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Electrochemical deposition of polyaniline (PANI) on graphite electrode was performed
galvanostaticaly at constant current density in the range of 1.0 — 5.0 mA cm™ from
aqueous acidic electrolyte containing aniline monomer. Based on ratio of doping/dedoping
charge capacities, it was estimated that current density of 2.0 mA ¢cm™ was optimal. The
structure of the electrochemically synthesized PANI was fibrous, uniform and three
dimensional with highly developed surface. Immobilization of glucose oxidise (GOx) was
achieved by cross linking via glutaraldehyde and the efficiency of the immobilization was
determined spectrophotometrically. Chronoamperometric curves were recorded at
different glucose concentrations and used to estimate the apparent Michaelis constant,
which was shown to be 0.27 mM. The storage stability of the PANI enzyme electrode was
also estimated.
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1. Introduction

The determination of glucose is a well-known application of biosensors, and it is very
popular for research because of the significance glucose has in the human metabolic process.
Diabetes mellitus is a widespread disease which is characterized by blood glucose concentration
higher or lower than normal (80-120 mg/dl) due to the body’s inability to produce or properly
respond to insulin, the hormone that signals cells to take up and use glucose [1,2]. Diabetics
represent about 6.4 % of the world’s population, therefore it is socially important to develop low
cost, sensitive, reliable, selective glucose sensors [3].

Beside their important role in the improvement of public health, glucose biosensors are
also present in environmental monitoring, food and beverage industry (e.g. for detection of toxins
[4,5] and insecticides [6]), bioprocess monitoring [1,7], etc.

Unlike thin-layer chromatography (TLC) and high-performance-liquid-chromatography
(HPLC), which are time consuming, lab-based, unsuitable for regulatory fast monitoring [4] and
costly [5,8], biosensors provide fast analysis and selective, sensitive and accurate measurements.
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A biosensor has three major components: a bio receptor (enzyme, antibody, DNA) for the
recognition of an analyte, an immobilization surface (conducting polymers [9], nanomaterials [10],
sol-gel films [11]) for the immobilization of the bio molecule and a transducer unit for the
conversion of the biochemical reaction product into a recognizable signal [1]. An electrochemical
biosensor is based on the conversion of the analyte concentration into an electrochemical signal.
Depending on what is measured, it can be potentiometric, amperometric or conductometric.
Because of their simplicity, selectivity and short response times, amperometric glucose
biosensors are the most commonly used for glucose detection [12]. Amperometric biosensors
based on conducting polymers provide many advantages and new possibilities to detect
biologically active compounds [13-15].

The sensitivity of the biosensors depends on the characteristics of the enzyme used. One of
the most widely used enzymes in the field of biosensors is glucose oxidise (GOx) because of its
high specificity for a commercially important analyte, turnover number and stability [16].

Generally, it is difficult to exchange an electron between the enzyme and the solid surface
of the electrodes directly, because of the loss of bioactivity of the enzyme due to the
conformational changes in the process of adsorption on the electrode. Hence, in order to have a
stable and sensitive response, the surface of the electrode should be modified [17]. That can be
done by conductive polymers, because of a number of favourable characteristics, among which is
the direct and easy deposition on the sensor electrode by the electrochemical oxidation of the
monomer [18]. They provide a stable and porous matrix for the immobilization of the bio
component and act as transducers to convert the chemical signal into an electrical one [1,19].
Conducting polymers are also known for their ability to be compatible with biological molecules
in neutral aqueous solutions [9]. Biosensors prepared using a conducting polymer as a support
material has fast response times with a high storage and operational stability [20]. They can be
obtained by using both the chemical and electrochemical synthesis, but the latter is favourable.
The advantage of the electrochemical synthesis is that the doping reaction occurs simultaneously
with the growth of the polymer chain, and hence the polymer is obtained in its conductive form.
Among the various techniques for the electrochemical synthesis, galvanostatic method has the
advantage over other methods as the film thickness can be easily controlled by reaction time.

The most widely used conductive polymers for enzyme immobilization are polyaniline
(PANI), polypyrrole (PPy) and polythiophene (PT) [1,7,21]. PANI has attracted much attention
due to its high conductivity, ease of preparation and its environmental, thermal and
electrochemical stability [22-26]. It is recognized as the only conducting polymer that is stable in
air [27]. PANI is compatible with most enzymes and can be easily synthesized from aniline
monomer in an aqueous solution [7]. It acts as an immobilization platform and an electron
mediator in the same time.

