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ABSTRACT: An amperometric vitamin C biosensor was
facilely fabricated by the immobilization of ascorbate oxidase
(AO) on polypyrrole (PPy)–multiwalled carbon nanotubes
(MWCNTs) composites with a one-step electrodeposition
technique in a 0.05M phosphate buffer solution (pH 6.5). The
cyclic voltammetry, IR spectral analysis, electrochemical im-
pedance spectroscopy, and scanning electron microscopy
measurements indicated that AO was successfully immobi-
lized on the PPy–MWCNT composites. The optimization of
the biosensor parameters, including the working potential,
pH, and temperature, was investigated in detail. The pro-
posed biosensor showed a linear range of 5 � 10�5 to 2 � 10�2

M with a detection limit of 0.3 lM, a sensitivity of 25.9 mA
mM�1 cm�2, and a current response time less than 20 s under
the optimized conditions. The apparent Michaelis–Menten
constant together with the apparent activation energy indi-
cated that the proposed biosensor exhibited a high bioaffinity
and a good enzyme activity. In addition, the biosensor also
showed good operational and storage stabilities. VC 2012 Wiley
Periodicals, Inc. J Appl Polym Sci 000: 000–000, 2012
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INTRODUCTION

Vitamin C (VC), one of the most important vitamins
for human beings, cannot be synthesized by human
beings and must be obtained in the daily diet.

Beyond its function in collagen formation, VC is also
known to increase the absorption of inorganic iron,
to have essential roles in the metabolism of folic acid
and some amino acids and hormones, and to act as
an antioxidant.1 It is, therefore, very important to de-
velop a quick and effective method for the detection
of VC in fruits, vegetables, grain crops, and drinks.
Traditional methods, such as titrimetric, chromato-
graphic, and spectrophotometric methods, have
some disadvantages, including complex sample pre-
treatment procedures, high manufacturing costs,
time-consuming manipulations, and low sensitiv-
ities.2–4 Hence, a need has arisen for a fast, sensitive,
and inexpensive method to detect VC, and a substi-
tution of analytical methods with enzyme-based bio-
sensors would be very significant.
Because of their high sensitivity, fast response,

simplicity, and easy miniaturization, a variety of
ascorbate oxidase (AO) based biosensors were fabri-
cated by different materials as immobilization matri-
ces of enzymes for the detection of VC.5–13 Of these
materials, intrinsic conducting polymers (ICPs),
which are unique in their ability to act as both medi-
ators and immobilization matrices for enzyme reten-
tion, have attracted widespread attention in the
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fabrication of efficient biosensors. ICPs, such as pol-
yaniline, polypyrrole (PPy), and poly(3,4-ethylene-
dioxythiophene), have been considered as electrode
materials for the fabrication of AO-based biosensors
in previous studies.7,8,12,13 Among these ICPs, PPy
plays a leading role because of its superior properties,
which include good solubility in aqueous solutions,
high electrical conductivity, low material cost, good
environmental stability, and particularly, a relative
ease of synthesis and good biocompatibility.14,15 For
these reasons, PPy is more suitable for the immobili-
zation of enzymes in the fields of biosensors than
other ICPs. However, the main drawback of enzyme-
based biosensors based on PPy matrices is low me-
chanical properties;16 this raises a challenge for practi-
cal application. To solve this problem and enhance
the biosensing performance, various PPy composites
have been developed.17–19 In particular, multiwalled
carbon nanotubes (MWCNTs) have gained consider-
able attention in recent years because of their signifi-
cant mechanical properties, high surface area, and
high electrical conductivity.20–26 Therefore, MWCNTs
have been used to facilitate the immobilization of
enzymes and the development of efficient biosen-
sors.27–31 Moreover, the presence of MWCNTs in
enzyme-based biosensors is beneficial for improving
the stability of the biosensors.32,33 Therefore, it is a
good idea to synthesize PPy composites with
MWCNTs, which can be used as the matrices for the
immobilization of AO. As reported previously, PPy–
MWCNT composites have attracted considerable
attention because not only can the introduction of
MWCNTs improve the conductivity and mechanical
properties of composites, but the composites also pos-
sess the properties of the individual components with
a synergistic effect.34–38 However, there has been no
report on the electrochemical immobilization of AO
on the PPy–MWCNT composites for the fabrication
of amperometric VC biosensors.

