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Abstract Cholesterol oxidase (ChOx) has been electro-
chemically entrapped onto p-toluene sulphonate (PTS) doped
poly (pyrrole-co-N-methyl pyrrole) (1:1) on indium-tin-
oxide (ITO) glass plates. This ChOx-copolymer-PTS/ITO
bioelectrode has been characterized using cyclic voltam-
metry (CV), Fourier transform infrared (FTIR) spectroscopy,
UV-visible spectroscopy, scanning electron microscopy
(SEM) techniques. The cholesterol bioelectrode shows
response time of 19 s, linearity from 50 to 400 mg/dL as a
function of cholesterol concentration. It exhibits optimum
pH range between 6.5 and 7.5, shelf-life of up to 6 weeks at
4 °C and shows almost undisturbed response in presence of
interferents like ascorbic acid, uric acid and glucose.

Introduction

Cholesterol biosensor has recently attracted much attention
due to their application in clinical diagnosis of heart ail-
ments. Cholesterol (cholest-5-en-3f-0l) is a ubiquitous
component and much of it is located in the membranes.
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The main function of cholesterol is to modulate fluidity of
the membrane by interacting with its complex lipid com-
ponents. The cholesterol level varies in different cell
membranes and undergoes changes during different phys-
iological conditions. The high blood cholesterol level is
associated with atherosclerosis, nephrosis, diabetes melli-
tus, myxedema, jaundice and the low cholesterol level is
the root cause of hyperthyroidism, cerebral thrombosis,
anaemia and maladsorption [1-3]. The determination of
cholesterol is presently based on spectrophotometric tech-
nique [4] that is complicated and expensive and requires
expertise [5]. It has been found that biosensors can be
helpful for clinical diagnostics due to their good selectivity,
fast response and miniaturized size [6].

Prior to the fabrication of a biosensor, immobilization of
a desired biomolecule in a matrix is considered to be very
important. In this context, a large number of materials such
as self-assembled monolayers and multilayers, Langmuir—
Blodgett films, sol-gel films, screen printed electrode,
nanomaterials and conducting polymers have been used for
the immobilization of desired biomolecules including
cholesterol oxidase [7-15]. Among these, conducting
polymers have been considered as very important. This has
been attributed to their various advantages such as bio-
compatibility, ease of preparation, chemical inertness and
redox characteristics. Among the various conducting
polymers, polypyrrole has attracted much attention [16-20]
for biosensor application. Vidal et al. have fabricated a
cholesterol biosensor by the entrapment of ChOx within
the over oxidized polypyrrole (PPy) film. Using immobi-
lized ChOx and potassium ferricyaide Ks[Fe(CN)g] on
dodecylbenzene sulphonate ion doped PPy films, Brahim
et al. have entrapped ChOx within a composite of poly(2-
hydroxethyl methacrylate) (p(HEMA))-tertraethylenegly-
col diacrylate (TEGDA)/PPy membrane for cholesterol
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biosensor fabrication and obtained enhanced stability.
Singh et al. have reported a cholesterol biosensor based on
PPy films and have shown that the electrode shows stability
of 1 month [21]. Solanki et al. have used poly (aniline-co-
pyrrole) film as matrix for cholesterol biosensor fabrica-
tion. The electrode shows sensitivity of 93.35 pA/mM/cm?
[22]. Dhand et al. have reported cholesterol biosensor
based on nano structured conducting polymer film and
found Michaelis—Menten constant (K,) to be 0.62 mM
[23]. Tiirkarslan et al. [24] 2008 have immobilized cho-
lesterol oxidase (ChOx) in conducting polymers like poly
(pyrrole) (PPy) and poly (3, 4-ethylenedioxythiophene)
(PEDOT) and Michaelis—Menton (K,,) values are found to
be 7.9 and 1.3 mM for PPy and PEDOT, respectively. The
steady state amperometric measurements of free choles-
terol have been performed by an enzyme electrode which is
developed by electrostatic immobilization of the choles-
terol oxidase in poly(vinylferrocenium) perchlorate
(PVF + CIOy) film that has been coated on a Pt electrode.
The linear working range and the sensitivity values are
found to be 0.1-0.5 mM and 140 LLAM” cmfz, respec-
tively [25]. Cholesterol oxidase (ChOx) has been
covalently linked with Langmuir-Blodgett (LB) monolay-
ers of polyaniline (PANI)-stearic acid (SA) prepared onto
indium-tin-oxide (ITO) coated glass plates via glutaralde-
hyde (Glu) chemistry. The linearity has been obtained from
25 to 400 mg/dL of cholesterol concentration with sensi-
tivity of 88.9 nA mg~" dL [26].