A general requirement in electrochemical biosensors is to reproducibly immobilize the bio
molecules onto the biosensor while keeping their biological activity [28]. The porosity of the
conducting polymer is an important factor for the facile immobilization of an enzyme [19]. There
are many methods for enzyme immobilization: physical entrapment, adsorption, covalent binding,
cross linking and doping [29]. The weak point of many immobilization methods is enzyme
leakage. However, this problem can be significantly reduced by using the chemical cross-linking
method for immobilization via glutaraldehyde [19,20].

The principle of the glucose biosensor is based on the reaction between GOx and glucose
shown in the following equation [30]:

Glucose + 0, —2% 5 Gluconic acid + H,0, ()

The amount of hydrogen peroxide which is directly proportional to the amount of glucose,
can be electrochemically determined at the anode according to equation:

H,0,——> 0, +2H" + 2¢ )
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In this paper we formed the biosensor by immobilizing the glucose oxidise on polyaniline,
electrochemically synthesised on graphite, using cross linking method via glutaraldehyde.
Recently [31], we have investigated an enzyme eclectrode obtained by the
immobilization of the GOx into the electrochemically formed polyaniline, using different
electrochemical technique and the obtained results, namely very low value of the apparent
Michaelis constant, had pointed to the high affinity of the enzyme towards substrate. Bearing in
mind the practical importance of the amperometric determination, the aim of this paper was to
obtain the optimal condition for the electrochemical synthesis of the polyaniline that would lead to
the highest extent of its conductive form, and to confirm the previously obtained enzyme affinity
[31] using amperometric procedure.

2. Experimental

Electrochemical synthesis of PANI on graphite electrode (S=0.64 cm”) was performed
from aqueous solution of 1 M HCI (p.a. Merck) containing 0.25 M of aniline (p.a. Fluka), at
constant following anodic current densities: 1.0, 1.5, 2.0, 3.0 and 5.0 mA cm™. Dedoping
(discharge), performed at cathodic current density of 1.0 mA cm™ served for estimation of the
amount of electrochemically active form of PANI.

Prior to the polymerization, graphite electrode was mechanically polished with fine emery
papers (2/0, 3/0 and 4/0 in the increasing order) and then with polishing alumina (1 wm, Banner
Scientific Ltd.) on polishing cloths (Buehler Ltd.). The surface of the electrode was cleaned
ultrasonically (Bandelin Sonorex) for 5 minutes to remove traces of the polishing alumina.

The scanning electron microscopy (SEM) micrographs of the PANI electrode surface
before and after immobilization of Gox were taken by (SEM, MIRA3 TESCAN).

The immobilization of GOx from Aspergillus niger (Sigma—Aldrich) was performed via
glutaraldehyde (1.2% (w/w), Fluka). The PANI electrode was first left in glutaraldehyde for 1 h,
and then immersed in phosphate buffer solution (pH 5.6; 0.1 M) containing 15 mg ml™" of GOx for
24 h.

The determination of the amount of the immobilized proteins in PANI enzyme electrode
was investigated by measurement of the protein concentration before and after immobilization
using Bradford method [32] with BSA as the standard.

The PANI enzyme electrode was investigated at constant potential of 0.7 V (vs. standard
calomel electrode, SCE) in solutions containing different glucose concentration. Prior to this,
glucose stock solution (D-(+) glucose monohydrate for biochemistry, Merck) was left for 24 h in
order to complete the mutarotation.

Electrochemical measurements were performed in standard three compartment
electrochemical glass cell at ambient temperature (22 °C). Saturated calomel electrode (SCE) was
used as reference and platinum wire as counter electrode. All electrochemical experiments were
performed using PAR 273 A potentiostat/galvanostat connected to PC.

3. Results and discussion
3.1 Electrochemical synthesis of PANI
It is well known that PANI can exist in different oxidation forms of which only emeraldine
salt is electrochemically active and conductive [33]. Electrochemical polymerization of aniline
proceeds simultaneously with insertion (doping) of chloride ions according to:
(PANI), + nyCI'— [PANI*(CI'),]n + nye’ 3)
where Y is doping degree (ratio between the number of charges in the polymer and the number of

monomer units). Different doping degrees refer to different oxidation levels, as schematically
presented in Fig. 1 [34].



