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ABSTRACT: Immobilization of ascorbate oxidase (AO)
in poly(3,4-ethylenedioxythiophene) (PEDOT)/multiwalled
carbon nanotubes (MWCNTs) composite films was achieved
by one-step electrochemical polymerization. The PEDOT/
MWCNTs/AO modified electrode was fabricated by the
entrapment of enzyme in conducting matrices during electro-
chemical polymerization. The PEDOT/MWCNTs modified
electrodes were investigated by cyclic voltammetry and elec-
trochemical impedance spectroscopy. The experimental
results showed that the composite films exhibited better me-
chanical integrity, electrochemical activity, higher electronic
and ionic conductivity, and larger redox capacitance com-
pared with pure PEDOT films, which would be beneficial to
the fabrication of PEDOT/MWCNTs/AO electrochemical

biosensors. The scanning electron microscopy studies
revealed that MWCNTs served as backbone for 3,4-ethylene-
dioxythiophene (EDOT) electropolymerization. Furthermore,
the resulting enzyme electrode could be used to determine
L-ascorbic acid successfully, which demonstrated the good
bioelectrochemical catalytic activity of the immobilized AO.
The results indicated that the PEDOT/MWCNTs composite
are a good candidate material for the immobilization of
AO in the fabrication of enzyme-based biosensor.VC 2011Wiley
Periodicals, Inc. J Appl Polym Sci 122: 1142–1151, 2011
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INTRODUCTION

Enzyme-based biosensors are very useful tools in
satisfying analytical requirements, particularly in
biochemistry, pharmacology, industry, and environ-
mental sciences.1 One of the key steps in success-
fully fabricating an enzyme-based biosensor is the

simple and reliable procedure for immobilizing and
stabilizing reactive enzymes on the electrode. As
several methods reported for the immobilization of
enzyme,2–5 the electrochemical polymerization
method has been used as an effective technique for
immobilization of an enzyme on the electrode sur-
face.6 The amount of enzyme that is immobilized
can readily be adjusted via the controlled electro-
chemical polymerization step. Another challenge of
using enzymes in enzyme-based biosensors is the
need to find the support materials to be compatible
with the enzyme and to achieve rapid electron trans-
fer at the electrode surface. The excellent and unique
properties of electronically conducing polymers
(ECPs), such as high electrical conductivity, superior
stability, good chemical and electrochemical proper-
ties, make them extremely attractive materials for
such applications in enzyme-based biosensor.7,8

In recent years, ECPs/ascorbate oxidase (AO) bio-
sensors have been extensively studied. Wang et al.9

reported the electrochemical immobilization of AO
in polyaniline films; Uchiyam et al.10 reported poly-
pyrrole (PPy) being the choice of matrix coated
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carbon felt films for AO immobilization. In our
groups, poly(3,4-ethylenedioxythiophene) (PEDOT)
have been studied by electrochemical immobilization
of AO in PEDOT films for the fabrication of
PEDOT/AO electrochemical biosensor.11 However,
the biosensors suffered from long-term storage insta-
bility due to the easy leakage of enzymes from sup-
ports during washing and/or reaction process.

Because of the remarkable mechanical, structural,
electrical, and thermal properties, carbon nanotubes
(CNTs; Scheme 1) have attracted considerable atten-
tion since the discovery by Iijima in 1991.12,13 The
application of CNTs in biological and medical fields,
particularly in electrochemical biosensors, has been
expanding rapidly.14–17 It has been shown that incor-
porating CNTs into a polymer matrix enhances the
mechanical and electrical properties of the original
polymer.18–20 Notably, CNTs have been demonstrated
as a good candidate material for the immobilization
of enzyme in enzyme-based biosensor fabrication.21,22

However, there are no articles concerning the electro-
chemical immobilization of AO in PEDOT/MWCNTs
composite films have appeared.

