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ABSTRACT: Poly(aniline-co-fluoroaniline) [poly(An-FAn)]
films were electrochemically deposited on indium tin oxide
glass plates. The characterization of these conducting copol-
ymer films was carried out with ultraviolet-visible and Fou-
rier transform infrared techniques. The enzyme glucose ox-
idase (GOX) was immobilized onto the conducting poly(An-
FAn) films by a physical adsorption method. Amperometric

response experiments carried out with poly(An-FAn)/GOX
films revealed linearity from 0.5 to 22 mM glucose, and the
Michaelis—Menten constant was found to be about 23.5 mM.
The shelf life of these poly(An-FAn)/GOX electrodes was
measured to be about 15 days, and the electrodes were stable
up to 45°C. © 2004 Wiley Periodicals, Inc. ] Appl Polym Sci 91:
3999-4006, 2004

INTRODUCTION

Analytical devices combining the specificity of enzy-
matic reactions and the high sensitivity of electro-
chemical transduction have attracted increasing inter-
est in the last decade.'” Efforts have recently been
directed toward the fabrication of a biosensor for the
estimation of glucose with glucose oxidase (GOX).?
Puig-Lleixa et al.* trapped GOX in an acrylated poly-
urethane photopolymeric membrane. The sensor
showed a sensitivity of 1.68 A/mM in a linear range of
0.1-5 mM glucose. The response time was 30 s, and the
lifetime was about 4 weeks. Conducting polymers
have been used as potential systems for the immobi-
lization of enzymes.”” In these systems, there is a
direct transfer of electrons to and from the enzymes.
The entrapment of enzymes in conducting polymer
films provides a controlled method of localizing bio-
logically active molecules in defined areas on the elec-
trodes. These enzyme-immobilized polymer elec-
trodes have been shown to have enhanced lifetimes
and fast response times and to suppress the effect of
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interfering reactions.® ' Most of the work on the im-
mobilization of GOX in conducting polymer films has
been concentrated on conducting polymers such as
polypyrrole (PPY) and polyaniline (PANI)."'"'¢ The
entrapment of enzyme (GOX) in a growing conduct-
ing polymeric film in a one-step process during elec-
tropolymerization has also been reported.'” '

Foulds and Lowe?®* entrapped GOX in a PPY matrix
electrochemically deposited on a printed platinum
electrode. Cooper and Hall*® reported the electro-
chemical preparation of GOX-loaded PANI films. It
has been found that PANI films exhibit an enhanced
loading of GOX after self-exchange and, therefore, can
be used for the fabrication of third-generation glucose
biosensor.** Recently, Kotowski et al.>> immobilized
GOX with glutaraldehyde in a conductive lecithin PPY
bilayer membrane. The peak current exhibited a non-
linear dependence on the concentration of glucose
between 1 and 20 mmol/L.

Copolymers, in general, exhibit different physical
and mechanical properties than homopolymers. The
properties of copolymers can also be modified
through the variation of either the ratio of the various
constituents or the manner in which they are chemi-
cally attached. Copolymerization is known to be a
powerful method for effecting systematic changes in
polymer properties.”® Nazzal and Street*” synthesized
a conducting copolymer by grafting pyrrole with de-
rivatized polystyrene. The copolymer exhibited im-
proved electrical conductivity that was comparable to
that of other polymers. It was recently reported that
considerable improvements in the mechanical proper-
ties of PPY were obtained by copolymerization with
phenylene oxide®® and naphthalene oxide.”” Pandey et
al.* synthesized poly(aniline-co-orthoanisidine) by
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electrocopolymerization, and the electrical conductiv-
ity of the copolymer was found to be 1.2 X 107*S/cm,
two orders of magnitude less than that of electrochem-
ically synthesized PANI. This electrical behavior was
due to the incorporation of o-anisidine moieties into
PANI chains. The chemical and electrochemical syn-
thesis of a copolymer of aniline and fluoroaniline
{poly(aniline-co-fluoroaniline) [poly(An-FAn)]} was
reported in an earlier publication.’® Substituted PANIs
possess enhanced processability and high thermal sta-
bility,'>'**® and so they can be used for biosensor
applications.