In this study, an amperometric VC biosensor was
fabricated successfully by the immobilization of AO
in PPy–MWCNT composites. In addition, the elec-
trochemical properties and surface morphologies of
the PPy–MWCNT composites and enzyme electrodes
were studied by cyclic voltammetry, electrochemical
impedance spectroscopy (EIS), IR spectral analysis,
and scanning electron microscopy (SEM). The opti-
mal parameters and performance analysis of the pro-
posed biosensor were investigated in detail.

EXPERIMENTAL

Chemicals

AO (EC 1.10.3.3, 162 U mg�1, from Cucurbita sp.) and
pyrrole (Py) were purchased from Sigma-Aldrich
(Shanghai, China). Lithium perchlorate trihydrate
(LiClO4�3H2O), disodium hydrogen phosphate dodeca-

hydrate (Na2HPO4�12H2O), and sodium dihydrogen
phosphate dihydrate (NaH2PO4�2H2O) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd
(Shanghai, China). A 0.05 M phosphate buffer solution
(PBS; pH 6.5) was made from a 0.05 M Na2HPO4 solu-
tion and a 0.05M NaH2PO4 solution. VC was pur-
chased from Bio Basic, Inc (Toronto, Canada). All of
these chemicals were analytical grade and were used
as received without further purification. Dispersed
MWCNT solutions were purchased from Chengdu
Institute of Organic Chemistry, Chinese Academy of
Sciences (MWCNT content ¼ 4.39 wt %, o.d. ¼ 50–100
nm, length ¼ 5–15 lm). All solutions were prepared
with deionized water as a solvent.

Electrochemical experiments

Electrochemical polymerization and measurements
were performed in a one-compartment cell. A plati-
num disc electrode with a diameter of 0.3 cm was the
working electrode, a stainless steel wire with a diame-
ter of 1 mm was used as the counter electrode, and the
reference electrode was a saturated calomel electrode
(SCE). The electrodes were placed 0.5 cm apart during
the experiments. Before each experiment, the stainless
steel wire was carefully polished with abrasive paper
(1500 mesh). The platinum disc electrode was pol-
ished with alumina (Al2O3; 0.05 lm). Then, the stain-
less steel wire and platinum disc electrode were
rinsed sequentially by ultrasonic cleaning in acetone,
ethanol, and deionized water for 5 min and dried in
air. All solutions (except for the solutions containing
VC) were deoxygenated by bubbling with dry argon
for 20 min before each experiment. All of the experi-
ments (except for those containing VC) were per-
formed under a slight argon overpressure. Unless
otherwise stated, the temperature was kept at 25�C.

Construction of the enzyme electrodes

The optimization of the PPy–MWCNT composites was
studied by an electrochemistry method. For the con-
struction of the enzyme electrode, the enzyme compos-
ite modified electrodes were prepared in 0.05M PBS
(pH 6.5) containing 0.1 mg/mL AO, 0.1M Py, and a
mass ratio of Py to MWCNTs of 5 : 1 by a one-step elec-
trosynthesis on the surface of the working electrode.
The PPy–MWCNT composites and PPy–MWCNT–AO
composites was rinsed repeatedly with PBS (pH 6.5) to
remove loosely bound enzyme, the electrolyte, and the
monomer from the surface of the electrode. The fabri-
cating process of the PPy–MWCNT–AO composites
electrode is illustrated in Scheme 1.

Apparatus

All electrochemical experiments were performed
with a potentiostat–galvanostat (model 263A, EG&G
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Princeton Applied Research, Berwyn, United States).
SEM measurements were taken with a Hitachi S-
3000N scanning electron microscope (Hitachi Lim-
ited, Tokyo, Japan). The pH value was measured
with a Delta 320 pH meter (Mettler-Toledo Instru-
ments, Shanghai, China). The temperature was con-
trolled with a type HHS thermostat. IR spectra were
recorded with a Bruker Vertex 70 Fourier transform
infrared (FTIR) spectrometer with KBr pellets
(Bruker Optik GmbH, Ettlingen, Germany). EIS was
recorded with an Autolab Frequency Response Ana-
lyzer System (AUT30, FRA2-Autolab, Echemie, BV,
Utrecht, Holland) in the frequency range from 100
kHz down to 10 mHz with an alternating voltage
amplitude of 10 mV.