In our present work, a novel enzyme electrode was
successfully fabricated by the electrochemical entrap-
ment of AO in PEDOT/MWCNTs composite films in
phosphate buffered-aqueous solution (PBS) containing
AO, MWCNTs and amino acid-based surfactant so-
dium N-lauroylsarcosinate (SLS). The electrochemical
properties of PEDOT/MWCNTs composite films were
studied using cyclic voltammetry (CV). The PEDOT/
MWCNTs/AO composite films were also investigated
using electrochemical impedance spectroscopy (EIS)
and scanning electron microscopy (SEM). The bioelec-
trochemical catalytic activity of the PEDOT/
MWCNTs/AO modified electrode towards L-ascorbic
acid (AA) was investigated by chronoamperometry.

EXPERIMENTAL

Chemicals

AO (162 U mg�1, EC 1.10.3.3) from cucumber (Cucur-
bita sp.), MWCNTs dispersed were purchased from

Chengdu Institute of Organic Chemistry, Chinese
Academy of Sciences (purity of MWCNTs 4.39 wt %,
out diameter 50–100 nm, length 5–15 lm). AA was
purchased from Bio Basic Inc. EDOT (99%; Aldrich),
SLS (95%; Aldrich), a 0.05 mol L�1 phosphate buffer
solution (PBS; pH ¼ 6.5) was prepared using Na2HPO4

and NaH2PO4. Lithium perchlorate trihydrate (LiClO4;
Sinopharm Chemical Reagent Co., Ltd.) of analytical
reagent grade was used as received. Double-distilled
deionized water was used as the solvent.

Electrochemical measurements and
characterizations

The electrochemical polymerization of EDOT in aque-
ous solution containing different contents of MWCNTs
were performed in a one-compartment cell using a
potentiostat-galvanostat (Model 263A, EG and G
Princeton Applied Research) under computer control.
For electrochemical tests, a 3-mm diameter platinum
(Pt) disc electrode served as the working electrode and
1 mm diameter stainless steel wire used as the counter
electrode. The reference electrode was a saturated calo-
mel electrode (SCE). The three electrodes were placed
5 mm apart during the measurements. The Pt working
electrode was polished with alumina (Al2O3, 0.05 lm),
rinsed with distilled water and cleaned ultrasonically.
The stainless steel wire was carefully polished with ab-
rasive paper (1500 mesh), and cleaned successively
with distilled water and acetone, then air-dried before
each experiment. All aqueous solutions were deaerated
by bubbling with a dry argon stream for 10 min, prior
to electrochemical experiments. All experiments were
carried out under a slight argon overpressure. The typ-
ical solution used was aqueous solution with different
MWCNTs contents of 0, 0.1, 0.4, 1.2 wt % (weight per-
cent with respect to solution), containing 0.02 mol L�1

EDOT, 0.02 mol L�1 SLS, and 0.02 mol L�1 LiClO4. The
PEDOT/MWCNTs composite films were grown
potentiostatically at 1.1 V versus SCE and their thick-
ness was controlled by the total charge passing
through the cell, which was read directly from the cur-
rent–time (I–t) curves by computer. PEDOT/MWCNTs
composite films were washed repeatedly with double-
distilled deionized water and acetone to remove the
excess electrolyte, EDOT, and MWCNTs.

Preparation of PEDOT/MWCNTs/AO electrode

Immobilization of AO in PEDOT/MWCNTs com-
posite films was performed in a typical three-elec-
trode cell by applying constant potential of 1.1 V at
293.15 K (Scheme 2). To avoid denaturing the
enzyme during deposition it is generally desirable to
carry out the electropolymerization from aqueous
solution close to neutral pH. This process is con-
trolled by the electrode potential and it is therefore

Scheme 1 The structure of EDOT, PEDOT, and
MWCNTs, together the electrochemical polymerization of
EDOT to PEDOT.
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possible to control the polymer films thickness
(through the total charge passed) and hence the
amount of enzyme entrapped in close proximity to
the electrode surface. For the preparation of enzyme
electrode, the phosphate buffer system (PBS, pH ¼
6.5) consists of 0.02 mol L�1 EDOT, 0.02 mol L�1

SLS, 0.4 wt % MWCNTs, 0.05 mg mL�1 AO,
0.02 mol L�1 LiClO4. After electrolysis, electrode
was washed with distilled water to remove excess
supporting electrolyte and unbound enzymes.

