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bstract

Ordered mesoporous polyaniline film has been fabricated by electrodepositing from the hexagonal lyotropic liquid crystalline (LCC). Horseradish
eroxidase (HRP), as a symbol biomolecule, was successfully immobilized on the film to construct a new kind of hydrogen peroxide biosensor.
he biosensor combined the advantages of the good conductivity of polyaniline and the higher surface area of the ordered mesoporous film.
olyaniline could be served as a wire to relay electron between HRP and the electrode. The high surface area of the film supplied more sites for

RP immobilization, therefore increased the catalytic activity of the biosensor. The ordered mesoporous character of the film increased the rate
f mass transport, which resulted in the improvement of sensor response and linearity. The biosensor displayed excellent electrocatalytic response
o the detection of H2O2 in a concentration range from 1.0 �M to 2.0 mM with a detection limit of 0.63 �M. Good reproducibility, stability, high
recision, wide linearity and low detection limit were assessed for the biosensor.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Conductive polymers have been widely used for the immobi-
ization of biomolecules and the fabrication of sensors, because
hey have many attractive properties such as good biocom-
atibility and certain electrical conductivity [1–4]. In most
ases, biomolecules were immobilized during the electrochemi-
al polymerization process or after the films were activated with
lutaraldehyde [5]. However, some polymers such as polyani-
ine are usually polymerized under strongly acidic conditions,
hich can have detrimental effects on the catalytic activity of
ost biomolecules, while glutaraldehyde contains complicated

hemical species of documented cytotoxic nature [5]. There-
ore, it is necessary using some new methods to overcome these
hortcomings.

Porous materials with high surface areas have been applied

or the immobilization of biomolecules [6–9]. The electrostatic
nteraction between the porous materials and biomolecules could

inimize the possibility for the denaturation of the enzymes
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10]. Several procedures have been employed to produce porous
aterials. Attard reported that porous films [11,12] with well-

efined and regular nanostructures could be obtained by using
he homogeneous nonionic lyotropic liquid crystalline (LCC)
hases as templates. The resulted films were stable and contained
rdered arrays of uniform pores extended over a hexagonal lat-
ice.

Polyaniline (PANI), as a conductive polymer with unique
onduction ability and high environmental stability, has been
idely used [13,14]. Though micro- and nanostructured PANI
ave been prepared by chemical or electrochemical methods
15–18], so far few publications reported the preparation of
rdered PANI films with mesoporous morphology and their
pplication in biomolecule immobilization and biosensor con-
truction.

In this communication, we presented the preparation and
pplication of the nanostructured mesoporous PANI film using
CC as a template via a one-step electrochemical process.
cheme 1 shows the formation process of the ordered meso-

orous PANI film from the hexagonal lyotropic liquid crystalline
LCC) phase and its application for HRP immobilization. The
lectrochemical procedure could offer more freedom in chang-
ng deposition conditions, resulting in easily adjusted pore size

mailto:jjzhu@nju.edu.cn
dx.doi.org/10.1016/j.aca.2007.06.034
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cheme 1. The formation process of the ordered mesoporous PANI film from
mmobilization.

nd controlled film thickness and properties [19]. The obtained
ANI film combined the advantages of biocompatibility, high
orosities and surface areas, easy biomolecule immobilization
nd electron-relaying ability. Electrochemical characterization
or the mesoporous film was performed. Horseradish peroxidase
HRP), as a model biomolecule, has been successfully immo-
ilized onto the mesoporous PANI film and its electrocatalytic
roperties were studied.

. Experimental

.1. Reagents

HRP (MW 44,000, EC 1.11.1.7) was obtained from Sino-
merican Biotechnology Co. Ltd. (Henan, China). The nonionic

urfactant octaethyleneglycol monohexadecyl ether (C16EO8)]
Brij 56, 98%) was obtained from Fluka and used as received.
niline was purchased from Shanghai Chemical Reagent Com-
any (Shanghai, China). A 30% hydrogen peroxide (H2O2)
olution was purchased from Beijing Chemical Reagent (Bei-
ing, China). All other chemicals were of analytical grade and
ere used as received without any purification process. Deion-

zed double-distilled water was used for making all the solutions
18.6 M�) (Millipore Co. Ltd.).