788

Leucoemeraldinz base
H H H H
| | | |
OO0
+2e” 2e
-2/ H2A

Emeraldine salt
H H
A -
n
+2e° T l -2e
-2 +2A°

Pernigraniline salt
T —
s a s
A - -

P @Z—I
r aZ—T

r aZ—I
@Z=T
P aZ—I

>

Fig. 1. Schematic presentation of different oxidation forms of PANI.

Leucemeraldine, a completely reduced form of PANI has doping degree of y = 0, while
emeraldine salt with y = 0.5 is half oxidized form, and finally pernigraniline salt refers to fully
oxidized form (y = 1). Since only emeralidne salt is conductive and capable of charge exchange, its
amount can be estimated from dedoping charge capacities. Therefore in order to determine optimal
current density for electrochemical synthesis of PANI, experiments were performed with different
anodic current density, after which cathodic dedoping curves were recorded at constant current
density of 1.0 mA cm™.

Since practically there were no difference in the shape of chronoamperometric curves of
PANI electrochemical synthesis at different anodic current densities only curve obtained at 2.0 mA
cm™is given in Fig. 2, while chronoamperometric dedoping curves at constant cathodic density of
1.0 mA cm™, for all samples synthesized at different current densities (as marked on figure), are
shown in the insert of Fig. 2.
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Fig. 2. Electrochemical polymerization of PANI from aqueous solution of 1.0 M HCI and

0.25 M of aniline at constant anodic current density of 2.0 mA cm™. Insert: dedoping of

PANI at constant cathodic current density of 1.0 mA cm™ for PANI electrodes obtained

with different current densities: (1) — 1.0 mA cm™; (2) - 1.5 mAcm™; (3) — 2.0 mA cm;
(4) - 3.0 mA cm?and (5) — 5.0 mA cm™.
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As it can be seen in Fig. 2 the initial increase of the potential is connected to formation of
active sites on electrode surface on which further electrochemical polymerization of aniline
proceeds at potential plateau of around 0.6 V (SCE). As expected, PANI obtained with different
current densities i.e. with different charge capacities, had different discharge (dedoping) times.

Charge and discharge (dedoping) capacities, and then their ratio, were calculated using data from
Fig. 3, and the results are presented in Fig. 3.
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Fig. 3. Charge/discharge capacities ratio.

As it can be seen in Fig. 3 the best results, i.e. the greater amount of the conductive PANI
form was obtained at current density of 2.0 mA cm? and that current density was used for
formation of PANI enzyme electrode.

3.2. Morphology of PANI

SEM micrograph of the PANI electrochemically deposited on graphite electrode is shown
in Fig. 4.

Fig. 4. SEM micrographs of the PANI electrochemically deposited onto graphite electrode.
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As seen in Fig. 4, electrochemically deposited PANI is uniform, forming nano fibrous
network with highly developed surface suitable for enzyme immobilization.

Fig. 5 shows the comparison of the electrode surface before and after the immobilization.
It is shown that the diameter of the fibers after the immobilization is approximately two times
larger than before the immobilization, and it can be concluded that the difference in the diameter
derives from the immobilized GOx via glutaraldehyde.

3.3. Determination of the amount of the immobilized enzyme

The amount of the immobilized enzyme in the PANI electrode was determined as the
difference of the amount of proteins in solution before and after the immobilization. The amount
of proteins in the solution before immobilization was 1.7 mg ml”. It was estimated that after
immobilization there was 1.2 mg ml" of proteins left in the solution, meaning that 0.5 mg ml™ of
the proteins were immobilized in the PANI electrode, which is 29%. Since the volume of the
immobilization solution was 4.0 ml, it could be estimated that 2.0 mg (3.1 mg cm?®) was
immobilized in the PANI enzyme electrode.

Fig. 5. a) SEM micrograph of the electrode surface a) before and b) after the immobilization. Inserts:
enlarged part of the image for better visibility.

