrication reproducibility of three elec-
trodes, prepared independently, showed an acceptable
reproducibility with a relative standard deviation of 6.8%
for the response to 0.4 mM H,0,. The stability of the
biosensor was studied by amperometric measurements in
the presence of 0.9 mM H,O,. The electrode was tested
every other day for 1 month. When not in use, the enzyme
electrode was stored at 4 °C. As a result, the sensitivity of
the electrode response maintained about 83.7% of the
original value after 1 month testing. This could be attrib-
uted to the good biocompatibility of GNP and CS, thus,
HRP molecules could be firmly immobilized on the surface
of the electrode and made the enzyme electrode have better
stability.

h
-200 + l
<£§. -150 F abcdef 8
- RARER
-100 - )
200 ' 4(')0 . 6(I)0

t/s

Fig. 8 Amperometric response to the injection of a 0.35 mM H,O,,
b 0.5 mM ascorbic acid, ¢ 0.5 mM uric acid, d 0.5 mM lactic acid,
e 0.5 mM L-cysteine, f 0.5 mM citric acid, g 0.5 mM glucose and
h 0.7 mM H,0, at the biosensor in 0.1 M PBS (pH 6.0) at applied
potential of —0.35 V
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Comparison with other H,O, biosensors based on HRP

The performance of CS—-GNP-HRP/PtNP/PANI/Au
electrode developed in this study was compared with
other HRP-based H,0, biosensors which were reported
in the literatures. The analytical performance including
linear range, limit of detection, the apparent Michaelis—
Menton constant (Kyf"), and the sensitivity of the bio-
sensors were all summarized in Table 1. As can be
observed, our proposed biosensor exhibited an obviously
wider linear range than other biosensors. Also, a lower
detection limit was obtained when compared to the
sensors [32, 33] and a lower value of Ky" than the
biosensors [34-38]. Especially, the sensitivity of our
proposed biosensor was obviously higher than other
biosensors. Above improved analytical performance
should attribute to the reasons below: (1) since both HRP
and PtNP exhibit excellent catalytic activity for the
reduction of H,0O,, integrating them into the sensing
system would result in a synergistic electro-catalytic
activity to H,O, and significantly amplify the electro-
chemical response signal of H,O,; (2) a rough substrate
offering by PANI nanofibers membrane results high
surface area which enhances the dispersion and improved
the catalysis activity of PtNP and HRP and (3) HRP
trapping in the hybrid film well remained its bioactivity
due to the biocompatible microenvironment offered by
the hybrid film of CS and GNP.

Analytical usefulness in sterilized milk samples

Sensitive and selective determination of H,O, is of prac-
tical importance in the milk industry. On the one hand, the

instruments and equipment employed for cooling, mixing,
transporting, bottling, and packing milk probably be
cleaned with H,O,. If the subsequent washing and drying is
incomplete, the foodstuff will be contaminated by residual
H,0; [39]. On the other hand, the World Food and Agri-
culture Organization and United Nations Agriculture
Organization permit addition of H,O, to milk at a con-
centration of 0.05-0.25% (http://www.milktest.com/
hydrogen-peroxide-milk.htm). Nevertheless, the residual
H,0, has to be eliminated before milk consumption due to
its adverse effects [40]. Thus, the analytical applicability of
the biosensor was assessed by determining the recoveries
of four different concentrations of H,O, in sterilized milk
samples by standard addition method. The result was given
in Table 2. The recovery of the biosensor was in the range
of 97.2-105%, showing a satisfactory result.

Conclusion

In this paper, we have demonstrated a H,O, biosensor
based on the immobilization of PtNP and CS—-GNP-HRP
hybrid film on the PANI nanofibers membrane modified
Au electrode. The combination of excellent electrocata-
lytic activity of PtNP and HRP toward H,O, reduction
results in a high sensitivity. The ease of fabrication, low
cost, fast response and high sensitivity would make the
proposed biosensor very promising in the pharmaceutical,
clinical and industrial detection of H,0O,. Furthermore,
this construction strategy bring a new platform for elec-
trochemical devices, especially for the operation of the
oxidase-based biosensors because the low-potential
detection of H,O,.