In this study, efforts were made to immobilize GOX
on electrochemically synthesized poly(An-FAn) films.
These conducting copolymer films were characterized
with ultraviolet-visible (UV-vis), Fourier transform
infrared (FTIR), electrical conductivity, scanning elec-
tron microscopy (SEM), and electrochemical tech-
niques. To the best of our knowledge, no previous
efforts were made to immobilize enzymes on conduct-
ing copolymers for the fabrication of biosensors.

EXPERIMENTAL

Aniline (Sigma) and 2-fluoroaniline (Fluka) were dis-
tilled before use. p(+)-Glucose, hydrochloric acid (HCI),
dipotassium hydrogen orthophosphate (K,HPO,), po-
tassium dihydrogen orthophosphate (KH,PO, * H,O),
and methanol (CH;OH), all from Merck, and GOX (EC
1.1.3.4), from Sigma, were used as received without fur-
ther purification. Aqueous solutions were prepared in
doubly distilled deionized water obtained with a Milli-
pore Milli-RO 10 TS water purification system.

The electrochemical polymerization and cyclic vol-
tammogram studies of poly(An-FAn) were carried out
with a Schlumberger SI 1286 electrochemical interface.
Electrical conductivity measurements of electrochem-
ically synthesized copolymer films were conducted
with a four-point-probe technique. UV—vis measure-
ments were carried out on a Shimadzu 160 A UV-vis
spectrophotometer, and FTIR spectra of the copolymer
films were recorded with a Nicolet 510 P spectrometer.
SEM micrographs were obtained with a Leo 440 in-
strument.

Preparation of the conducting poly(An-FAn) films

Aniline (0.1 mL) and 0.1 mL of fluoroaniline (predis-
tilled) were dissolved in 15 mL of 1M HCI. Poly(An-
FAn) films (1.0 cm®) were electrochemically polymer-
ized onto indium tin oxide (ITO) glass plates (1.5 cm
X 1.0 cm) at a constant current of 2 mA, with ITO-
coated glass plates used as the working electrodes and
platinum foil (1.5 cm X 1.0 cm) used as a counter
electrode. These conducting polymer films were
washed three times with deionized water and dried in
air.

SHARMA ET AL.

Preparation of the glucose solution

A glucose stock solution (100 mL, 50 mM) was pre-
pared in a 0.1M phosphate buffer solution (pH 7.0).
The stock solution was left for about 24 h for meta
rotation before use. Glucose solutions of different con-
centrations (0.5-28 mM) were prepared by further
dilution with a phosphate buffer.

Fabrication of the enzyme electrode

GOX (5 mg) was dissolved in 1 mL of a phosphate
buffer (0.1M, pH 7.0) to prepare a 1 unit/uL solution
of GOX. One unit of GOX is defined as the amount of
enzyme that will oxidize 1 wm of glucose to gluconic
acid per minute. Five microliters of this solution was
immobilized on conducting poly(An-FAn) films,
which were coated onto ITO glass plates by a physical
adsorption technique. These films were then washed
with water for the removal of excess GOX from the
surface and were dried in air for about 25°C.

RESULTS AND DISCUSSION
Electrical conductivity

The electrical conductivity of an electrochemically
synthesized poly(An-FAn) film on an ITO glass plate
was measured by a four-point-probe technique and
was found to be about 2.72 X 10~ S/cm. This value of
electrical conductivity was two orders of magnitude
higher than that of poly(2-fluoroaniline) and three
orders of magnitude less than that of PANL This could
be attributed to the incorporation of less conducting
fluoro moieties into the PANI chain during electroco-
polymerization.*

