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Electrochemical impedance spectroscopy (EIS) as a powerful, non-invasive and informative technique was
used to obtain important information about kinetics of doping process in conducting polymers. Polypyr-
role (PPy) and its derivatives can form conducting polymer films which represent excellent charge transfer
behaviors during doping processes. It can also have a wide range of applications in bioelectrochemistry. In
the present study the conducting polymer of a-carboxy pyrrole (a-COOH-PPy), appended onto the under-
lying film of PPy, was prepared by electrochemical methods and its behavior was analyzed using EIS. From
highly accurate fitting of impedance results it was found that the charging mechanism is governed by the
diffusion process. In addition, the impedance analyses provided values for the bulk polymer parameters
including diffusion coefficient (D), equilibrium capacitance (Cp) and diffusion resistance (Ry). The surface
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Cytochrome C morphology of the polymeric film was characterized using scanning electron microscopy (SEM). The film
Biosensor was then used to immobilize the cytochrome C (cyt-C) and to perform its electrochemical studies. The
Hydrogen peroxide modified cyt-C/a-COOH-PPy electrode was used for electrocatalytic reduction of H, 0, in solution and its

viability as a new impedimetric biosensor was examined. Based on the calibration curve obtained for the
proposed impedimetric biosensor, the limit of detection and relative standard deviation were evaluated as
0.25 wmol L~ and 7%, respectively. Finally, the prolonged stability test was performed and high stability
and reproducibility of the new biosensor was confirmed.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Studies of electroactive materials and especially thin films
deposited onto the electron conducting surfaces are of increasing
interest in electrochemistry due to construction of a broad range of
materials for applications in photovoltaics, catalysis, energy storage
systems (supercapacitors and rechargeable batteries), chemical and
biological sensors and biophysics (Popkirov et al., 1997; Belmonte
and Bisquert, 2002; Belmonte, 2003). Finding the fact that cer-
tain classes of polymers may acquire high electronic conductivity,
both chemically and electrochemically treated, has opened an
exciting area of research and development. The concept of elec-
trical transport in polymers due to the availability of polymeric
materials is certainly fascinating. Indeed, many studies have been
directed towards the preparation and characterization of these new
electroactive conductors to be used as new components for the
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realization of electronic and electrochemical devices with exotic
designs and diverse applications (Bruce, 1995).

Among different conducting polymers, polypyrrole (PPy) is
well-known as a conductive biocompatible polymer with the
potential to bring the benefits of conductivity into tissue-
engineered constructs (Adeloju and Wallace, 1996; Ateh et al.,
2007; Bardavid et al., 2006; Peng et al., 2007; Gu et al., 2005).
In addition, PPy presented some important characteristics like
dopant-mediated tunable physical properties and good stability in
air and aqueous media. In the future, it is expected that the con-
ducting polymers based biomedical devices will likely find specific
therapeutic applications in in vivo drug delivery and use as bioan-
alytical microelectrodes. An important point to be considered in
a drug delivery system is its biocompatibility. Since the conduct-
ing polymers based on pyrrole derivatives possess low cytotoxicity
and are stable to a broad selection of redox and acid-base condi-
tions, many efforts have been carried out to design reliable and
remarkable biological scaffolds and sensors using PPys (Sanchis et
al., 2007; Malhotra et al., 2006; Biallozor and Kupniewska, 2005;
Ahujaa et al., 2007).
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Different procedures have been used to immobilize the
biomolecules, especially macromolecules, onto the conductive
polymer substrates (Ahujaa et al., 2007; Hudson et al., 2005).
The main immobilization methods include covalent immobiliza-
tion, affinity interactions and entrapment of biological species.
It should be stressed that covalent immobilization and entrap-
ment of proteins and enzymes may not only change their activity
but also will result in structural denaturation. On the other hand,
although the immobilization through physical adsorption suffers
from some drawbacks like poor stability and inappropriate long
life, its main advantage is less denaturing effects on the protein
structure.

Cytochrome C (cyt-C) is one of the most important mitochon-
drial proteins playing vital roles in the living cells (Ateh et al.,
2007; Bardavid et al., 2006). It is a relatively simple metalloprotein
comprising only 104 amino acids, which is used as a prototyp-
ical metalloprotein. The electrochemical studies on cyt-C have
been carried out onto several different substrates (Murgida and
Hildebrandt, 2004; O’Reilly and Magner, 2005; Jiang et al., 2005).
However, the adsorption process is shown to result in large changes
in cyt-C conformation and often results in denaturation of the pro-
tein. To triumph over these failings, several efforts have been done
including the use of SAMs and thin conductive film for cyt-Cimmo-
bilization especially based on electrostatic interactions (Darain et
al., 2007; Deshpande and Amalnerkar, 1993; Trojanowicz, 2003;
Zhang et al., 2006; Sugihara et al., 1998).