Table 1 Comparison of the performance of the HO, biosensors based on HRP

Electrode LR (M) LOD (M) KyP Sensitivity References
(mM) (LA mM ™! em™?)
HRP-Nafion—Sonogel-Carbon 40 x 107°-1.0 x 107* 1.6 x 107° 0.295 12.8 [41]
HRP-GSH/Au 1.0 x 107%-1.2 x 107 40 x 1077 3.12 _ [34]
HRP/TMB/AuS/ITO 5.0 x 107%-1.5 x 1073 1.0x 107 22 - [35]
HRP-MB-Bir-modified GCE 1.5 x 107°-8.1 x 1073 13 x107% - 8.55 [42]
HRP/CHIT/CMS/GC 1.0 x 107%-1.6 x 1073 93 x 1077 233 120.17 [36]
HRP/TTE-TCNQ/MWCNTs/Au 50 x 107°-1.05 x 1072 5.0 x 1077 4.04 383 [37]
HRP/AuNP/CHIT/SPCE 1.0 x 107°-1.13 x 107> 6.5 x 1077 451 - [38]
HRP/MWNTs/chitosan 1.67 x 1075-7.4 x 107 1.0 x 107° - - [32]
HRP/FMC-BSA/MWNTs/ormo-sil composite 2.0 x 107°—4.0 x 107> 50 x 107 20 - [33]
CS-GNP-HRP/P(NP/PANI/Au 7.0 x 107%-1.4 x 1072 2.8 x 107¢ 1.90 558 This work

GSH L-glutathione, TMB tetramethyl benzidine, /70 indium-tin oxide electrode, MB methylene blue, MB-Bir MB-intercalated birnessite, CMS
colloidal carbon microspheres, CHIT chitosan, TTF-TCNQ tetrathiafulvalene—tetracyanoquinodimethane, AuNP gold nanoparticles, SPCE
screen printed carbon electrode, FMC-BSA ferrocene monocarboxylic acid-bovine serum albumin conjugate, LOD limit of detection, LR linear

range
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Table 2 The recoveries of H,O; in sterilized milk samples

Added H,0, Found H,0, (umol/L)*
(pmol/L)
Mean + SD RSD (%) Recovery (%)*
180.0 175.0 £ 6.5 3.7% 97.2
420.0 413.0 £ 7.8 1.9% 98.3
625.0 655.0 + 334 5.1% 105
1,000.0 1,027.0 £+ 44.2 4.3% 102.7

* Average of three measurements

Acknowledgments

This work was supported by the National

Natural Science Foundation of China (20675064), the Ministry of
Education of China (Project 708073), the Doctor Foundation of
Southwest University (SWUB2008048), the Fundamental Research

Funds for

the Central Universities (XDJK2009B013 and

XDJK2009C082) and Key Lab of Chongqging Modern Analytical
Chemistry.

References

10.

11.

12.

13.

. Huang WS, Humphrey BD, MacDiarmid AG (1986) Polyaniline,

a novel conducting polymer: morphology and chemistry of its
oxidation and reduction in aqueous electrolytes. J Chem Soc
Faraday Trans 82:2385-2400

. MacDiarmid AG (1997) Polyaniline and polypyrrole: where are

we headed? Synth Met 84:27-34

. Huang JX, Virji S, Weiller BH, Kaner RB (2004) Nanostructured

polyaniline sensors. Chem Eur J 10:1314-1319

. Berti F, Todros S, Lakshmi D, Whitcombe MJ, Chianella I,

Ferroni M, Piletsky SA, Turner APF, Marrazza G (2010) Quasi-
monodimensional polyaniline nanostructures for enhanced
molecularly imprinted polymer-based sensing. Biosens Bioelec-
tron 26:497-503

. Dhand C, Sumana G, Datta M, Malhotra BD (2010) Electro-

phoretically deposited nano-structured polyaniline film for glu-
cose sensing. Thin Solid Films 519:1145-1150

. Ndangili PM, Waryoa TT, Muchindu M, Baker PGL, Ngila CJ,

Iwuoha EI (2010) Ferrocenium hexafluorophosphate-induced
nanofibrillarity of polyaniline-polyvinyl sulfonate electropolymer
and application in an amperometric enzyme biosensor. Electro-
chim Acta 55:4267-4273

. Huang J, Vigji S, Weiller BH, Kaner RB (2003) Polyaniline

nanofibers: facile synthesis and chemical sensors. ] Am Chem
Soc 125:314-315

. Wu CG, Bein T (1994) Conducting polyaniline filaments in a

mesoporous channel host. Science 264:1757-1759

. Martin CR (1995) Template synthesis of electronically conduc-

tive polymer nanostructures. Acc Chem Res 28:61-68

Yu L, Lee JI, Shin KW, Park CE, Holze R (2003) Preparation of
aqueous polyaniline dispersions by micellar-aided polymeriza-
tion. J Appl Polymer Sci 88:1550-1555