FTIR studies

Figure 1 shows the FTIR spectra of electrochemically
synthesized poly(An-FAn) films on ITO glass plates
with physically immobilized GOX. The spectra show
characteristic peaks at 1593, 1508, 1304, 1163, 1020, and
827 cm ™. The 1593-cm ™' peak arose from C=C due
to quinoid rings, whereas the 1508-cm™" peak was
attributed to a combination of C—N in quinoid and
benzanoid sequences. The peaks observed at 1163 and
1304 cm ™! were ascribed to the presence of halogen
(fluoro) groups in the copolymer film.*® The 827-cm ™!
peak was attributed to the C—H vibration band of the
para-linked phenyl ring.

UV-vis studies

Figure 2(a) shows the UV-vis spectrum of electro-
chemically synthesized poly(An-FAn) cast onto ITO
glass plates obtained with reference to the ITO glass
plates. The spectra shows absorption bands at 343 and
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Figure 1 FTIR spectra of electrochemically synthesized poly(An-FAn) films.

422 nm. These peaks were assigned to n—7* and m—7*
transitions corresponding to C=C and C—N chro-
mophores, respectively.

The band gap of the electrochemically synthesized
copolymer from the aforementioned absorption spec-
tra was calculated from a plot of (a/hv) 2 versus pho-
ton energy (hv) shown in Figure 2(b).*' The energy
band gap was estimated to be 2.39 eV, which is lower
than that of chemically synthesized poly(An-FAn).*’

SEM studies

A SEM micrograph [Fig. 3(a)] shows the fibrillar mor-
phology of a poly(An-FAn) film. This fibrillar struc-
ture of the copolymer provided increased space for the
adsorption of the enzyme (GOX). The globular struc-
ture shown in Figure 3(b) indicates the presence of
GOX?? on the copolymer film.

Cyclic voltammetry of poly(An-FAn)

Figure 4 shows a cyclic voltammogram of poly(An-
FAn) films obtained in 1M HCl at a scanning rate of
50 mV/s. Two anodic peaks, similar to those of
PANI (0.28 V)* and polyfluoroaniline (0.47 V)* ver-
sus Ag/AgCl, can be clearly seen. They were attrib-
uted to the radical cations of PANI and polyfluoroa-
niline obtained because of the copolymerization.
The first oxidation peak obtained for poly(An-FAn)
was shifted toward a higher potential than PANI
and toward a lower potential than polyfluoroani-
line. The third oxidation peak (0.7 V) was attributed
to the second oxidation peak of polyfluoroaniline. In
light of these results, we expected that the conjuga-
tion length of the copolymer would lie between

those of PANI and polyfluoroanilne, as observed by
Genies and Lapkowski.*

To ascertain the electroactive nature of the GOX/
poly(An-FAn) films, we carried out cyclic voltamme-
try experiments in the presence of glucose (10 mM) in
a phosphate buffer (0.1M, pH 7.0). The GOX/poly(An-
FAn) immobilized films were used as working elec-
trodes, platinum was used as the counter electrode,
and Ag/AgCl was used as the reference electrode. The
cyclic voltammogram (Fig. 5) reveals that the oxida-
tion of glucose began after 0.2 V, with the maximum
oxidation at 0.48 V. For this reason, 0.2 V was used as
the bias voltage for the amperometric measurements
as a function of the glucose concentration.

Enzyme activity measurements

The activity measurements for GOX immobilized in
poly(An-FAn) films were carried out by a spectropho-
tometric method (Sigma). The reaction mixture con-
sisted of glucose (2.4 mL; 10%, w/v) and o-dianisidine
(0.5 mL) in a sodium acetate buffer (0.05M, pH 5.1) in
the presence of horseradish peroxidase (100 uL). The
films were incubated for about 2 min at room temper-
ature, and the color was monitored at 500 nm.