In this manuscript, copolymer of pyrrole and N-methyl
pyrrole has been electrochemically synthesized on indium-
tin oxide (ITO) electrode using p-toluene sulphonate as an
electrolyte. The copolymer is characterized using cyclic
voltammetry, Fourier transform infrared (FTIR) spectros-
copy and UV-visible spectroscopy. The electrochemical
entrapment of enzyme (ChOx) in the conducting polymer
films allows uniform and reproducible immobilization of
enzymes over a small area as well as control of the coating
thickness [27].

Experimental
Reagents

Pyrrole and N-methyl pyrrole (Merck) were purified by
fractional distillation and are stored at 4 °C. p-Toluene-
sulphonate (PTS) and cholesterol oxidase (ChOx; EC
1.1.36, from pseudomonas fluorescens) with the specific
gravity of 24 units (U)/mg, and horseradish peroxide (HRP,
EC 1.11 1.7) with specific activity of 120 U/mg solid were
procured from Sigma (USA). All other chemicals were of
analytical grade.

Solutions preparation

Cholesterol oxidase (24.0 U/mL) and horseradish peroxi-
dase (120 U/mL) were freshly prepared prior to being used
in phosphate buffer saline (PBS) (50 mM, pH 7.0, 0.9%
NaCl). A cholesterol stock solution (400 mg/dL) was pre-
pared using Triton X-100 as a surfactant and was kept at
4 °C. This solution was further diluted to make various
concentrations. o-dianisidine (1%) was prepared afresh in
the de-ionized water.

Polymerization of poly-(pyrrole- co-N-methyl pyrrole)-
p-toluene sulphonate films

The polypyrrole and poly N-methyl pyrrole homopolymer
films were electrochemically prepared onto ITO coated
glass plates in a three-electrode cell containing 0.1 M
pyrrole and 0.1 M N-methyl pyrrole, respectively, in 0.1 M
PTS solution in deionized water using a Potentiostat/Gal-
vanostat (Model No 273A Princeton Applied Research).
The monomers were doubly distilled prior to polymeriza-
tion. The cell configuration consisted of Ag/AgCl as the
reference electrode, platinum (Pt) foil as the counter elec-
trode and indium-tin-oxide (ITO) as the working electrode.
For the synthesis of poly(pyrrole-co-N-methyl pyrrole)-p-
toluene sulphonate, a solution mixture containing 10 mL of
0.1 M PTS solution and 1:1 ratio of pyrrole and N-methyl
pyrrole were stirred in a sonicator until a homogeneous
solution was obtained. The electrochemical polymerization
was carried out at 0.9 V for 600 s. All the electropoly-
merized poly (Py-co-NMP)/PTS/ITO electrode were
washed with PBS buffer and dried at room temperature.
During the electrochemical polymerization, copolymer
shows higher onset potential than that of polypyrrole. The
electrical conductivity of polypyrrole, N-methyl pyrrole
and poly (Py-co-NMP)/PTS/ITO was calculated using four
points probe method and was found as 2.5 x 1072
3.4 x 107 and 1.5 x 1072 s/cm?, respectively (Table 1).