Qiu H, Wan M, Matthews B, Dai L (2001) Conducting polyan-
iline nanotubes by template-free polymerization. Macromole-
cules 34:675-677

He HX, Li CZ, Tao NJ (2001) Conductance of polymer nano-
wires fabricated by a combined electrodeposition and mechanical
break junction method. Appl Phys Lett 78:811-813
MacDiarmid AG, Jones WE, Norris ID, Gao J, Johnson AT, Pinto
NJ, Hone J, Han B, Ko FK, Okuzaki H, Llaguno M (2001)
Electrostatically generated nanofibers of electronic polymers.
Synth Met 119:27-30

@ Springer

14.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Song MJ, Kim JH, Lee SK, Lee JH, Lim DS, Hwang SW, Whang
D (2010) Pt-polyaniline nanocomposite on boron-doped diamond
electrode for amperometic biosensor with low detection limit.
Microchim Acta 171:249-255

. Huang JX, Richard BK (2004) A general chemical route to

polyaniline nanofibers. ] Am Chem Soc 126:851-855

Azmi NE, Ahmad M, Abdullah J, Sidek H, Heng LY, Karuppiah
N (2009) Biosensor based on glutamate dehydrogenase immo-
bilized in chitosan for the determination of ammonium in water
samples. Anal Biochem 388:28-32

Chung YC, Chen CY (2008) Antibacterial characteristics and
activity of acid-soluble chitosan. Bioresour  Technol
99:2806-2814

Xue MH, Xu Q, Zhou M, Zhu JJ (2006) In situ immobilization of
glucose oxidase in chitosan-gold nanoparticle hybrid film on
Prussian blue modified electrode for high-sensitivity glucose
detection. Electrochem Commun 8:1468-1474

Yang MH, Yang YH, Liu B, Shen GL, Yu RQ (2004) Ampero-
metric glucose biosensor based on chitosan with improved
selectivity and stability. Sens Actuators B 101:269-276

Yin B, Yuan R, Chai YQ, Chen SH, Cao SR, Xu Y, Fu P (2008)
Amperometric glucose biosensors based on layer-by-layer
assembly of chitosan and glucose oxidase on the Prussian blue-
modified gold electrode. Biotechnol Lett 30:317-322

Musick MD, Keating CD, Keefe MH, Natan MJ (1997) Stepwise
construction of conductive Au colloid multilayers from solution.
Chem Mater 9:1499-1501

Cao S, Yuan R, Chai Y, Zhang L, Li X, Gao F (2007) A medi-
ator-free amperometric hydrogen peroxide biosensor based on
HRP immobilized on a nano-Au/poly 2,6-pyridinediamine-coated
electrode. Bioprocess Biosyst Eng 30:71-78

Yu J, Zhao T, Zhao F, Zeng B (2008) Direct electron transfer of
hemoglobin immobilized in a mesocellular siliceous foams sup-
ported room temperature ionic liquid matrix and the electrocat-
alytic reduction of H,0,. Electrochim Acta 53:5760-5765
Wang J, Gu M, Di J, Gao Y, Wu Y, Tu Y (2007) A carbon
nanotubef/silica sol-gel architecture for immobilization of horse-
radish peroxidase for electrochemical biosensor. Bioprocess
Biosyst Eng 30:289-296

Eniistiin BV, Turkevich J (1963) Coagulation of colloidal gold.
J Am Chem Soc 85:3317-3328

Song Y, Wang L, Ren C, Zhu G, Li Z (2006) A novel hydrogen
peroxide sensor based on horseradish peroxidase immobilized in
DNA films on a gold electrode. Sens Actuators B 114:1001-1006
Jia NQ, Zhou Q, Liu L, Yan MM, Jiang ZY (2005) Direct
electrochemistry and electrocatalysis of horseradish peroxidase
immobilized in sol-gel-derived tin oxide/gelatin composite films.
J Electroanal Chem 580:213-221

Yang WW, Li YC, Bai Y, Sun CQ (2006) Hydrogen peroxide
biosensor based on myoglobin/colloidal gold nanoparticles
immobilized on glassy carbon electrode by a Nafion film. Sens
Actuators B 115:42-48