The apparent enzyme (GOX) activity immobilized
on conducting poly(An-FAn) films was estimated
with the following equation:

U(cm™?) =AV/ Est (1)

where A is the difference in the absorbance at 500 nm
before and after the incubation of a poly(An-FAn)/
GOX film in a glucose solution, V is the total volume
of the assay (3.0 mL), € is the millimolar extinction
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Figure 2 (a) UV-vis spectrum of chemically prepared poly(An-FAn) films and (b) plot of hv versus (ahv)? for the band gap

of electrochemically synthesized poly(An-FAn).

coefficient (7.5) of o-dianisidine, s is the surface area of
the film, and ¢t is the incubation time (2 min). U is the
enzyme activity of GOX [unit/cm? of poly(An-FAn)/
GOX film]. One unit of GOX is defined as the amount
of enzyme that will oxidize 1 um of glucose to glu-
conic acid per minute. The activity of GOX in the
poly(An-FAn)/GOX films was found to be about 2U.
These experiments revealed that the enzyme remained
active in the immobilized state.

Amperometric response

Amperometric responses were determined in a two-
electrode cell containing a poly(An-FAn)/GOX-coated
ITO glass plate as a working electrode and Pt foil as a
counter electrode in a 0.1M phosphate buffer and glu-
cose solution (pH 7.0).

The reaction between GOX and its substrate glucose
occurred as follows:”

GOX (2FAD) + Glucose —
GOX(2FADH,) + Gluconic acid (2)
GOX (2FADH,) + Poly(An-FAn) (ox.) —
GOX (2FAD) + Poly(An-FAn) (red.) (3)
Poly(An-FAn) (red.)— Poly(An-FAn) (ox.) + e- (4)

This reaction suggests that the conducting copolymer
substrate not only acted as a matrix for the immobili-
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Figure 3 SEM micrographs of poly(An-FAn) films (a) with
the enzyme and (b) without the enzyme.

zation but also acted as an electron-transferring me-
dium during the electrochemical process.

Figure 6 shows the response curve of (GOX)/
poly(An-FAn) films with various concentrations of
glucose. These (GOX)/poly(An-FAn) electrodes ex-
hibited linearity with 0.5-22 mM glucose and had a
response time of about 60 s.

Substrate kinetics

The relationship between the substrate concentration
and reaction rate may be described by the Michalis-
Menten equation :

0y = Z)maxs/(I(m + S) (5)
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where 7, is the initial rate of reaction, v,,,, is the maxi-
mum rate of reaction, S is the solution concentration
(glucose in this case), and K,, is the Michaelis-Menten
constant. The K, value characterizes the affinity between
the substrate and the enzyme. A low K, value reflects
high affinity. At low substrate concentrations (S < K,,),
the reaction rate is directly proportional to the substrate
concentration (first-order reaction); at high concentra-
tions (S > K,,), the reaction is zero-order and no longer
dependent on the substrate concentration but is only
dependent on the enzyme activity.

K,, can be calculated from a Lineweaver—Burke plot.
A Lineweaver-Burke plot contains reciprocal values
of vy and S on the Y and X axes, respectively. The
Lineweaver—Burke equation is as follows:

1/’00= 1/'Umax (1 +Km/s) (6)

The relevant plot gives K, and v, at the intercepts of
the curve with the abscissa and the ordinates, respec-
tively.

A Lineweaver-Burke plot (Fig. 7), obtained from
Figure 6, gave a K,, value for poly(An-FAn)/GOX
electrodes through extrapolation of 23.5 mM.

Shelf life

The shelf life of an enzyme electrode is defined as the
storage time of the electrode up to which it can be
used for the detection of a substrate. Poly(An-FAn)/
GOX electrodes were tested for stability under the
same operating conditions used for amperometric re-
sponse measurements. The responses of the poly(An-
FAn)/GOX electrodes were measured once a week.
The responses were measured on fresh electrodes. The
enzyme electrodes were stored at 4-10°C when not in
use. Figure 8 shows the amperometric responses of
poly(An-FAn)/GOX electrodes in a 5.1 mM glucose
solution in a phosphate buffer (pH 7) as a function of
the time (measured in days). The response current was
found to be about 80% of its maximum value in 15
days. Therefore, these poly(An-FAn)/GOX electrodes
can be used for glucose estimation within 15 days.

