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Nanocomposite film composed of polyaniline (PANI) and multiwalled carbon nanotubes (MWCNT), pre-
pared electrophoretically onto indium tin oxide (ITO)-coated glass plate, was used for covalent immobi-
lization of cholesterol oxidase (ChOx) via N-ethyl-N'-(3-dimethylaminopropyl) carbodiimide (EDC) and
N-hydroxysuccinimide (NHS) chemistry. Results of linear sweep voltammetric measurements reveal that
ChOx/PANI-MWCNT/ITO bioelectrode can detect cholesterol in the range of 1.29 to 12.93 mM with high
sensitivity of 6800 nA mM~' and a fast response time of 10s. Photometric studies for ChOx/PANI-
MWCNT/ITO bioelectrode indicate that it is thermally stable up to 45 °C and has a shelf life of approxi-
mately 12 weeks when stored at 4 °C. The results of these studies have implications for the application
of this interesting matrix (PANI-MWCNT) toward the development of other biosensors.

© 2008 Elsevier Inc. All rights reserved.

Since the discovery of carbon nanotubes (CNT)!, there has been
enormous interest in exploring and exploiting their unique proper-
ties for various applications [1-3]. A promising application of CNT
is their use in biosensors and nanoscale electronic devices [4,5].
The results reported by various researchers suggest that CNT can
be used to promote electrons transfer reactions of desired biomole-
cules such as dopamine [6,7], B-nicotinamide adenine dinucleotide
(NADH) [8], norepinephrine [9], cytochrome c [10], ascorbic acid
[11], and cholesterol [12,13]. However, poor solubility of CNT in
most solvents is currently a major barrier for developing such
CNT-based devices [14,15]. The challenge of solubilizing CNT can
be addressed through their covalent modification [15,16] or nonco-
valent functionalization [14,17]. In particular, “wrapping” of CNT
with polymeric chains can be useful for improving their solubility
without impairing their physical properties [18]. The fabrication of
conducting polymer (CP)/CNT composites has gained much interest
recently. It has been demonstrated that CP/CNT composites possess
properties of each of the constituents with a synergistic effect
[19,20]. Among various conducting polymers, polyaniline (PANI) is
unique due to its relatively facile synthesis, conductivity, and envi-
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ronmental stability [21-23]. In addition, it is the first commercial-
ized conducting polymer and has found applications in Schottky
devices [24], electrochromic devices [25], and chemical sensors
[26]. However, this polymer has limited biosensor applications be-
cause PANI is neither electrochemically active nor conducting in
neutral solution, and it reveals its redox characteristics only in an
acidic medium (pH < 3) [27]. This prevents the coupling of this con-
ducting polymer to a biological system.

For fabrication of a biosensor, the electrical contact of redox
biomolecules, including enzymes with electrode surface, is a chal-
lenge. Most bioelectrocatalytic systems require mediated electron
transfer between redox enzymes and conductive supports, and this
process can be enhanced by increased electrical conductivity of the
electron mediating system. Thus, it should be interesting to devel-
op PANI/CNT composite systems that reveal redox activity at neu-
tral pH and to investigate these composites as matrices for
bioelectrocatalytic activation of enzymes [28]. Liu et al. used
PANI/poly(aminobenzene sulfonic acid)-modified single-walled
carbon nanotubes (PABS-SWCNT) multilayer film for detection of
reduced NADH at lower potential [29]. They showed that PABS-
SWCNT inside a multilayer film can be used to dope PANI effec-
tively and shift its electroactivity to the neutral pH environment.
Granot et al. used charge transfer properties of pyrene sulfonic
acid-functionalized SWCNT embedded in PANI (PANI/SWCNT) to
mediate bioelectrocatalyzed oxidation of glucose in the presence
of glucose oxidase (GOx) [28]. Ali and coworkers recently reported
a nonoxidative approach to electrochemical detection of dopamine
with high sensitivity and selectivity using a PANI/CNT matrix in
physiologically relevant solutions [30].

In this article, we report the fabrication of a mediator-free cho-
lesterol biosensor based on electrophoretically [31,32] deposited
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PANI-multiwalled carbon nanotubes (MWCNT) composite film on
indium tin oxide (ITO)-coated glass, with cholesterol oxidase
(ChOx) covalently immobilized on the composite surface. The
ChOx/PANI-MWCNT/ITO bioelectrode was found to be highly sen-
sitive to cholesterol and exhibits a fast response time of 10 s.