.2. Apparatus and measurements

All electrochemical experiments were performed on a CHI
60a electrochemical analyzer (Shanghai Chenghua, China),
sing a conventional three-electrode system with a modified
lassy carbon electrode (GCE) (3 mm in diameter, Shanghai
henghua, China) as the working electrode, a platinum foil as

he auxiliary electrode, and a saturated calomel electrode (SCE)
s the reference electrode.

Scanning electron micrographs (SEM) of nonporous PANI
nd mesoporous PANI were taken on a LEO-1530VP field-
mission scanning electron microscope. X-ray diffraction
XRD) was carried out using a Philips X’Pert Pr X-ray diffrac-
ometer with graphite monochromatized Cu K� radiation with
2θ range of 1–10◦.

.3. Preparation of mesoporous PANI film modified

lectrode

The template media used in the electrodeposition of meso-
orous PANI film was binary systems comprised of Brij 56 and

w
o
A
c

exagonal lyotropic liquid crystalline (LCC) phase and its application for HRP

.1 M aniline in 1 M H2SO4 aqueous solution (46%, w/w). In the
reparing of the mixtures, the surfactant was heated to ∼60 ◦C
above its melting point) in a glass vial and mixed manually using
glass rod on addition of the aqueous aniline solution. Mix-

ng times of ∼10 min were required to obtain a homogeneous
ixture. At room temperature, the mixture has a characteristic

ptical texture of hexagon liquid crystalline phase when viewed
nder a DMLP (Leica, Germany) polarizing light microscope
quipped with a Linkam THMSE-600 heating stage and a tem-
erature control unit.

Electrodeposition of the mesoporous PANI film from the
iquid crystalline plating mixture onto the glassy carbon elec-
rode was conducted by scanning the potential of the electrode
etween −0.2 and +0.8 V versus SCE at 50 mV s−1 at 25 ◦C.
fter deposition, the electrode was rinsed with deionized water

o remove the surfactant. As a comparison, the nonporous PANI
lm was obtained by the same method except that the deposition
olution used was 0.1 M aniline in 1 M H2SO4 aqueous solution
n the absence of Brij 56.

For HRP immobilization, the resulting electrode was dipped
nto HRP solution (4.0 mg mL−1, pH 7.0) overnight. Then the

odified electrode was immersed into 0.1 M PBS 7.0 to wash off
he loosely adsorbed HRP, and was stored at 4 ◦C in a refrigerator
nder dry conditions when not in use.

. Results and discussion

The surface features of the PANI films deposited in the pres-
nce and absence of Brij 56 were compared by the scanning
lectron micrographs. The results were shown in Fig. 1A–C,
espectively. The presence of Brij 56 significantly altered the
orphology of the PANI film from the microsized particles

Fig. 1A) to the porous fibers (Fig. 1B and C). The nanofibers
ere formed as PANI grew along the long Brij 56 chains and

nterconnected into three-dimensional network. Because the
orous structure of the nanofibers can contribute to the high
urface area, the high coverage immobilization for biomolecules
nd the fast response for the constructed sensors can be obtained
20,21].

Low-angle X-ray diffraction spectrum confirmed the forma-
ion of the ordered mesoporous structure of PANI. In Fig. 2, four

ell-resolved peaks were observed, suggesting that a highly
rdered, hexagonally arranged pore system was constructed.
ccording to the Bragg equation [22], the strong, sharp peak

ould be indexed to the (0 0 1) diffraction of the mesoporous
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considerably higher redox current and capacity, which indi-
Fig. 1. SEM of PANI deposited from aqueous soluti

lm, and indicated a mesoscopic order with a d spacing of
.8 nm.

The surface density of the electroactive units of PANI film

ere estimated from cyclic voltammetry experiments. Fig. 3

hows the voltammograms of two different kinds of PANI films
n 1 M HClO4 at the scan rate of 50 mV s−1. Both samples
howed the typical reduction and oxidation responses of PANI. It

ig. 2. Low-angle XRD patterns for LCC template aniline electrolyte (A) and
esoporous PANI films (B).

c
a
e

F
L

) and LCC templated mesoporous PANI (B and C).

as attributed to the conversion of leucoemeraldine/emeraldine
23]. However, the mesoporous PANI film (Fig. 3b) has a
ates that more effective surface areas of the mesoporous PANI
re accessible to the electrolytes. The surface density of the
lectroactive units of PANI (Γ ) can be deduced from the

ig. 3. Cyclic voltammetry of PANI deposited from aqueous solution (a) and
CC template mesoporous PANI (b) in 1 M HClO4 at the scan rate of 50 mV s−1.
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ollowing equation [24]:

= 4RTip

n2F2νA

here ν, A and ip represent the scan rate, the electrode area,
nd the peak current, respectively. The surface density of the
esoporous PANI was estimated to be 3.0 × 10−7 mol cm−2.
owever, the surface density of PANI deposited in the absence
f Brij 56 was found to be about 6.5 × 10−8 mol cm−2. It
as been reported that the metal films obtained using the
yotropic liquid crystalline phases as the template combine
ell-defined porous nanostructures, high specific surface areas,

lectrical connectivity, and fast electrolyte diffusion [20,21].
hese properties, together with a uniform pore size distribu-

ion, mechanical stability, and ease of processing, suggested that
anostructured mesoporous PANI films could be of considerable
nterest for biomolecule immobilization. The mechanism for the
iomolecule immobilization could be explained as a combina-
ion of electrostatic and hydrophobic interactions [25,26]. At pH
.0, the PANI films are expected to have negative surface charges
zero charge at pH 5.5), which favors electrostatic interactions
ith the cluster of positively charged HRP (pI 8.9). The immobi-

ized HRP was reasonably stable; after an initial loss during the
rst 20 potential cycles of the electrode in pH 7.0 PBS solution,

he signal remained identical for the next experiment.
In order to investigate the bioactivity of the adsorbed HRP,

he fabricated electrode was employed as a biosensor for the
lectrocatalysis of hydrogen peroxide. Fig. 4 shows the bioelec-
rocatalytic behavior of the HRP–nonporous PANI (Fig. 4a) and
RP–mesoporous PANI film (Fig. 4c) modified electrodes in
.1 M PBS 7.0 solution. In the presence of 2.0 mmol L−1 H2O2,
he cathodic response of the HRP–mesoporous PANI film mod-
fied electrode (Fig. 4d) enhanced more remarkably than that

f the HRP–nonporous PANI film modified electrode (Fig. 4b).
ue to the large specific surface area of the mesoporous PANI
lm, more HRP molecules were immobilized, which contributed

o the remarkable current of H2O2 on the HRP–mesoporous

ig. 4. Cyclic voltammograms of HRP–nonporous PANI film (a and b) and
RP–mesoporous PANI film (c and d) modified electrode in the absence (a and

) and presence of 2.0 mmol L−1 H2O2 in 0.1 M PBS 7.0 solution. Scan rate,
00 mV s−1.
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ANI film modified electrode. It is well-known that HRP often
xhibits sluggish electron transfer at conventional electrodes
ecause of its unfavorable orientation on the electrode surface
r the adsorption of impurities to make it denature. In the pre-
ious reports, HRP-catalyzed reduction of peroxides usually
ccurred in the presence of redox species that were served as
ither electron donors or hydrogen donors [27]. Here, no addi-
ional electron transfer mediator was needed because of the
lectroactive character of PANI itself. It could be envisaged
s an additional advantage over conventional polymer matri-
es for enzyme immobilization. The electron-donating ability of
ANI may play an important role in enzyme catalysis. Pekmez
xplained the reduction of PANI film when the electrode was
olarized at negative potentials, and the polymer was thus as
mixture of reduced and oxidized species. The PANI in its

educed form could be used as the electron transfer mediator.
he substrate (H2O2) reduction charge is propagated along the
olymer chain to the electrode surface by fast electron transfer
eactions involving PANI0/+ redox species [28].

The thickness of the mesoporous PANI film varies with the
ycle numbers of CV scans. With the increase of the scan num-
ers, the thickness of mesoporous PNAI film increased too. It
ould increase the amounts of the immobilized HRP, which
ould enhance the response current of the biosensor to H2O2.
owever, the response time of the biosensor increased drasti-

ally with the increase of the thickness of the film. It may be
ue to the increase of the electrons transfer distance from the
lectrode surface to the redox center of the immobilized HRP.
n our experiments we chose 100 cycles to obtain the optimized
hickness of PANI film.