3.4. Kinetic parameters

The PANI electrode was formed by the immobilization of GOx via glutaraldehyde on
PANI synthesized on the graphite electrode. The chronoamperometric curves for different glucose
concentrations made at constant potential of 0.7 V (vs. SCE) are given in Fig. 6. For improved
readability, only five concentrations (1, 2, 5, 10 and 25 mM)
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Fig. 6. Chronoamperometric curves of PANI enzyme electrode in glucose solution
of 1, 2,5, 10 and 25 mM.
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The current dependence on glucose concentration was is given shown in insert of the Fig.
7., while linearization of the dependence is given in Fig. 7.
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Fig. 7. Dependence of the reciprocal values of current on reciprocal values of glucose
concentration, for the determination of apparent Michaelis constant. Insert: dependence of
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current on glucose concentration and linearity region.

As seen in the insert of Fig. 7, the current increases with the increase in glucose
concentration over the entire range of the examined glucose concentration, while the linear region
is observed below 1mM. The obtained dependence in the form of rectangular hyperbola is typical
for enzyme kinetics. If it is assumed that the enzyme had been uniformly immobilized into PANI
film, for lower glucose concentrations the reaction would occur only on the polymer surface,
corresponding to the linear region in insert of the Fig. 7. For higher glucose concentrations, delay
of the response time is observed, as a result of diffusion limitation.
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Linearization of the current dependence on glucose concentration is given in Fig. 7, and it
was used to estimate of the apparent Michaelis constant.

The apparent Michaelis constant was determined as the ratio between the intercept and the
slope of the linear dependence at Fig.7, and it was found to be 0.273 mmol I, That value is
significantly lower than the results for free GOx from Aspergillus niger [34], which means that
enzyme shows higher affinity for substrate after immobilization. Also, K., from this experiment is
lower than the reports from similar studies with gold nanoparticles [35] ZnO nanotubes [36],
CoFe,04/Si0, [37], and polyaniline as an immobilization platform [19,30,38]. Moreover, the K,,, is
practically the same as the one from our previous work [31], suggesting that the amperometric
biosensor gives results as good as the potenciometric. This low value for the apparent Michaelis
constant is probably the result of the developed three-dimensional structure of PANI that prevents
diffusion limitations and allows a favorable orientation of the bounded enzyme, leading to high
accessibility to the substrate.

3.5. Storage stability

In order to determine the storage stability of the PANI enzyme electrode the electrode was
left in phosphate buffer (0.1 M, pH=5.6) at 8 °C. Current-time curves for glucose concentration of
3.0 mM were recorded after 2, 4, 6, 8, 10, 12, 14, 16, 18 and 20 days. Results are given in Fig. 7 in
terms of the relative signal intensity.
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Fig. 8. Storage stability of PANI/GOx electrode .

After 6 days the PANI enzyme electrode lost 3% of its signal and after 20 days the
electrode retained 84% of its initial signal, which is comparable with the results from other studies
[39,40]. This value is a little lower compared to our previous work [31], where the electrode kept
88% of its initial signal after 20 days of examination.

The loss of the signal intensity could be the result of enzyme leaking and PANI
degradation during storage at pH favorable for biochemical purposes, leading to the decrease of
polymer conductivity.
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4. Conclusions

Amperometric electrode for glucose sensing was formed by immobilization of the glucose
oxidase (GOx) on the polyaniline (PANI) modified graphite electrode. It was shown that the most
suitable current density for the electrochemical polymerization among five different current
densities is the one of 2 mA cm™. Morphology of the galvanostatically deposited polyaniline was
fibrous, uniform, three dimensional and porous, and thus suitable for the enzyme immobilization.
It was estimated that 29% of proteins were immobilized in PANI. From current-glucose
concentration dependence apparent Michaelis constant of 0.273 mmol 1" was determined. This low
value for apparent Michaelis constant is probably the result of an excellent three-dimensional
structure of PANI that prevents diffusion limitations and allows a favorable orientation of the
bound enzyme, leading to high accessibility to the substrate. Loss of the electrode signal could be
a result of enzyme leakage and degradation of PANI, due to the conditions favorable for
biochemical purposes, which led to the decrease of the polymer conductivity. Compared to the
same system obtained by the potentiometric technique [31], this biosensor shows somewhat lower
storage stability.
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