Electrochemical impedance spectroscopy
and scanning electron microscopy

EIS measurements were performed in 0.1 mol L�1

LiClO4 solution by using an Autolab Frequency
Response Analyzer System (AUT30; FRA2-Autolab,
Echemie, B.V.) connected to a conventional one-com-
partment three-electrode electrochemical cell. The im-
pedance spectra were recorded in the frequency range
from 100 kHz down to 0.1 Hz, using an alternating cur-
rent (ac) signal amplitude of 10 mV at a direct current
(dc) bias. The data were recorded after the dc potential
being applied for 10 min because the composite films
on the electrodes need a period to reach an electro-
chemical steady state. SEM measurements were taken
with a Hitachi S3000N scanning electron microscope.

Electrocatalytic determination of ascorbic acid

The electrochemical detection of different concentra-
tions of AA (0, 0.1, 0.5, 1, 2, 3, 4, 5, 6, and 7 mmol
L�1) was carried out by applying a constant poten-

tial of 0.4 V versus SCE for 100 s at 293.15 K. The
supporting electrolyte was 0.05 mol/L�1 air-satu-
rated PBS (pH ¼ 6.5).

RESULTS AND DISCUSSION

Electrochemical synthesis of PEDOT/MWCNTs
composite films

The successive cyclic voltammograms (CVs) between
�0.7 V and 1.15 V versus SCE of 0.02 mol L�1 EDOT
in 0.02 mol L�1 SLS þ 0.02 mol L�1 LiClO4 aqueous
solution containing different MWCNTs contents on
a Pt electrode are shown in Figure 1. This mixture
was essentially a MWCNTs stabilized emulsion
of EDOT droplets in water and was sufficiently
stable to allow successful electropolymerization of
PEDOT/MWCNTs composite films. In our previous
work,23 the introduction of environmentally friendly
amino acid-based surfactant SLS into the electrolyte
not only enhanced the solubility of EDOT but also
lowered its onset oxidation potential. Furthermore,
SLS can facilitate the biocompatibility of PEDOT
with biologically-active species. It is clear that, in
Figure 1(A), on the first CV cycle the current densities
on the reverse scan are higher than that on the
forward scan. The formation of this loop can be
explained as characteristics of nucleation process.24–26

The redox peaks at 0.6 and �0.04 V were attributed
to the doping/dedoping processes of PEDOT films
formed in previous scans. As the CV scan continued,
conducting polymer films were formed on the work-
ing electrode surface, which could be taken out of the
electrolytic solution after CV. The increase in the
redox wave current density implied that the amount
of polymer on the electrode was increasing.
The nucleation process and homogenous polymer

film deposition can also be observed when different
MWCNTs contents were used [Fig. 1(B–D)]. The
trend of the CVs of EDOT solutions containing dif-
ferent contents of MWCNT was similar. The redox
peaks are at 0.6 and �0.04 V for 0.1 wt % MWCNTs,
0.6 and �0.04 V for 0.4 wt % MWCNTs solution
while 0.2 and �0.2 V for 1.2 wt % MWCNTs solu-
tion. It was noticed that the polymerization current
densities recorded during the backward potential
scan for PEDOT/MWCNTs composite films were
larger than that of pure PEDOT films. This results
from the high conductivity and high surface area of
MWCNTs, and more reaction sites become available
on the formed composite films than on the original
Pt electrode surface. More importantly, the CNTs
themselves acted as both the charge carriers in solu-
tion and also the charge balancing counter ions in
the polymerization. This not only is beneficial to the
formation of uniform composite films, but also com-
promises the polymerization rate because of the

Scheme 2 Illustration of the fabrication process of
PEDOT/MWCNTs/AO modified electrode. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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relatively lower ionic conductivity of CNTs.27 In
addition, the slopes of cathodic peak current den-
sities against numbers of scan were calculated at
about �0.04 V, as illustrated in Table I. These values
can be used to evaluate the polymerization rates of
EDOT in different media. In comparison with no
MWCNTs in aqueous solution [Fig. 1(A)], the intro-
duction of MWCNTs increased the polymerization
rate of EDOT. This behavior is consistent with a
higher electrochemical polymerization reaction yield,
and hence with a better electrode covering, as
increasing the MWCNTs content. However, a large
thickness of the polymer films can reduce the overall
conductivity of the composite films, then decrease
the MWCNTs contribution to the charge transfer.28