To ascertain the effect of pH on the response of the biosensor,
he amperometric response of the HRP/PANI modified electrode
o 10 �M H2O2 was recorded through successively adding H2O2

o a continuous stirring PBS solution with different pH, as shown
n Fig. 5. It could be observed that the biosensor obtained its
ighest response at pH 5.0. With the increase of pH, the response
urrents decreased. At pH 9.0, almost no response current of the

ig. 5. Influence of pH values of PBS on the response currents of 10 �M H2O2

t the HRP–mesoporous PANI film modified electrode.
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Fig. 6. Typical steady-state response of the biosensor on successive injection of
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[7] W.-Y. Cai, Q. Xu, X.-N. Zhao, J.-J. Zhu, H.-Y. Chen, Chem. Mater. 18
ifferent concentration of H2O2 into 0.1 M stirring PBS 7.0 solution. Applied
otential, −100 mV (A, PANI; B, HRP–nonporous PANI; C, HRP–mesoporous
ANI).

iosensor was observed. The better sensitivity of the biosensor
t pH 5.0 may be due to the better conductivity of PANI in the
cidic solutions. With the decrease of pH, the electronic con-
uctivity of PANI increased [29]. However, the acidic solution
ould also denature HRP. Therefore, the response current of the
iosensor decreased at pH 4.0 solution. For all practical pur-
oses, the application of the biosensor in a neutral solution is an
mportant aspect to pay attention to, so we selected pH 7.0 PBS
olution for the detection of H2O2 in our experiments.

Fig. 5 shows the typical steady-state responses of three kinds
f biosensors on successive injection of different concentration
f H2O2. In the absence of HRP, a small catalytic current was
bserved even when 10−3 M H2O2 was added into the solution
Fig. 6A). However, after immobilizing HRP on the PANI films,
he reduction current increased sharply, as shown in Fig. 6B and
. The reduction current at the HRP–mesoporous PANI film

Fig. 6C) enhanced more than 100% over HRP–nonporous PANI
odified electrode (Fig. 6B). It indicated that the porosity of the

ANI film ensured a large specific surface area and a high load-
ng factor of enzyme per volume unit, which resulted in more
RP molecules to be immobilized on the mesoporous PANI film.
he modified electrode achieved 95% of the maximum steady-
tate current in less than 10 s. The results demonstrated clearly
hat the electrocatalytic response was fast. The fast response

ight be due to the open structure of the porous film [30]. When
he biomolecules were doped onto the surface of the polymer,
he substrates or biorecognition molecules should not have to
iffuse into and out of a polymer matrix. However, it occurs
raditionally in polymer entrapment systems. Also, the speed at
hich the reactants reached the active centers in mesoporous
rganic–inorganic hybrids was reported to be higher in ordered

esostructures than in the amorphous ones [31]. The inset of
ig. 6 compares the calibration data for HRP–mesoporous PANI
lm modified electrode and an HRP–ordinary PANI film mod-

fied electrode over the range 1.0 to 100 �M. The limitation
Acta 597 (2007) 151–156 155

urrent of the HRP–nonporous PANI film modified electrode
as not proportional to the concentration of hydrogen peroxide
eyond 100 �M. If the added hydrogen peroxide concentra-
ion was over 100 �M, it would reach a plateau as the binding
ites of HRP become saturated. In comparison, the mesoporous
lectrode response was linear up to ∼2.0 mM. An increased sur-
ace area of the mesoporous PANI film electrode may provide
ore sites for HRP immobilization, and the binding sites for
2O2 increase. The detection limit of the sensor was 0.63 �M

stimated at a signal-to-noise ratio of 3.
The reproducibility of the sensor was evaluated at a H2O2

oncentration of 0.1 mM, and the relative standard deviation was
.36% (n = 10). For the inter-electrode repeatability of ten elec-
rodes from the same batch, the relative standard deviation was
.34% at a H2O2 concentration of 0.1 mM. The stability of the
ensor was investigated. The response remained stable after con-
inuously detecting H2O2 for about 2 h. When the electrode was
ut in a drying state at 4 ◦C and measured everyday, the current
esponse only decreased by 6% of the original value after 30
ays.

. Conclusion

In this work, an ordered nanostructured mesoporous PANI
lm with the high surface area, small nanofiber diameter, and
rdered porous nature was synthesized by using LCC as the
emplate. The conductivity character of PANI made it be used
s an electron-relaying polymer to wire the electron transfer
etween enzymes with the electrode. The obtained film offers
good environment for enzyme loading as well as substrate

iffusion, resulting in high sensitivity, wide linearity and long-
erm stability of the biosensor. It opens a new doorway for the
pplication of PANI as bioanalytical devices.
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