Materials and methods
Chemicals and reagents

ChOx (EC 1.1.3.6, from Pseudomonas fluorescens) with specific
activity of 24 U mg~!, horseradish peroxidase (HRP, EC 1.11.1.7)
with specific activity of 200U mg~!, N-hydroxysuccinimide
(NHS), N-ethyl-N'-(3-dimethylaminopropyl carbodiimide) (EDC),
and o-dianisidine were procured from Sigma-Aldrich (USA). The
MWCNT were prepared via the catalytic chemical vapor deposition
(CCVD) technique [33]. The CNTs were purified and functionalized
using boiling acid treatment [34]. PANI was synthesized by chem-
ical oxidative polymerization using ammonium peroxidisulfate as
oxidant [35]. All other chemicals were of analytical grade and used
as received. Deionized water (resistance ~ 18.2 MQ) from the Mil-
lipore water purification system was used for the preparation of
desired aqueous solutions.

Preparation of solutions

The solution of ChOx (24 U/ml) and HRP (200 U/ml) was pre-
pared freshly in phosphate buffer (50 mM, pH 7.0) prior to being
used. Stock solution of cholesterol was prepared in deionized
water having 10% Triton X-100 and was stored at 4 °C. This stock
solution was further diluted to make different concentrations of
cholesterol solution. o-dianisidine (1%) solution was prepared
freshly in deionized water.

Fabrication of composite film and immobilization of ChOx
Thin film of PANI-MWCNT composite was deposited by the

electrophoretic technique [36] on ITO-coated glass plate to serve
as a matrix for immobilization of ChOx. For electrophoretic film

-+

fabrication, colloidal suspension of PANI-MWCNT was prepared
by mixing 100 pul of PANI/formic acid (1 mg ml~!) solution with
10 pl of CNT dispersion (1 mg ml~! in acetonitrile) in 9.9 ml of ace-
tonitrile. Electrophoretic deposition of PANI-MWCNT composite
was carried out using the set-up shown in Fig. 1. Variation of volt-
age and time was also investigated for desired uniform film forma-
tion. Washing of film prepared in this way was accomplished using
deionized water followed by drying. ChOx was covalently immobi-
lized onto the electrophoretically deposited composite film via
amide bond formation between the NH, group of PANI and the
COOH group of ChOx using EDC as the coupling agent and NHS
as the activator [31]. For ChOx immobilization, the optimal binding
was achieved when 30 pl of solution of 5 pg ChOx mixed with
0.4 M EDC and 0.1 M NHS was dropped on 1 cm? of PANI-MWCNT
film and kept in a humid chamber for 3 h. Thus, fabricated ChOx
modified bioelectrode (ChOx/PANI-MWCNT/ITO) was then washed
with phosphate buffer saline (PBS) solution (50 mM, 0.9% NacCl, pH
7.0) containing 0.05% Tween-20 to remove any unbound enzyme
and was stored at 4 °C when not in use.

Characterization

The fabricated electrodes (PANI-MWCNT/ITO and ChOx/PANI-
MWCNT/ITO) were characterized using Fourier transform infrared
(FT-IR) and electrochemical impedance spectroscopy (EIS) tech-
niques, respectively. FT-IR spectra were recorded using a PerkinEl-
mer instrument (model spectrum BX using ATR accessory) to check
the binding of ChOx with PANI-MWCNT composite film. EIS stud-
ies in the frequency range of 0.01 to 10° Hz, amplitude 5 mV, were
conducted on an Autolab Potentiostat/Galvanostat (Eco Chemie,
Netherlands). The measurements were carried out in PBS
(50 mM, 0.9% NaCl, pH 7.0) containing 5 mM Fe(CN)s>~/4~ (redox
probe) using a three-electrode cell with Ag/AgCl as a reference
electrode and Pt foil as a counter electrode.

Linear sweep voltammetric measurements

Linear sweep voltammetry (LSV) was carried out on an Autolab
Potentiostat using a three-electrode cell with Ag/AgCl as a refer-

Platimum Electrode

I1ITO
PANI-MWCNT
colloidal suspension

Fig. 1. Schematic of the setup used for the electrophoretic deposition.
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ence electrode and Pt foil as a counter electrode. Cholesterol esti-
mation studies using ChOx/PANI-MWCNT/ITO bioelectrode were
conducted in the range of -0.3 to 0.8 V in PBS (50 mM, 0.9% NaCl,
pH 7.4) solution. The bioelectrode was kept for 10 s in cholesterol
solution for the enzymatic reaction prior to recording of the LSV
spectra.