As observed in this work, under similar electropoly-
merization conditions, the thin PEDOT films were
navy blue. Clearly, the black color of the composite
films was due to the presence of MWCNTs. The
PEDOT/MWCNTs composite films were robust
mechanically and could not be peeled-off easily. As
expected, the composite films showed good mechan-
ical integrity, which would be beneficial to extend
the lifetime of the enzyme biosensor.

Figure 2 shows a set of current transients during
electropolymerization of 0.02 mol L�1 EDOT in 0.02
mol L�1 SLS and 0.02 mol L�1 LiClO4 aqueous

solution containing different MWCNTs contents at
different applied potentials on a Pt working electrode.
Two or more stages were clearly observed at different
MWCNTs contents [Fig. 2(A–D)]. The initial stage of
electrodeposition was a combination of instantaneous
two-dimensional and three-dimensional mechanisms
since electrodeposition was under charge transfer
control than diffusion; in the later stages, layer-by-
layer growth mode was in accordance with the Stran-
ski-Krastanov mode.29,30 At applied potential below
0.9 V, polymerization does not occur on the electrode
surface. Once the applied potential reaches the
threshold value, all the electrosynthetic current den-
sities initially experience a sharp decrease and then
keep constant as a result of uniform deposition of the
polymer films on the electrode surface. All the I–t
curves conducted in aqueous micellar solution are
smooth, suggesting uniform electrodeposition of
PEDOT/MWCNTs composite films.

Figure 1 CVs obtained on Pt disc electrode in 0.02 mol L�1 EDOT þ 0.02 mol L�1 SLS þ 0.02 mol L�1 LiClO4 aqueous
solutions containing: (A) no MWCNTs, (B) 0.1 wt % MWCNTs, (C) 0.4 wt % MWCNTs, (D) 1.2 wt % MWCNTs. Potential
scan rates: 50 mV s�1.

TABLE I
The Slopes of Peak Current Densities Against Cycle

Number During the CVs of EDOT in Aqueous Solution
Containing Different MWCNTs Contents

No MWCNTs 0.1 wt % 0.4 wt % 1.2 wt %

Cathodic 0.0325 0.1035 0.1185 0.1435
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Moreover, the current density increased at the
Pt electrode with increased polymerization potential
(E) from 0.9 V to 1.15 V (Fig. 2) when the E was >1.15
V, the current density dramatically decreased. So 1.15
V seems a turning point, at E > 1.15 V, the plateau cur-
rents decreased gradually, which might be ascribed to
overoxidation of PEDOT at higher potential during
electropolymerization.31,32 In the range from 0.9 V to
1.15 V, the overoxidation of PEDOT is negligible and
the electropolymerization rate mainly depends on E.
So increased E leads to increased plateau current.
Simultaneously, overoxidation of PEDOT coexists with
electropolymerization at E > 1.15 V. Under this cir-
cumstance, the electropolymerization and overoxida-
tion of the deposited PEDOT take place simultane-
ously. The higher the applied potential, the more
serious is the overoxidation of PEDOT.

The current density increased when MWCNTs
were introduced. The influence of MWCNTs con-
tents on current density is shown in Figure 3. This
may be attributed to the high conductivity and high
surface area of MWCNTs, which has been discussed
above that more reaction sites become available on
the formed composite films than on the original Pt

electrode surface. The presence of the MWCNTs can
interact with the polymer and some of the formed
polymer-MWCNTs aggregates can reduce the ion
intercalation distance, thus facilitate the charge transfer
and increase the conductivity of the polymer films.28