RESULTS AND DISCUSSION

Electrosynthesis of the composites and
enzyme electrodes

The successive cyclic voltammograms (CVs) during
the formation of the PPy films, PPy–MWCNT com-
posites, and PPy–MWCNT–AO composites in 0.05M
PBS (pH 6.5) containing 0.1M LiClO4 are shown in

Figure 1. As can be seen from Figure 1, the CVs
exhibited similar characteristics. During the CV scan,
the composites were formed gradually and adhered
strongly to the surface of working electrode. The
increase in the redox wave current densities implied
that the amount of the polymer on the surface of
electrode increased.
The redox wave current densities of the PPy–

MWCNT composites [Fig. 1(B–E)] were much higher
than that of the pure PPy films [Fig. 1(A)]. This was
mainly because the introduction of MWCNTs might
have promoted a faster charge transfer between the
composites and the electrolytes, which made the
composites possess a higher conductivity compared
with the pure PPy films from the following charge-
transfer resistance (Rct). Moreover, the increase of
the redox wave current densities might imply that
the MWCNTs were incorporated into the PPy films.
In addition, the PPy–MWCNT composites were
black in color. However, as observed in this study
under similar electrodeposition conditions, the PPy
films were blue. Clearly, the black color of the com-
posites was due to the presence of MWCNTs. The
PPy films were very weak mechanically and could

Scheme 1 Fabricated process and working mechanism of the PPy–MWCNT–AO composites electrode. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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easily fall off if not handled with care, whereas the
PPy–MWCNT composites were not shed easily from
the electrode.39 This result suggests that the PPy–
MWCNT composites possessed mechanical integrity,
which would be beneficial to the improvement of
the stability of AO-based biosensors.

To gain a deeper insight into the electrochemical
and environmental stability of the PPy–MWCNT
composites, the electrochemical behaviors of these
eletrochemically deposited composites were studied
in monomer-free electrolyte solutions (Fig. 2). All of
the steady-state CVs showed broad anodic and ca-
thodic peaks, and the peak current densities were all
proportional to the potential scan rate [Fig. 2(A–D),
insert]; this indicated reversible redox behavior in the
composites. Furthermore, the anodic and cathodic
peak potentials of the composites were independent

of the scan rates; this suggested that the redox reac-
tions were both reversible. These films could be
cycled repeatedly between the conducting (oxidized)
and insulating (neutral) states without significant
decomposition of the material; this indicated a high
structural stability in the composites. In addition, the
two curves of the anodic and cathodic peak current
densities in the insert of Figure 2(A) almost over-
lapped; this indicated better reversible redox behavior
and higher structural stability in the PPy–MWCNT
composites when the mass ratio of Py to MWCNTs
was 5 : 1 in comparison with the insert of Figure 2(B–
D). Hence, a mass ratio of Py to MWCNTs of 5 : 1
was selected in the subsequent experiments for the
immobilization of AO molecules.
The electrodeposition method has been used as an

effective technique for the immobilization of

Figure 1 CVs of Py in 0.1M LiClO4 þ 0.05M PBS (pH 6.5) containing (A) Py (0.1M) and different mass ratios of Py to
MWCNTs [(B) 5 : 1, (C) 2 : 1, (D) 1 : 2, and (E) 1 : 5] and (F) a mass ratio of Py to MWCNTs ¼ 5 : 1 þ AO, respectively
(potential scan rate ¼ 100 mV/s).
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enzymes on the surface of electrodes. AO molecules
and MWCNTs were immobilized in the PPy films by
the one-step electrodeposition technique [Fig. 1(F)].
The redox wave current densities of the PPy–
MWCNT composites in the presence of AO [Fig. 1(F)]
were much lower than that in the absence of AO
[Fig. 1(B)]. There were two possible explanations for
this phenomenon. One was that the molecular weight
of AO (140 kDa) was so big that it held the growth
space of the composites and led to an increase in the
impedance of the composites. The other explanation
was that the attachment of AO on the electrode sur-
face prevented the Py monomer from quickly diffus-
ing to the surface of electrode and, consequently,
resulted in the weak electrochemical polymerization
behavior of the Py monomer. Therefore, all these
described results indicate that AO molecules could be
immobilized in the PPy–MWCNT composites.