LSV studies were carried out to estimate the effect of interfer-
ents such as ascorbic acid (AA), uric acid (UA), glucose (Glu), lactic
acid (LA), and urea. Artificial conditions were achieved by mixing
the interferents AA (0.05 mM), UA (0.1 mM), Glu (5 mM), LA
(0.5 mM), and urea (1 mM) with cholesterol solution (7.76 mM)
in a 1:1 ratio, and the spectra were recorded under conditions sim-
ilar to those used for cholesterol estimation.

Photometric studies

Photometric measurements were conducted using a UV-visible
spectrophotometer, Phoenix-2200DPCV. Photometric experiments
were carried out as a function of pH, temperature, and cholesterol
concentration using PBS buffer (50 mM, 0.9% NaCl, pH 7.4). These
measurements were also used to estimate the enzyme activity.
To carry out photometric enzymatic assay of the immobilized
ChOx, ChOx/PANI-MWCNT/ITO bioelectrode was dipped in 3 ml
of PBS solution containing 20 pl of HRP (1 mg dl~1), 20 pl of o-dian-
isidine dye, and 100 pl of cholesterol. The difference between the
initial and final absorbance values at 500 nm after 3 min incuba-
tion of cholesterol were recorded and plotted.

Results and discussion
Electrophoretic deposition of composite film

In the PANI-MWCNT composite film formation using electro-
phoretic technique, good quality films are obtained when posi-
tively charged composite in acidic colloidal suspension is
dragged toward the negatively biased ITO-coated glass electrode
at an applied voltage of 120 V for 30 s. This results in the formation
of uniform, homogeneous, and 200-nm-thick films via grain-by-
grain deposition of colloid particles on the electrode surface. No
deposition is observed on the positively biased Pt electrode, reveal-
ing that all the MWCNTs get completely wrapped by positively
charged PANI fibers in colloidal suspension. During the composite
film formation, gentle shaking or brief sonication of the colloidal
solution for a few seconds is found to be necessary to achieve de-
sired dispersion leading to the deposition of homogeneous film.
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Fig. 2. FT-IR spectra of MWCNT/PANI/ITO electrode (i) and ChOx/PANI-MWCNT/
ITO bioelectrode (ii).

FT-IR studies

Fig. 2 shows FT-IR spectra obtained for PANI-MWCNT/ITO elec-
trode (curve i) and ChOx/PANI-MWCNT/ITO bioelectrode (curve
ii). The FT-IR spectrum of electrophoretically deposited PANI-
MWCNT composite (curve i) shows benzenoid and quinoid ring
stretching bands (C=C) present at 1447.6 and 1594.2 cm~'. The
presence of peaks at 1129 and 3402 cm™! is attributed to B-N"=Q
stretching and -N-H stretching vibrations of PANI in the compos-
ite. The peak at 1704 cm™! is attributed to —-C=0 stretching vibra-
tions and indicates the presence of carboxyl group (-COOH). The
presence of these peaks reveals the existence of both PANI and
MWCNT on the ITO electrode. In the FT-IR spectrum of ChOx/
PANI-MWCNT/ITO bioelectrode (curve ii), ChOx binding is indi-
cated by the appearance of additional absorption bands at 1641
and 1539 cm™! assigned to the carbonyl stretch (amide I band)
and -N-H bending (amide II band), respectively [37]. Also, a broad
band seen around 3200 cm ™! is attributed to amide bond present
in ChOx.
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Fig. 3. Impedance spectra of PANI-MWCNT/ITO electrode (i) and ChOx/PANI-
MWCNT/ITO bioelectrode (ii).
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Fig. 4. Linear sweep voltammograms recorded for ChOx/PANI-MWCNT/ITO bio-

electrode as a function of different concentrations of cholesterol: (i) 0 mM; (ii)
1.3 mM; (iii) 2.6 mM; (iv) 5.2 mM; (v) 7.8 mM; (vi) 10.34 mM; (vii) 12.93 mM.
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Scheme 1. Schematic illustration of biochemical reaction at ChOx/PANI-MWCNT/ITO bioelectrode.