Preparation of ChOx/poly (Py-co-NMP)/PTS/ITO
bioelectrode

The ChOx/poly (Py-co-NMP)/PTS/ITO bioelectrodes were
prepared onto desired ITO coated glass plates by a single
step using 50 pL of cholesterol oxidase (ChOx) in a three-
electrode cell containing 1:1 ratio of pyrrole (Py) and
N-methyl pyrrole (NMP), 0.1 M PTS (electrolyte) at the
same potential of 0.9 V for 600 s that were used for
polymer electrodes. The ChOx is entrapped in the
copolymer electrode during electro-polymerization of the
monomers. The resulting bioelectrodes were washed with
the phosphate buffer (50 mM, pH 7.0) to get readout
of unreacted monomers and unbound enzyme from the
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Table 1 Anodic peak potential, anodic peak current and conductivity for polymers and co-polymers

S. No. Polymer Onset Conductivity Anodic Anodic peak
potential (mV) (S/cm) potential, Ep (mV) current (Ip)p amp
Poly pyrrole/PTS/ITO 550 2.5 x 1072 1193 6.8
Poly(Py-co-NMP)/PTS/ITO (1:1) 600 1.5 x 1072 1257 5.6
3 Poly N-methyl pyrrole/PTS/ITO 810 3.4 x 1077 1132 2.6
film. These ChOx/poly(Py-co-NMP)/PTS/ITO bioelec- 7x10°-

trodes were stored at 4 °C when not in use.
Equipments

Ultraviolet-visible (UV-vis) absorbance was measured for
copolymer electrodes as well as bio-electrode by using
Shimadzu (Model 160A) spectrophotometer. Cyclic vol-
tammetric studies were carried out using Potentiostat-
Galvanostat (Model No 273A Princeton Applied Research).
Fourier-transform-infrared (FTIR) studies were done using
Perkin Elmer Spectrum BX and SEM photographs were
taken using scanning electron microscope (LEO 440).
Water purification system (Model Milli Q) was used to
obtain deionized water.

Results and discussion

Characterization of ChOx/co-polymer/PTS/ITO
bioelectrode

Cyclic voltammetric (CV) studies of polymer films

Figure 1 shows cyclic voltammograms of polypyrrole/PTS/
ITO (curve i), poly N-methyl pyrrole/PTS/ITO (curve iii)
and co-polymer/PTS/ITO electrode (curve ii) in PBS
(50 mM) at scan rate of 50 mV/s in the range of —0.2 to
1.2 V. The copolymer (curve ii) shows lower anodic peak
current than poly pyrrole (curve i) and higher anodic
potential than polypyrrole (Table 1). It may be attributed to
the restriction of © conjugation by the presence of methyl
group in N-methyl pyrrole which decreases electronic
conductivity [28, 29].

UV-visible spectroscopic studies

Figure 2 (A) exhibits UV—visible spectra of copolymer and
polymer electrode, (B) for bioelectrode and polymer elec-
trode. Polypyrrole/PTS/ITO (curve a) film shows a peak at
540 nm (Fig. 2A) due to inter-band charge transfer asso-
ciated with the excitation of aromatic ring to non-aromatic
ring [30]. The poly N-methyl pyrrole (Fig. 2A, curve c)
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Fig. 1 Cyclic voltammograms of polymers and co-polymers: (i)
polypyrrole/PTS/ITO, (ii) poly (pyrrole-Co-N-methyl)/PTS/ITO (1:1)
and (iii) poly-N-methyl polymer/PTS/ITO electrode

shows a peak at 561 nm. The copolymer (curve b) in
Fig. 2B shows two peaks at 515 and 680 nm. The peak at
515 nm belongs to poly pyrrole block and 680 nm is
attributed to poly N-methyl pyrrole block. The appearance
of two peaks in copolymer signifies both poly pyrrole and
N-methyl pyrrole moieties are present in the copolymer.
However, both the peaks in copolymer are shifted from the
original peak position of the homopolymers indicating the
formation of a block copolymer [-(A),—(B),,.] (Scheme 1).
The peak corresponding to N-methyl pyrrole unit is shifted
to 680 from 561 nm, indicating a red shift and the peak
corresponding to pyrrole unit exhibits a blue shift, i.e. from
540 to 515 nm. The observed shift in peak position of 7—n*
transition in the conducting copolymer indicates the for-
mation of block copolymer rather than a polymeric blend
because all polymers are in the identical oxidation state
that is conducting state as shown by the conductivity value.
The blue shift in pyrrole block reveals that the extent of
conjugation of pyrrole is hindered in the copolymer due to
presence of N-methyl pyrrole unit and the red shift in N-
methyl block reveals an increase in conjugation length due
to the presence of pyrrole unit [31, 32].