FTIR spectral analysis

The FTIR spectra of the as-formed PPy films, PPy–
MWCNT composites, and PPy–MWCNT–AO com-

posites are shown in Figure 3. The results were in
good agreement with previous work.40–42 The details
of the band assignments of PPy are given in Table I.
In Figure 3(B), a stronger absorption band was

Figure 2 CVs of the PPy–MWCNT composites in monomer-free electrolyte at potential scan rates of (a) 25, (b) 50, (c)
100, (d) 150, (e) 200, and (f) 250 mV/s. The PPy–MWCNT composites were electrosynthesized in 0.05 PBS (pH 6.5) þ
0.1M LiClO4 containing different mass ratios of Py to MWCNTs [(A) 5 : 1, (B) 2 : 1, (C) 1 : 2, and (D) 1 : 5] at a constant
potential of 1.0 V versus SCE. Inset: Plots of the redox peak current densities versus the potential scan rates.

Figure 3 FTIR spectra of (A) PPy, (B) PPy–MWCNT
composites, and (C) PPy–MWCNT–AO composites.
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observed around 1647 cm�1 compared with Figure
3(A); this was mainly because the presence of
MWCNTs enhanced the CAC absorption peak of
PPy. In addition to the characteristic peaks of the
PPy–MWCNT composites in Figure 3(C), the band at
about 2893 cm�1 was assigned to methyl and meth-
ylene asymmetric stretching vibrations of AO. In
addition, there were three characteristic IR absorb-
ance bands of AO (amides I, II, and III) that pro-
vided detailed information on the secondary struc-
ture of the polypeptide chain. The amide I band at
about 1783 cm�1 was consistent with C¼¼O stretch-
ing vibrations of the peptide linkage. The absorption
amide II band was observed around 1548 cm�1; this
corresponded to the NAH stretching vibrations and
CAN deformation vibration of the amide plane in
the backbone of the protein. The CAH stretching
vibrations and NAH deformation vibrations in the
amide plane of the amide III band appeared at 1287
cm�1. All of these features implied that AO existed
in the composites.

EIS measurements

EIS provides an effective method for probing the

electric features of surface-modified electrodes. Fig-

ure 4 shows the EIS profiles of the as-formed poly-

mers, in which the Nyquist plots are shown with the

real part (Zre) on the x axis and the imaginary part

(Zim) on the y axis. The complex-plane plots shown

in Figure 4 consist of well-defined semicircles at

high frequencies with a transition to a linear part at

low frequencies.43,44 The semicircle portion at higher

frequencies corresponded to the charge-transfer lim-

ited process, and the linear portion, seen at lower

frequencies, may have been due to the diffusion pro-

cess in the Nyquist plot of the impedance spectra.

The semicircle diameter in the impedance spectrum

was equal to Rct at the electrode surface. The

increase or decrease in the Rct values exactly charac-

terized the modification of the electrode surface. The

Rct values of the PPy films, PPy–MWCNT compo-

sites, and PPy–MWCNT–AO composites shown in

Figure 4 were 854, 182, and 406 X, respectively. The
Rct values of the PPy–MWCNT composites [Fig.
4(B)] were much lower than those of the pure PPy
films [Fig. 4(A)]. This result meant that the introduc-
tion of MWCNTs might have mediated a faster
charge transfer in the parallel PPy film/solution
interface and the MWCNTs/solution interface, and
therefore, the conductivity of the PPy films was
improved. Similarly, the Rct values of the PPy–
MWCNT–AO composites [Fig. 4(C)] decreased com-
pared with those of the PPy–MWCNT composites
[Fig. 4(B)]; this could be explained by the hindrance
of the macromolecular structure of AO to the charge
transfer. Meanwhile, it also confirmed that the AO
molecules were immobilized in the composites.