EIS studies

EIS analysis was carried out to investigate the ChOx immobili-
zation onto the PANI-MWCNT matrix (Fig. 3). A Nequist plot was
used to find the change in the charge transfer resistance (Rct) after
immobilization of ChOx on PANI-MWCNT/ITO matrix. It can be
seen (curve i) that the value of Rcr obtained as 212 Q for PANI-
MWCNT/ITO electrode increases to 325Q for ChOx/PANI-
MW(CNT/ITO bioelectrode (curve ii). This increase in Rcr is attrib-
uted to the fact that most biological molecules, including enzymes,
are poor electrical conductors at low frequencies (at least < 10
KHz) and cause hindrance to the electron transfer. These results
indicate binding of ChOx onto PANI-MWCNT composite.

Response studies using LSV technique

Fig. 4 shows the linear sweep voltammograms of ChOx/PANI-
MWCNT/ITO bioelectrode obtained as a function of cholesterol
concentration. An anodic peak is observed around 0.28 V in LSV,
and the anodic current is found to increase continuously with cho-
lesterol concentration. It is found that when the current difference
between the particular cholesterol concentration and zero concen-
tration obtained at 0.28 V is plotted (data not shown), the bioelec-
trode can be used to detect cholesterol in the range of 1.29 to
12.93 mM with a fast response time of 10s.

The anodic peak around 0.28 V corresponds to the oxidation of
polyaniline present in the matrix, and its increase with an increase
in the cholesterol concentration suggests that ChOx gets electri-
cally contacted by the PANI-MWCNT modified electrode [28]. It
may be noted that no peak is observed relating to the oxidation
of H,0; in the range of 0.5 to 0.7 V. This indicates that the bio-
chemical reaction perhaps occurs as shown in Scheme 1, where
PANI-MWCNT matrix directly accepts electrons from the reduced
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Fig. 5. Effect of various interferents on the response of ChOx/PANI-MWCNT/ITO
bioelectrode. Chol, cholesterol.

ChOx. Direct acceptance of electrons by the matrix is attributed
to enhanced charge transport in the PANI-MWCNT film due to
electron hopping through the conductive MWCNTSs that mediate
electrons transfer via redox polymer [28]. Enhanced charge trans-
port in this matrix was recently revealed via cyclic voltammetry
and EIS studies [36].

It was found that the ChOx/PANI-MWCNT/ITO bioelectrode in
the range of 1.29 to 10.34 mM for cholesterol follows the equation
[Current (mA) = 0.4 (mA) + 0.00678 (mA mM~!) x Cholesterol Con-
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Fig. 6. Photometric response of ChOx/PANI-MWCNT/ITO bioelectrode as a function
of cholesterol concentration.
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of temperature.
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Table 1

Characteristics of electrophoretically deposited PANI-MWCNT-based ChOx/PANI-MWCNT/ITO bioelectrode along with those reported in the literature

Immobilization Matrix Sensing element Method of Linearity (mM) Transducer used Sensitivity Shelf life  Reference

immobilization

MWCNT ChOx Physical entrapment  0.5-6 Amperometric 0.559 pA cm?mM ! - [12]

Polyaniline ChOx Covalent 0.65-10.34 Spectrophotometric 7.76 x 107> Abs mg ' dl  11weeks [31]

Fe304 Nanoparticls ChOx Covalent 1.3-5.2 Spectrophotometric — 15 days [38]

Thiotic acid/Gold ChOx/ChEt Biotin-Avidin 1-6 Squarewave voltammetric 69 nA mM~! 10 days [39]

Gold electrode ChOx Physical Adsorption ~ 0-2.1 Amperometric 0.13 pA mM ! — [40]

MW(CNT/Screen Printed  ChOx, ChEt, Physical adsorption 2.58-10.34 Amperometric 0.0059 pA mg~! dl 2 months [13]
Carbon Electrode HRP, K4Fe(CN)6

PANI-MWCNT ChOx Covalent 1.29-12.93 Amperometric and 6800 nA mM ™! 12 weeks  Present work

Spectrophotometric

centration (mM)] with 3 pA and 0.994 as standard deviation and
correlation coefficient, respectively. Furthermore, the bioelectrode
in this range exhibits a high sensitivity of 6800 nA mM~". This is
attributed to the high electron communication feature of the
PANI-MWCNT composite. The enhanced bioelectrocatalytic oxida-
tion of cholesterol by composite is due to the effective charge that
facilitates electrical contact between the redox site of ChOx and the
electrode. All of the experiments were carried out in triplicate sets,
and results reveal reproducibility of the system within 2% error.