Figure 2B shows UV-visible spectra of poly(Py-
co-NMP)PTS/ITO and ChOx/(poly(Py-co-NMP)PTS/ITO
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Fig. 2 UV-visible spectra of
A poly (Py-co-NMP)/PTS
consisting of curve

(a) polypyrrole/PTS/ITO,

(b) copolymer, (c) poly
N-methyl pyrrole and B
showing (a) poly(Py-co-
NMP)PTS/ITO, (b) ChOx/
poly(Py-co-NMP)PTS/ITO
bioelectrode

Absorbance

1 ] I

(B)
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L ' | | I ] ]
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Scheme 1 Structure of block
poly (pyrrole-co-N-methyl
pyrrole)/PTS film

bioelectrode. The peak corresponding to pyrrole moiety in
the copolymer (curve a) shows a red shift in the bioelec-
trode (curve b) indicating higher extent of conjugation,
derived from an enhanced interaction with cholesterol
oxidase and the peak due to N-methyl pyrrole unit shows
no change in peak position in the bioelectrode which may
be attributed to lesser interaction of N-methyl pyrrole unit
with the enzyme due to steric hindrance from the methyl

group.
FTIR spectroscopic studies

In order to confirm the formation of copolymer, FTIR spectra
have been recorded for the conducting copolymer and are
compared with those of conducting homopolymers, that is
doped and half oxidized state. The homopolymer show
characteristics peaks as reported in the literature [32]. The
copolymer contains peaks due to N-H vibration frequency
at 3,385 cm™', assigned to poly pyrrole unit and C—H
(N-methyl) at 2,945 cm™ " assigned to poly N-methyl pyrrole
unit indicating the formation of co-polymer containing
pyrrole and N-methyl pyrrole unit rather than a polymeric
blend (data not shown). Figure 3 shows FTIR spectra
obtained for poly (Py-co-NMP)/PTS/ITO (curve a) and
ChOx/poly (Py-co-NMP)/PTS/ITO (curve b) bioelectrode.
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Fig. 3 FTIR spectra of a poly(Py-co-NMP)/PTS/ITO and b ChOx/
(poly(Py-co-NMP)/PTS/ITO bioelctrode

The peak seen in the range of 1,640-1,690 cm ™! of ChOx/
Poly (Py-co-NMP)/PTS bioelectrode is attributed to the
amide linkage of ChOx molecules and broad peak in the
region of 3,000 cm ™ is due to N-H stretching of amide bond
of cholesterol oxidase [33].
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Fig. 4 SEM pictures of a
poly(Py-co-NMP)/PTS/ITO
electrode and b ChOx/poly(Py-
co-NMP)/PTS/ITO bioelectrode

Scanning electron microscope (SEM) studies

Copolymer texture and enzyme immobilized electrode
surfaces are shown by SE micrographs (Fig. 4a, b) which
shows a uniform and compact globular structure with
uniform surface coverage. The SEM picture obtained for
the poly (Py-co-NMP)/PTS copolymer film (image a) show
fine micro-spheres that result in protruded globular
appearance on the surface indicating porous nature of the
surface [22]. The incorporation of large dopant anion PTS
during electrochemical polymerization results in increased
porosity in the Film. The SEM image of ChOx/poly(Py-co-
NMP)/PTS bioelectrode (image b) also reveals globular
structure with reduced porosity arising due to the presence
of entrapped cholesterol oxidase [27, 34] or smoothening
of the surface indicating entrapment of ChOx due to large
anion doping facilitates increased loading of enzyme
loading in copolymer film.