In addition, Sabatani et al.45 suggested that the
change of Rct is related to the apparent electrode
coverage (y), which is as follows:

h ¼ 1� Rb
ct=R

TP
ct

where Rb
ct is the charge-transfer resistance measured

at the bare electrode and RTP
ct is the charge-transfer

resistance measured under the same conditions at
the thiophenol-covered electrode. From this equa-
tion, it can be proven whether thiophenol was im-
mobilized in the electrode. Similarly, the apparent
electrode coverage of AO in the PPy–MWCNT elec-
trode (y1) was given by

h1 ¼ 1� R
PPy�MWCNT
ct =R

PPy�MWCNT�AO
ct

where R
PPy–MWCNT
ct and R

PPy–MWCNT–AO
ct are the

charge-transfer resistances of the PPy–MWCNT and
PPy–MWCNT–AO electrodes, respectively. The
value of y1 was about 55.2%; this further confirmed

TABLE I
Assignments of the FTIR Spectra of the PPy films

Band (cm�1) Assignment

3432 m NAH
1639 m (C¼¼C, CAC) ring
1516 m (CAN) ring
1369 d CAN
1105 d CAH
792, 983 c CAH
632 c CAC

m, stretching; d, in-plane deformation; c, out-of-plane
deformation.

Figure 4 Impedance spectra of the (A) PPy, (B) PPy–
MWCNT films, and (C) PPy–MWCNT–AO films obtained
in 0.05M PBS (pH 6.5) containing 0.1M LiClO4. The fre-
quency range was 100 kHz to 10 mHz with an alternating
voltage amplitude of 10 mV.
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that the AO molecules were successfully immobi-
lized in the PPy–MWCNT composites.

SEM images

Figure 5 shows the SEM images of the PPy films,
PPy–MWCNT composites, and PPy–MWCNT–AO
composites. The surface morphology of the PPy
films [Fig. 5(A,B)] was in agreement with that
observed in previous studies.46 When the SEM
images of the pure PPy films [Fig. 5(A,B)] and PPy–
MWCNT composites [Fig. 5(C,D)] were compared, it

was clear that the MWCNTs were incorporated into
the PPy films during the electrodeposition. The
diameter of the individual PPy–MWCNT fibrils (ca.
0.5–2 lm) was much larger than that of the corre-
sponding MWCNTs alone (ca. 50–100 nm). This dif-
ference indicated that the MWCNTs were coated by
PPy films; this may have given rise to conductive
passways and led to faster electron transfer in com-
parison with the pure PPy films. We concluded that
the PPy–MWCNT composites had a higher conduc-
tivity compared with the pure PPy films. Addition-
ally, the MWCNT formatted 3D network serving as

Figure 5 SEM images of the PPy films at magnifications of (A) 5000 and (B) 10,000�, the PPy–MWCNT composite films
at magnifications of (C) 5000 and (D) 10,000�, and PPy–MWCNT–AO composite films at (E) 5000 and (F) 10,000�.
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the backbone may have greatly improved the me-
chanical strength of the composites. These results
were beneficial for improving the stability of the
enzyme-based biosensor. The SEM images of the
PPy–MWCNT–AO composites [Fig. 5(E,F)] showed
big, white, and irregularly shaped AO, except for
the MWCNTs; this confirmed further that the AO
molecules were successfully immobilized in the
PPy–MWCNT composites.

Bioelectrocatalytic performance of the biosensor

The bioelectrocatalytic activity of the proposed bio-
sensor toward the oxidation of VC was investigated
by CVs (Fig. 6). It could be seen that the bioelectro-
catalytic oxidation of VC began to appear from
�0.05 V and reached the maximum value at approx-
imately 0.4 V. Moreover, the peak current density
gradually increased with increasing concentrations
of VC; this suggested that the proposed biosensor
possessed good bioelectrocatalytic performance for
the oxidation of VC. In addition, the oxidation peak
potential of the proposed biosensor for the bioelec-
trocatalytic oxidation of VC gradually shifted to a
positive potential when the concentration of VC was
higher than 1 mM; this was ascribed to the con-
sumption of amounts of dissolved O2 in the sur-
rounding enzymes.

Optimization of biosensing parameters

To optimize the parameters of the proposed biosen-
sor, different factors influencing the response current
of the proposed biosensor, such as the working
potential, pH, and temperature, were investigated
in detail.