In the present work, a carboxy endcapped polymeric structure
was prepared through electropolymerization of a-carboxypyrrole
onto a thin film of polypyrrole, prepared using the C-C coupling
(Lee et al., 2006), and its electrochemical behavior was studied
using electrochemical impedance spectroscopy (EIS) method. In
contrast to cyclic voltammetry, impedance spectroscopy uses a
small-amplitude perturbation signal; thus, it is an excellent tool for
obtaining highly resolved kinetic data related to thin films of elec-
troactive polymers (Levi and Aurbach, 2002; Macdonald, 2006). In
addition, cyt-C was immobilized onto the prepared thin film and
its electrochemical behavior towards H,0, was investigated. The
results clearly revealed that the immobilized cyt-C onto the carboxy
endcapped polymer can be used as an impedimetric biosensor for
the determination of the H,0O, concentration.

2. Materials and methods
2.1. Reagents and apparatus

All reagents were of analytical grade from Aldrich Chemical
Company. Bovine heart cyt-C was purchased from Sigma and used
without any further purification. Reagent grade organic solvents
were obtained from Merck Company. All solutions were degassed
after preparation, and prior to each experiment. The protein solu-
tions stored at 4°C. The working electrode was a 2 mm diameter
Pt disc, and a 2 cm? area Pt counter electrode and an Ag/AgCl, KCI
(saturated) reference electrode were used, with the double junction
filled with a proper supporting electrolyte solution in each case.
These experiments were carried out on an Autolab30 Potentistat-
Galvanostat system (Eco Chemie, B. V. Utrecht, The Netherlands),
supplied with FRA2 module boards. The system was run by a per-
sonal computer (PC) through FRA and GPES 4.9 software. The SEM
micrographs were prepared with a Philips instrument.

2.2. Electrochemical polymerization and characterizations

Before electropolymerization, the electrode surface was pol-
ished with 1 and 0.05 pm alumina powders until a mirror-like
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Scheme 1. Cartoon representation of the carboxy endcapped PPy formed from elec-
tropolymerization of a-COOH-Py onto the PPy film.

surface was obtained. Then, it was sonicated in ethanolic solu-
tion at least for 10 min. The electropolymerization was carried
out in two steps according to a previously reported method
(Lee et al., 2006). The electropolymerization was followed in a
conventional three electrode cell in 0.1 mol L~ pyrrole in acetoni-
trile, containing 0.1 molL~! of LiClO4 as supporting electrolyte,
to prepare a thin film of polypyrrole. Pulse chronoamperome-
try with an offset potential of 800mV was used to afford this
step. Then, the prepared electrode was introduced to a cell solu-
tion of 0.1 molL~! of a-carboxypyrrole in acetonitrile containing
0.1 mol L1 of LiClO4, and an offset potential of 2V was applied for
at least 10 min to ensure the a-terminus C-C coupling between
PPy and a-COOH-Py (Lee et al., 2006). A cartoon representation
of the conducting film is demonstrated in Scheme 1. All the mea-
surements were done at ambient temperature. The uniformity and
nano-structural properties of the surface were examined using SEM
analysis.

2.3. Immobilization of cyt-C onto the polymeric film

A 1000 pg mL~! stock solution of cyt-C, in a 0.1 molL~! phos-
phate buffer solution of pH 5, was prepared and stored at 4°C
to avoid its denaturation. Incubation of the polymer-coated sur-
face with this solution was performed overnight. After that, the
electrodes were washed thoroughly with doubly distilled water
to remove physically adsorbed macromolecules and finally intro-
duced to the cell.