Electrochemistry of PEDOT/MWCNTs
composite films

To elucidate the effect of MWCNTs on the proper-
ties of PEDOT films, electrochemical performance of
composite films was evaluated by carrying out CV
measurements in monomer-freeaqueous solutions
(Fig. 4). The films were prepared from the different
growth solutions containing 0, 0.1, 0.4, and 1.2 wt %
MWCNTs, respectively, which can be cycled repeat-
edly without obvious decomposition. In Figure 4(A),
the CVs of the films showed a couple of broad oxi-
dation and reduction waves. In addition, the large
capacitance-like currents are characteristic of
PEDOT. The similar voltammograms of films pre-
pared in different contents MWCNTs aqueous micel-
lar solution all showed significant differences
between the first cycle and those following, which

Figure 2 Chronoamperograms of 0.02 mol L�1 EDOTþ 0.02 mol L�1 SLSþ 0.02 mol L�1 LiClO4 aqueous solutions in the pres-
ence of different MWCNTs contents. (A) no MWCNTs, (B) 0.1 wt % MWCNTs, (C) 0.4 wt % MWCNTs, (D) 1.2 wt % MWCNTs
on a Pt disc electrode at the applied potentials of (a) 0.9 V, (b) 0.95 V, (c) 1.0 V, (d) 1.05 V, (e) 1.1 V, (f) 1.15 V, (g) 1.2 V.
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indicated that the ionic redox exchanges played an
important role in the electroactivity of the composite
films.33 All these results indicated that the composite
films obtained from aqueous solution at different

MWCNTs contents had good redox activity and sta-
bility. When the MWCNTs content is 0.1 wt % [Fig.
4(B)], the prepared composite films showed greater
redox activity compared with pure PEDOT films. The
values of anodic and cathodic current density were
3.65 and �3.68 mA cm�2, much higher than those of
pure PEDOT films (1.68 and �1.35 mA cm�2, respec-
tively). When higher MWCNTs contents were used,
only a slight increase in the values of anodic and ca-
thodic current density was observed. This difference
could be explained that as increasing the content of
MWCNTs, the thickness of the composite films also
increases, which reduce the contribution of MWCNTs
to the composite films. It is therefore plausible to sug-
gest that the incorporation of relatively low content of
MWCNTs had significantly improved the electro-
chemical activity and capacitive property of pure
PEDOT films. In addition, not only the anodic and
cathodic peak current densities in the insert of Figure
4(B) were proportional to the scanning rates, but also
the two curves were almost overlapping, which fur-
ther indicated the better reversible redox behavior of
the composite films prepared in 0.1 wt % MWCNTs
aqueous solution compared with others. Hence, 0.1
wt % MWCNTs was selected in the subsequent
experiments.

Figure 3 Chronoamperograms of 0.02 mol L�1 EDOT þ
0.02 mol L�1 SLS þ 0.02 mol L�1 LiClO4 in the presence of
different MWCNTs contents aqueous micellar solutions.
(a) no MWCNTs, (b) 0.1 wt % MWCNTs, (c) 0.4 wt %
MWCNTs, (d) 1.2 wt % MWCNTs on a Pt disc electrode
at the applied potential of 1.1 V vs SCE.

Figure 4 CVs of PEDOT/MWCNTs composite films on a Pt disc electrode in monomer-free aqueous solution at potential
scan rates of (a) 25 mV s�1, (b) 50 mV s�1, (c) 100 mV s�1, (d) 150 mV s�1, (e) 200 mV s�1, and (f) 250 mV s�1. These
PEDOT/MWCNTs composite films were synthesized electrochemically in 0.02 mol L�1 EDOT þ 0.02 mol L�1 SLS þ 0.02
mol L�1 LiClO4 containing different MWCNTs contents aqueous micellar solutions: (A) no MWCNTs, (B) 0.1 wt %
MWCNTs, (C) 0.4 wt % MWCNTs, (D) 1.2 wt % MWCNTs at a constant potential of 1.1 V vs SCE.
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Electrochemical impedance spectroscopy of
PEDOT/MWCNTs/AO composite films