Sioda RE, Frankowska B (2008) Voltammetric oxidation of
naphthalene derivatives. J Electroanal Chem 612:147-150

Luo XL, Xu JJ, Zhang Q, Yang GJ, Chen HY (2005) Electro-
chemically deposited chitosan hydrogel for horseradish peroxi-
dase immobilization through gold nanoparticles self-assembly.
Biosens Bioelectron 21:190-196

Kamin RA, Wilson GS (1980) Rotating ring-disk enzyme elec-
trode for biocatalysis kinetic studies and characterization of the
immobilized enzyme layer. Anal Chem 52:1198-1205

Qian L, Yang X (2006) Composite film of carbon nanotubes and
chitosan for preparation of amperometric hydrogen peroxide
biosensor. Talanta 68:721-727

Tripathi VS, Kandimalla VB, Ju H (2006) Amperometric bio-
sensor for hydrogen peroxide based on ferrocene-bovine serum



Bioprocess Biosyst Eng (2011) 34:711-719

719

34.

35.

36.

37.

38.

albumin and multiwall carbon nanotube modified ormosil com-
posite. Biosen Bioelectron 21:1529-1535

Liu CY, Hu JM (2008) Direct electrochemistry and electroca-
talysis of horseradish peroxidase immobilized on L-glutathione
self-assembled monolayers. Chinese Chem Lett 19:955-958

Lin J, Zhang L, Zhang S (2007) Amperometric biosensor based
on coentrapment of enzyme and mediator by gold nanoparticles
on indium-tin oxide electrode. Anal Biochem 370:180-185
Chen X, LiC,LiuY,DuZ, Xu S, Li L, Zhang M, Wang T (2008)
Electrocatalytic activity of horseradish peroxidase/chitosan/
carbon microsphere microbiocomposites to hydrogen peroxide.
Talanta 77:37-41

Cao Z, Jiang X, Xie Q, Yao S (2008) A third-generation hydro-
gen peroxide biosensor based on horseradish peroxidase immo-

bilized in a tetrathiafulvalene -tetracyanoquinodimethane/
multiwalled carbon nanotubes film. Biosen Bioelectron
24:222-227

Tangkuaram T, Ponchio C, Kangkasomboon T, Katikawong P,
Veerasai W (2007) Design and development of a highly stable

39.

40.

41.

42.

hydrogen peroxide biosensor on screen printed carbon electrode
based on horseradish peroxidase bound with gold nanoparticles in
the matrix of chitosan. Biosen Bioelectron 22:2071-2078
Garcia MAV, Blanco PTB, Ivaska A (1998) A poly (o-amino-
phenol) modified electrode as an amperometric hydrogen per-
oxide biosensor. Electrochim Acta 43:3533-3539

Campuzano S, Pedrero M, Pingarron JM (2005) A peroxidase-
tetrathiafulvalene biosensor based on self-assembled monolayer
modified Au electrodes for the flow-injection determination of
hydrogen peroxide. Talanta 66:1310-1319

ElKaoutit M, Naranjo-Rodrigueza I, Dominguez M, Hernandez-
Artiga MP, Bellido-Milla D, de Cisnerosa JLHH (2008) A third-
generation hydrogen peroxide biosensor based on horseradish
peroxidase (HRP) enzyme immobilized in a nafion—sonogel—
carbon composite. Electrochim Acta 53:7131-7137

Yang X, Chen X, Zhang X, Yang W, Evans DG (2008) Inter-
calation of methylene blue into layered manganese oxide and
application of the resulting material in a reagent-less hydrogen
peroxide biosensor. Sens Actuators B 129:784-789

@ Springer



	Immobilizing Pt nanoparticles and chitosan hybrid film on polyaniline naofibers membrane for an amperometric hydrogen peroxide biosensor
	Abstract
	Introduction
	Experimental
	Reagents and materials
	Apparatus and measurements
	Preparation of hydrogen peroxide biosensor

	Results and discussion
	Characterization of the modified electrode and electrochemical characteristics of the biosensor
	Scanning electron microscopy characterization
	UV--Vis absorption spectra characterization
	Cyclic voltammetry characterization
	Electrochemical characteristics of the biosensor

	Optimum of analytical conditions
	Effect of pH on the response of the biosensor
	Influence of applied potential on biosensor response

	Amperometric response of the biosensor
	Interference determination
	Repeatability and stability of the H2O2 biosensor
	Comparison with other H2O2 biosensors based on HRP
	Analytical usefulness in sterilized milk samples

	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