The effect of the working potential on the
response current of the proposed biosensor was
studied, as shown in Figure 7. The response current
of the biosensor quickly increased between 0 and 0.4

V. However, when the working potentials were var-
ied from 0.4 to 0.9 V, the response current became
almost constant. Additionally, the relationship
between the response current and working potential
showed that very little working potential depend-
ence was present at potentials above 0.4 V. Hence, a
working potential of 0.4 V was selected in subse-
quent experiments for the detection of VC.

The effect of pH on the response current of the
proposed biosensor is shown in Figure 8. A pH
value range of 5–8 was adopted in this study. The
response current increased from pH 5 to 6.5 and
decreased above pH 6.5. The maximum response
current of the biosensor was obtained at pH 6.5.
Thus, the optimum pH value was adjusted to 6.5
and used in all of the experiments discussed next.

The effect of the variation of temperature on the
response current of the proposed biosensor was
examined between 10 and 50�C. As illustrated in
Figure 9, the response current progressively
increased with increasing temperature and reached
its maximum value at 35�C; it then decreased

Figure 6 Electrocatalytic activity of the PPy–MWCNT–
AO biosensor toward the oxidation of VC.

Figure 7 Effect of the working potential on the response
current of the PPy–MWCNT–AO biosensor in PBS (pH
6.5) containing (A) 0.5 and (B) 1 mM VC at 25�C.

Figure 8 Effect of the pH value on the PPy–MWCNT–
AO biosensor in 0.05M PBS containing 0.5 mM VC.
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gradually. Although the biosensor showed a maxi-
mum response current at 35�C, the enzyme gradu-
ally denaturalized or became inactivate at higher
temperatures. Moreover, the detection of VC in agri-
cultural applications is usually carried out at room
temperature (25�C). Hence, room temperature was
chosen for the fabrication of the AO-based biosensor
in all of the experiments.

Mechanism of VC detection

AO, a copper-containing homodimer enzyme,
belongs to a family of oxidoreductases with a molec-
ular weight of about 140 kDa; it contains eight cop-
per ions and can catalyze the oxidation of VC to
dehydroascorbic acid (DHA) in molecular oxygen
(Scheme 1). The two substrates of the AO molecules
are VC and O2, whereas its two products are DHA
and H2O. This reaction was denoted as a double-dis-
placement reaction mechanism,12,47,48 which is a
two-substrate reaction mechanism with two com-
pound reactants, VC and O2, resulting in products
of DHA and H2O. The double-displacement reaction
did not occur sequentially. VC first bonded to the
free-enzyme-oxidized ascorbate oxidase (AOox) and
formed VC�AOox; it then transformed into the
reduced ascorbate oxidase (AOred)�DHA and next
released the product DHA and formed the modify-
ing enzyme, AOred. The second substrate, O2, also
bonded to the modifying enzyme, AOred, to form
O2�AOred, which transformed into AOox�H2O, then
released another product, H2O, and formed the free
enzyme, AOox, again (Scheme 1). In the VC and O2

reaction catalyzed by AO, the concentration of O2

was held constant, whereas VC was varied in the as-
obtained electrochemical biosensor. Therefore,
freshly prepared sample solutions with different
concentrations of VC were used before each mea-

surement. Thus, the concentration of O2 was kept
constant in the air-saturated PBS in all of the
experiments.

Linearity of the proposed biosensor

Figure 10 shows the current–time plots of the PPy–
MWCNT–AO biosensor in 0.05M PBS (pH 6.5) con-
taining VC with various concentrations at 0.4 V ver-
sus SCE for 90 s. The response current increased
with increasing concentration of VC; this further
indicated that the proposed biosensor had excellent
bioelectrocatalytic performance for the oxidation of
VC. Moreover, the biosensor showed a fast current
response (within 20 s). The calibration plot (Fig. 9,
inset) showed that the response current increased lin-
early with increasing concentration of VC in the range
from 5 � 10�5 to 2 � 10�2 M, with a regression coeffi-
cient of 0.99. The detection limit of the biosensor was
measured to be 0.3 lM (Signal/Noise ¼ 3). These
results indicate that the proposed biosensor showed a
better linear range and lower detection limit in com-
parison with the AO biosensor in our previous stud-
ies.12,13 Additionally, the sensitivity was calculated to
be 25.9 mA mM�1 cm�2 (from the slope of the initial
linear part of the calibration plot).