EIS is an effective method for probing the features
of surface-modified electrodes.34 Therefore, the com-
posite and pure PEDOT films were studied by EIS.
The resulting Nyquist plots are shown in Figure 5.
The shape of the impedance spectra was typical for
PEDOT films in an aqueous electrolyte.35 The imagi-
nary part of impedance at low frequencies was
almost perpendicular to real part, which verified a
good capacitance behavior. As can be seen from the
low-frequency part of the impedance spectra of the
PEDOT/MWCNTs composite films and pure
PEDOT films, the imaginary part of impedance was
lower for the PEDOT/MWCNTs composite films
when compared with the pure PEDOT films. This
low-frequency region was related to the bulk redox
capacitance of composite films.36 The redox capaci-
tance was estimated using the equation CLF ¼ 1/
(2pfZ00), where f is the lowest frequency used to re-
cord the spectra (0.1 Hz), and Z00 is the imaginary
part of the impedance at the frequency. The calcu-
lated CLF was 2.68 and 2.12 mF for PEDOT/
MWCNTs composite films and pure PEDOT films,
respectively. These results were in good agreement
with the results obtained by CVs where the
PEDOT/MWCNTs composite films showed a higher
redox capacitance than pure PEDOT films. The
higher redox capacitance of the composite films
resulted obviously from the contribution of the em-
bedded MWCNTs which can exert a number of
effects: (1) the provision of interconnected pathways
for electrons through the MWCNTs and ions
through the pore network, regardless of the conduc-
tivity of the polymer; (2) the thinness of the polymer

layer on each MWCNT, minimizing barriers both to
ion transfer across the polymer/electrolyte interface
and ion transport within the polymer phase; (3)
direct interaction between the delocalized electrons
on polymer chains and the CNTs.37–39

The real impedance at low frequencies, where the
capacitive behavior dominates, is an indication of
the combined resistance of the electrolyte and the
films including both electronic and ionic contribu-
tions.40,41 The values of the real impedance at 0.1 Hz
were given in Table II for all the three films. It can
be seen that the PEDOT/MWCNTs composite was
lower in resistance than its pure polymer. The
MWCNTs inside the polymer matrix may lead to a
faster electron transport in the bulk-films and charge
transfer in the parallel PEDOT films/solution inter-
face and MWCNTs/solution interface, compared
with that in the originally single PEDOT/solution
interface.42 This fact suggested that the presence of
MWCNTs makes the composites have more active
sites for faradic reactions and a larger redox capaci-
tance than pure PEDOT films. It can also be seen
that AO immobilized composite films offered much
lower overall conductivity compared with the other
two films. This result might be caused by the hin-
drance of the macromolecular structure of AO to the
electron-transfer and ion-transport, and it also con-
firmed the successful immobilization of AO.

Surface morphologies of PEDOT/MWCNTs/AO
composite films

Figure 6(a) shows SEM micrograph of the surface of
the pure PEDOT films. As can be seen, PEDOT films
prepared from aqueous solution were regular and
smooth, presenting dense, compact and homogene-
ous structure, unlike the rough and porous surface
obtained from organics.33 This can be explained as a
consequence of the relatively high concentration of
doping anions (LS�) of SLS can stabilize with
EDOTþ during the electropolymerization process.
This may lead to morphological changes of the coat-
ing giving rise to a more regular and compact struc-
ture. But the morphology of PEDOT films changed
greatly by the introduction of 0.1 wt % MWCNTs. In
Figure 6(b,c), the SEM images of the PEDOT/
MWCNTs composite films showed a three-

Figure 5 Impedance spectra of the PEDOT (D), PEDOT/
MWCNTs (*), and PEDOT/MWCNTs/AO modified elec-
trodes (&) recorded in 0.1 mol L�1 LiClO4 aqueous solu-
tion. The spectra were recorded at a potential of 0 V, and
DEac ¼ 10 mV. The frequency range was 100 kHz–0.1 Hz.