Electrochemical studies

A three-electrode assembly comprising of ChOx/poly(Py-
co-NMP)/PTS/ITO as working electrode, Ag/AgCl as the
reference electrode and Pt Foil (2 x 2 sz) as the counter
electrode has been used for electrochemical studies. The
CV of ChOx/poly (Py-co-NMP)/PTS/ITO bioelectrode
(curve a) and poly (Py-co-NMP)/PTS/ITO (curve b) elec-
trode is compared in Fig. 5. The dramatic decrease in
anodic peak current in the enzyme electrode reveals that
enzyme electrode exhibits a slow redox process. However,
the magnitude of current increases with scan rate up to
50 mV/s, indicating it is a diffusion controlled process.
Thus, all the biosensor measurements have been done at
50 mV/s.

Scheme 2 shows the proposed mechanism of ChOx
immobilization by an in situ electro polymerization which
is based on physical entrapment within the polymer
matrices. During electro polymerization negatively charged
enzymes are entrapped as a dopant in the copolymer
matrix. A large number of positive charges are generated
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Fig. 5 Cyclic voltammogram of poly(Py-co-NMP)/PTS/ITO elec-
trodes and ChOx/poly(Py-co-NMP)/PTS/ITO bioelectrode
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Scheme 2 Entrapment of ChOx on poly(Py-co-NMP)/PTS/ITO
electrode

on the nitrogen atoms in the polymeric chains of poly
(Py-co-NMP) film due to doping with p-toluene sulphonate
ions. The negatively charged cholesterol oxidase appears to
electrostatically attract positively charged nitrogen atoms
in the copolymer chains resulting in stronger binding of
cholesterol oxidase with the polymeric chains [22, 27].
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Enzyme activity measurements of ChOx/(poly(Py-co-
NMP)/PTS/ITO bioelectrode

For cholesterol oxidase enzyme activity measurements, a
reaction mixture consisting of cholesterol, horseradish
peroxidase and o-dianisidine (0.1%) in deionized water
have been used. The absorption intensity values for dif-
ferent concentration of cholesterol in the reaction mixture
have been recorded at 500 nm by dipping enzyme elec-
trodes for about 2 min at room temperature. The activity of
the cholesterol oxidase in ChOx/poly (Py-co-NMP)/PTS
has been calculated on the basis of Eq. 1 and has been
found to be 0.125 U cm ™.

o (U cm™?) = AV /eSt (1)

where A = difference in absorbance at 500 nm before and
after the incubation of a ChOx/poly(Py-co-NMP)/PTS,
V = total volume (3 mL), ¢ = millimolar extinction coef-
ficient of oxidized o-anisidine (7.5), t = reaction time.

One unit of enzyme activity is defined here as the
activity that results in the conversion of 1 pm of choles-
terol into cholestenone per min. Figure 6 shows the plot of
absorbance at 500 nm with concentration in mg/dL. A
linear range is observed between 50 and 400 mg/dL. The
reaction of cholesterol with dye is shown below.

Cholesterol 4+ O, — Cholesterone + H,O, (2)
H,0; + o-anisidine .qy — 4H,0

+ Quinonemine dye q,; (coloured product) (3)

Electrochemical response studies of cholesterol
bioelectrode

The cyclic voltammetric studies have been carried out
between —200 and 1.2 V on bioelectrode as a function of
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Fig. 6 Plot of UV absorbance versus cholesterol concentration

cholesterol concentration. It is observed that the anodic
current increases with increased concentration of choles-
terol. A linear relationship is obtained between the current
and cholesterol concentration in the range of 50-400 mg/dL
with a regression equation of Ai = 0.6406C + 0.943. The
electrode can detect cholesterol up to 25 mg/dL. The sub-
strate concentration can be measured by monitoring the
change in amperometric current as per the biochemical
reaction (Eqgs. 2-3) (Fig. 7 and Scheme 3). The value of
apparent Michaelis—Menten constant (K, (app)) has been
estimated using the Lineweaver—-Burke plot and has been
found to be 0.62 mM and correlation coefficient is found to
be 0.9857. The low value of K, suggests that the matrix
prepared in our case is facilitating the enzymatic reaction. It
has been found that the K, value is less than (e.g. 2 mM,
1.5 mM) [35, 36] that of the other cholesterol biosensors.
The response time is 19 s. The low response time demon-
strates that porous morphology of copolymer is suitable for
entrapment of cholesterol. Table 2 shows the copolymer
bioelectrode characteristics.
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Fig. 7 Cyclic voltammetric curves obtained for bioelectrode as a
function of cholesterol concentration as (i) 50, (ii) 100, (iii) 200, (iv)
300 and (v) 400 mg/dL. Inset plot of anodic peak current versus