Interferent studies

Fig. 5 shows the effect of interferents on the observed response
of ChOx/PANI-MWCNT/ITO electrode. In the figure, the first bar
(cholesterol) shows the change of current obtained with 7.76 mM
cholesterol when compared with current obtained for 0 mM cho-
lesterol concentration. The remaining bars show the change in cur-
rent corresponding to the mixture of cholesterol and interferents in
a 1:1 ratio. The straight line parallel to the X axis shows the varia-
tion in observed current in the presence of desired interferents,
revealing a maximum of 8% interference. The percentage interfer-
ence (% inter) was calculated using Eq. (1) for various interferents:

% inter _ |1Chol - Ilnter| ’ (1)

Chol
where, I, is the change of current obtained with 7.76 mM choles-
terol when compared with current obtained for 0 mM cholesterol
concentration and Iy, i the change in current corresponding to
the mixture of cholesterol and interferents in a 1:1 ratio.

Photometric studies of bioelectrode for enzyme activity measurement

Fig. 6 shows the photometric response of the ChOx/PANI-
MWCNT/ITO bioelectrode as a function of cholesterol concentra-
tion. The value of absorbance was found to increase with increased
cholesterol concentration (1.29-15.51 mM). The results were used
to estimate the amount of immobilized enzyme units using the
equation agy? (U cm2) = AV/ets, where A is difference in absor-
bance before and after incubation, V is the total volume (3.14
cm?), ¢ is the millimolar extinction coefficient (7.5 for o-dianisidine
at 500 nm), t is the reaction time (min), and s is the surface area (1
cm?) of the electrode. The value of immobilized ChOx units was
estimated to be 7.5 x 1073 U cm~2, indicating that 7.5 x 10~ units
of enzyme actively participate in the biochemical reaction.

Thermal, pH, and shelf life studies of bioelectrode

Photometric studies were carried out to find the optimal tem-
perature range, pH, and stability for the bioelectrode. The activity
of the ChOx/PANI-MWCNT/ITO bioelectrode was investigated as
a function of temperature (15-55 °C). Fig. 7 reveals the bioelec-
trode to be best active in the range of 30 to 45 °C. The pH studies

carried out in the range of 6.0 to 9.0 (data not shown) suggest that
bioelectrodes exhibit maximum activity at around pH 7.4.

To investigate the stability of the ChOx/PANI-MWCNT/ITO bio-
electrode, photometric experiments were carried out at regular
intervals of 1 week for approximately 12 weeks with the choles-
terol concentration of 7.76 mM at 30 °C. Studies revealed that the
ChOx/PANI-MWCNT/ITO bioelectrode retains more than 95% of
activity even after 12 weeks (data not shown).

The results obtained in the current studies, along with those re-
ported in the literature, are summarized in Table 1. The advantage
of PANI-MWCNT composite film over the other matrices is clearly
visible from this table revealing that the bioelectrode can detect
cholesterol over a broad range with high sensitivity. Table 1 indi-
cates that this electrochemically active matrix not only enhances
the bioelectrocatalytic oxidation of cholesterol indicated by high
sensitivity of 6800 nA mM ! but also exhibits a fast response time
of 10 s with better stability of 12 weeks.

Conclusions

We have fabricated the cholesterol biosensor based on electro-
phoretically deposited PANI-MWCNT composite film onto ITO-
coated glass plate. ChOx was covalently immobilized onto PANI-
MWCNT film using EDC-NHS chemistry. The results of response
measurements carried on this bioelectrode using LSV reveal a
detection range of 1.29 to 12.93 mM for cholesterol with high sen-
sitivity of 6800 nA mM~! and a fast response time of 10 s. Photo-
metric studies reveal the stability of the bioelectrode as 12
weeks with the enzyme activity of 7.5 x 107U cm™2. Attempts
should be made to use this electrophoretically deposited PANI/
MWCNT matrix for the immobilization of other biomolecules.
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