TABLE II
EIS Results for the PEDOT, PEDOT/MWCNTs and

PEDOT/MWCNTs/AO Modified Electrodes

PEDOT
PEDOT/
MWCNTs

PEDOT/
MWCNTs/AO

Z0 at 0.1 Hz (X) 1850 1020 6545
Z00 at 0.1 Hz (X) 7520 5940 18,650
CLF (mF) 2.12 2.68 0.85
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dimensional network composed of interconnected
fibers with similar diameters. The diameter of the
MWCNTs was about 50 to 100 nm, while the fibrils
in the composites were of 0.5 to 2 lm in width. This
difference implied that the fibers formed may serve
as condensation nuclei during the growth process
and therefore they were coated with a considerable
amount PEDOT to form such a fiber materials which
may give rise to conductive passways and lead to
high conductivity. In addition, the MWCNTs format-
ted three-dimensional network which was conduc-
tive to decrease the contacting chance between the
PEDOT and the electrolyte, can increase more sites
of the composite films for faradic reaction than pure
PEDOT films. It can be then concluded that the
three-dimensional network was formed with the
MWCNTs serving as the backbone, thus greatly
enhancing the mechanical properties of the compos-
ite films. It has been shown that incorporating
MWCNTs into PEDOT improve not only its mechan-
ical and electrical properties, but also the electro-
chemical performance. Figure 6(d) shows the mor-
phology of AO immobilized PEDOT/MWCNTs
composite films. The three-dimensional network

structure which is composed of interconnected
MWCNTs not only provides an excellent template
for the polymerization of EDOT, but also allows the
immobilization of enzyme in the resulting PEDOT/
MWCNTs composite during the electrochemical po-
lymerization progress. The three-dimensional net-
work of composite films could be beneficial to the
immobilization of enzyme due to the large surface
area and high absorption ability of MWCNTs.42–46

Therefore, This morphology and structure may
improve the stability of PEDOT/MWCNTs based
AO biosensors.

Catalytic activity of PEDOT/MWCNTs/AO
modified electrode

AO is a multicopper enzyme that catalyzes the
oxidation of AA to dehydroascorbic acid and water
in the presence of oxygen. The bioelectrochemical
catalytic activity of PEDOT/MWCNTs/AO modified
electrode towards AA was investigated by chro-
noamperometry. Figure 7 shows the current-time
plots of PEDOT/MWCNTs/AO electrode in 0.05
mol L�1 PBS containing AA with various

Figure 6 SEM images of the surfaces of (a) PEDOT, (magnification: 50000�); (b) PEDOT/MWCNTs composite films,
(magnification: 10000�); (c) PEDOT/MWCNTs composite films, (magnification: 50000�); (d) PEDOT/MWCNTs/AO com-
posite films, (magnification: 10000�).
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concentrations (0–7 mmol L�1) at a detection poten-
tial of 0.4 V. Obviously, the response current
increased with the increase of AA concentration and
showed a short response time. The cyclic voltammo-
gram of PEDOT/MWCNTs/AO modified electrode to
0.05 mol L�1 PBS containing 1 mmol L�1 AA at the
scan rates of 100 mV s�1 was revealed in Figure 7(b).
A clean oxidation peak was observed at around þ0.4
V, which was different from the cyclic voltammograms
of PEDOT/MWCNTs/AO modified electrode to
0.05 mol L�1 PBS without AA. This fact also suggested
that the enzyme electrode could catalyze the oxidation
of AA to dehydroascorbic acid. These results indicated
that the AO entrapped in PEDOT/MWCNTs compos-
ite films possesses a good bioelectrochemical catalytic
activity for the oxidation of AA.

CONCLUSIONS

The PEDOT/MWCNTs composite films were syn-
thesized successfully by electropolymerization of
EDOT in aqueous solution containing different
MWCNTs contents. AO has been successfully immo-
bilized in the PEDOT/MWCNTs composite films
using the one-step electrochemical polymerization
method. Both CV and EIS studies revealed obvious
improvement in the electrochemical response of
PEDOT matrix after the incorporation of MWCNTs.
Moreover, the PEDOT/MWCNTs/AO modified

electrode was used to determine AA successfully
and showed good bioelectrochemical catalytic activ-
ity. Hence, our work proved that PEDOT/MWCNTs
composite material is a promising enzyme immobili-
zation platform for the fabrication of enzyme-based
biosensor.
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