cholesterol concentration
/ 02\‘ L / Cholesterql
7/
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Scheme 3 Electrochemical mechanism for enzymatic reaction

sequences for the detection of cholesterol
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Table 2 Linear regression, correlation coefficient, standard deviation, sensitivity and K, of the bioelectrode

Electrode Linear Correlation Standard Sensitivity K, (mM)
regression coefficient deviation (SD) (mA/mol/cmz)
ChOx/poly(Py-co-NMP)/ 0.9431 0.9857 0.0724 0.6406 0.62
PTS/ITO
Effect of pH

The effect of pH (6.0-8.0) on the response measurements
of electrochemically entrapped ChOx/poly(Py-co-NMP)/
PTS/ITO bioelectrode is shown in Fig. 8. The maximum
response is observed in pH range of 6.8-7.3. An increase in
response in this range at a given concentration of enzyme
indicates that net increase in enzyme charge gives rise to
higher amount of immobilized enzyme. This implies that
the enzyme entrapment in the polymer backbone during
polymer growth via electrostatic interaction and supports
the enzyme immobilization mechanism as described by
Scheme 2. So pH 7.0 has been selected for response
studies. Cholesterol oxidase has isoelectric point at about 5
pH. At pH below 5, enzyme remains in the protonated form
and loses its negative charge (e™), at high pH, substrate
(SubH™) losses proton to form Sub and H*. In both the
cases, enzyme activity decreases.

Interferent studies

Metabolites such as urea, ascorbic acid and glucose present
in the serum may interfere in the estimation of cholesterol
concentration. The values of amperometric response
obtained in the presence of interferents such as urea
(2 mM), ascorbic acid (2 mM) and glucose (5 mM) on the
response of the bioelectrode as shown in Table 3 reflect

4.0 -
3.8 ] L]
3.6 - L]

3.4 ] ]
3.2-

3.0

Current (uA)

2.8
2.6 L]
2.4 4

2.2+

6.0 6.5 7.0 7.5 8.0
pH
Fig. 8 Effect of pH on amperometric response of the cholesterol

electrode
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Table 3 Effect of intereferents on the amperometric response of the
bio electrode

Cholesterol Cholesterol Cholesterol Cholesterol Cholesterol
concentration + urea + ascorbic  + glucose
(mg/dl) acid

200 3.7 3.5 3.5 3.2

that urea and ascorbic acid have no inference on the
electrode efficiency, whereas glucose decreases the
response current to some extent.

Storage stability

The storage stability of ChOx/poly(Py-co-NMP)/PTS/ITO
bioelectrode has been experimentally determined by mea-
suring the current response at 200 mg/dL cholesterol
solution up to 45 days at an interval of 15 days. These
electrodes are kept at 4 °C when not in use. It is observed
that there is not much decrease in the response current
within 15 days and even after 45 days 85% of enzyme
activity is observed.

Conclusions

The (1:1) copolymer of pyrrole and n-methylpyrrole has
been electrochemically prepared and characterized by
cyclic voltammetry, UV-visible spectroscopy and FTIR
spectroscopy indicating that it is a block copolymer.
Cholesterol oxidase has been successfully immobilized on
the electrochemically synthesized Py-NMP copolymer by
electrochemical entrapment technique. The cholesterol
electrode has low response time of 19 s with good stability
at 4 °C. This cholesterol biosensing bioelectrode shows
selectivity in presence of interferents like ascorbic acid,
glucose and urea and high sensitivity and linearity. Efforts
should be made to utilize this conducting polymer bio-
electrode for estimation of cholesterol in clinical samples.
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