Effect of the temperature

Poly(An-FAn)/GOX electrodes were tested for ther-
mal stability by an amperometric method. All mea-
surements were taken in a measuring cell with a
poly(An-FAn)/GOX electrode as the working elec-
trode and Pt foil as the counter electrode. Each mea-
surement was taken on a fresh electrode with a glu-
cose concentration of 5.1 mM. Figure 9 shows the
response current of a poly(An-FAn)/GOX electrode as
a function of temperature. The response current of the
poly(An-FAn)/GOX electrodes increased up to 45°C,
after which the response current decreased abruptly at



4004 SHARMA ET AL.

2 mA
—_

CURRENT (mA&)

/\R
/f\/:

1 | | | | I | i

£ (V) VERSUS Ag/AgCl
Figure 4 Cyclic voltammetry of a poly(An-FAn) film.

50°C. These poly(An-FAn)/GOX electrodes can be  major interferents in blood. The effect of interferents
used for the estimation of glucose over a wide range of ~ was studied in the presence of their physiologically
temperatures, from 25 to 45°C. normal levels with 5.1 mM glucose. This was accom-

plished through the measurement of the response cur-
Effect of the interferents rent for 5.1 mM glucose at pH 7.0 and 30°C in the

presence of ascorbic acid (0.1 mM) or uric acid (0.5
Certain interferents such as ascorbic acid and uricacid =~ mM). This is the normal level present in blood. The
affect the response of glucose biosensors. These are the  error in the response current was within 5%, and this

] P
+

<
E
> -
w _
b
[i'd
S
O
-0.2 0.8

£{v) VERSUS Ag/AgCl

Figure 5 Cyclic voltammogram of a poly(An-FAn)/GOX film with GOX.
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Figure 6 Amperometric response of enzyme poly(An-
FAn)/GOX films obtained as a function of the glucose con-
centration.

indicated that there was no significant effect of the
interferent on the glucose sensor based on a poly(An-
FAn)/GOX film.

Table I compares the results obtained for a
poly(An-FAn)/GOX electrode and other conduct-
ing-polymer-based glucose biosensors reported in
the literature.

CONCLUSIONS

It has been demonstrated that electrochemically pre-
pared poly(An-FAn) films can be used for the phys-
ical adsorption of GOX for the fabrication of glucose
biosensors. These poly(An-FAn)/GOX electrodes
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Figure 7 Lineweaver—Burke plots for GOX immobilized on
poly(An-FAn) films.
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Figure 8 Response of poly(An-FAn)/GOX electrodes as a
function of the storage time in the presence of glucose (5.1
mM) in a phosphate buffer (pH 7).

can be used to estimate glucose concentrations from
0.5 to 22 mM, and they have a response time of
about 60 s. The poly(An-FAn)/GOX films are stable
up to 45°C, and the shelf life of these electrodes is 15
days at 4°C.
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Figure 9 Effect of the temperature (25-50°C) on the activity
of GOX immobilized on poly(An-FAn) films in a phosphate
buffer (pH 7.0).
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TABLE 1
Responses of the Various Conducting Polymer Biosensors Using GOX
Linearity Stability
Matrix Principle (mM) (days) K, Reference
Polyindole/GOX Amperametric 1-20 35 27.3 9
PPY/GOX Amperametric 1-10 21 30.7 6
PPY/GOX Amperametric 1-6 — — 16
PANI/GOX Amperametric 14 5 — 11
PANI-ferricinide/GOX Amperametric 1-8 — — 24
PPY/GOX/PPD Amperametric 1-6 14 — 35
PPY/GOX Amperametric 1-6 15 22.7 35
Poly(An-FAn)/GOX Amperametric 0.5-22 15 23.5 This work
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