Affinity of the biosensor

The response current of the proposed biosensor
gradually deviated from the linear feature as the
concentration of VC increased up to 2 � 10�2 M; it
showed characteristics of the Michaelis–Menten ki-
netic mechanism (Fig. 11). The apparent Michaelis–
Menten constant (Km), which depicts the enzyme–
substrate kinetics of a biosensor, could be calculated
from the Lineweaver–Burke equation, as follows:

1=I ¼ 1=Imax þ Km=ImaxC

Figure 9 Effect of the temperature on the response cur-
rent of the PPy–MWCNT–AO biosensor in 0.05 PBS (pH
6.5) containing 0.5 mM VC.

Figure 10 Current–time plots of the PPy–MWCNT–AO
biosensor. Inset: calibration curve for the response current
of the biosensor versus different concentrations of VC.
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where C is the concentration of the substrate, I is the
steady-state current, and Imax is the maximum current
measured under substrate saturation.49,50 The values
of Km and Imax were calculated to be 21.18 mM and
0.655 mA/cm2, respectively (Fig. 11, inset). The low
value of Km implied that the AO immobilized in the
PPy–MWCNT composites showed a high bioaffinity.

In addition, the dependence of the response current
on the temperature could be expressed as an electro-
chemical version of the Arrhenius equation as follows

ln I ¼ ln I þ Ea=RT

where I0 represents a collection of currents, R is the
molar gas constant, T is the absolute temperature
(K), and Ea is the activation energy.51,52 The relation-
ship between ln I versus 1/T was plotted, and a
straight line was obtained (Fig. 12). The Ea value of
the proposed biosensor was calculated to be 19.054
kJ/M, which was smaller than that reported for AO
immobilized in the poly(3,4-ethylenedioxythiophene)

films.12,13 A lower value of Ea revealed that AO mol-
ecules immobilized in the PPy–MWCNT composites
possessed better enzyme activity and higher bioaf-
finity to the substrates; this was consistent with the
low value of Km.

Operational stability of the biosensor

The operational stability of the proposed biosensor was
tested in 0.05M PBS (pH 6.5), which contained equal
amounts of VC; the results are presented in Figure 13.
The fabrication reproducibility of six biosensors con-
structed independently and based on the same bare
platinum disc electrode showed acceptable stability
with a relative standard deviation value of 3.11%. As
for one biosensor, the relative standard deviation value
of the biosensor was 1.98% for 20 successive assays
under the same conditions; this indicated that the pro-
posed biosensor had a good operational stability.

Storage stability of the biosensor

To assess the storage stability of the proposed bio-
sensor, measurements were periodically carried out

Figure 11 Relationship between the response current and
the concentration. Lineweaver–Burk plots of the PPy–
MWCNT–AO biosensor.

Figure 12 Determination of Ea in the plot of ln I versus
1/T.

Figure 13 Operational stability of the PPy–MWCNT–AO biosensor.
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every 4 days for 4 weeks in 0.05M PBS (pH 6.5) con-
taining equal amounts of VC. As shown in Figure
14, no loss of relative enzyme activity was observed
for 8 days, and the enzyme activity decreased
approximately 1.53% after 12 days of storage. More-
over, 83.96% of the enzyme activity still remained
even after 4 weeks of storage. There were two main
reasons for this good stability of the proposed bio-
sensor. First, the PPy–MWCNT composites were
very stable on the surface of the electrode. Second,
the PPy–MWCNT composites provide a biocompati-
ble microenvironment for maintaining the relative
enzyme activity and preventing its possible leakage
from the surface of the electrode; this is very benefi-
cial for the application of enzyme-based biosensors.

CONCLUSIONS

In conclusion, an amperometric VC biosensor was
fabricated successfully with PPy–MWCNT compos-
ite films as the immobilized matrix of AO with a
one-step electrodeposition technique. The proposed
biosensor showed superior performance, including a
wide linear range, fast current response, low detec-
tion limit, high bioaffinity, and good enzyme activity
and good operational and storage stabilities. Hence,
good performance of the proposed biosensor was
beneficial for further applications in agriculture, and
the PPy–MWCNT composites is also an interesting
candidate for the design of biosensors. Moreover,
the development of an AO-based biosensor for the
detection of VC in vegetables, fruits, grain crops, ag-
ricultural food products, and beverages is also in
progress.
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