2.4. Impedance measurements

Impedance measurements were carried out in a conventional
three-electrode electrochemical cell in two parts. First, the elec-
trochemical studies of polymeric film were done in an acetonitrile
solution containing LiClO4 as supporting electrolyte, from 100 kHz
to 0.01 Hz. Then, the EIS studies of the modified cyt-C/a-COOH-
PPy electrode was carried out in a 0.1 molL~! of phosphate buffer
solution of pH 5 to investigate the electrocatalytic behavior of
immobilized cyt-C at the polymer surface towards H,0,. A modu-
lation signal of 10 mV amplitude was used to perturb the electrical
behavior in these experiments and at least seven points per
decade, equally spaced on a logarithmic scale, were obtained. The
impedance data were fitted with a proper electrical equivalent cir-
cuit using the complex nonlinear least square (CNLS) method for
impedance fitting.
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Fig. 1. SEM images of the electrode surface modified with PPy (A) and different magnifications of the a-COOH-PPy modified electrode surface (B-D).

3. Results and discussion
3.1. Polymer synthesis and surface characterization

Fig. 1 shows the SEM images of the PPy and a-COOH-PPy pre-
pared in the present work. Obviously, the SEM results revealed
that both PPy and a-COOH-PPy modified electrodes represent
homogenous nano-structures, as reported previously (West et
al., 2004; Lee and Park, 2005). As seen, morphology of the PPy
polymer film is of cauliflower shape and the final a-COOH-PPy
film is also of cauliflower shape but with more globular mor-
phology. It is worth mentioning that the overall structure of the
thin film is mostly dependant on the PPy underlayer and, thus,
there should be only slight changes in the final carboxy end-
capped surface at high positive voltages. Additionally, the film
thickness is determined by the number of multiple pulses used
in the process of preparation of the PPy under-layer. Based on
the charge passed through the synthesis of PPy (<60 mCcm~2),
the film thickness was estimated as 200 nm. Of course, the under-
layer PPy is a uniform electrodeposited layer as normally prepared
for other applications, but the modification of the final surface
with the carboxy endcapped monolayer is its novelty to use as a
bio-scaffold.

The electrochemical cycling of the conducting polymer film in
a 0.1 M LiClO4 solution revealed stable and reproducible peaks and
the bias dc potentials used for impedance analyses were chosen
based on the doping-undoping voltammogrames.

3.2. Impedance analysis of «-COOH-PPy polymer film

It is reported that several mechanisms determine the doping
kinetics in the conducting polymers, namely, interfacial electronic
and charge transfer, double layer capacitance, charging capacity,
ionic and electronic diffusion in the polymer film and electrode
morphology (Belmonte et al., 2004). It is well known that, for the
case of ordinary diffusion-controlled systems, semi-infinite diffu-

sion would appear in the frequency domain determined by the
following equation (Bisquert, 2002; Pitarch et al., 2004):

7 = K(iw) % (1)

However, some other processes may influence the ordinary dif-
fusion behavior, especially in the case of conducting polymers
and semiconductor materials. Recently, new approaches have been
developed in the case of such deviated and anomalous diffusion
behavior (Bisquert et al., 1998; Bisquert et al., 1999; Belmonte et al.,
2004; de Levie, 1963), in which the following fractional diffusion
equation has been suggested:

wc 9
Bt T
In which, y =1 represents the case of normal conservation law and
results in ordinary diffusion. Using the Fick’s laws together with
the Laplace transformation method for this case resulted in the
following diffusion element:

0<y<1) (2)

Zn =Rd(%)_w2coth [(%)Vﬂ] (3)

In this equation wy is a characteristic frequency where transition
between Warburge and capacitive-like behavior will observed, w is
the angular frequency and Ry is a diffusion resistance.

At high frequency region, Eq. (3) gives a straight line inclined at
less than 45°; this equation is also similar to the thin layer behav-
ior with reflecting boundary, and different boundary conditions,
in comparison to semi-infinite diffusion. The diffusion element
Zp, which described the ionic diffusion and charging the film, has
already been used to fit the diffusion process in some of the con-
ducting polymer films (Belmonte et al., 2004). It was reported that,
atlower frequencies (i.e., <1000 Hz), the spectra is dominated by the
spatially restricted diffusion element (Zp ), and the doping kinetics
always limited to the lower frequencies mentioned above. In addi-
tion, different models have been used to evaluate the kinetics of
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Fig. 2. Nyquist plots obtained for «-COOH-PPy electrode at different offset poten-
tials in solutions containing 0.1 molL-" of LiClO4. The offset potentials used are:
—-0.25V(1),0.0V (2),0.1V (3), +0.25V (4). Points are the experimental data and the
lines show the fitted results.

doping process in PPy conducting polymers by Levi and Aurbach,
including the finite space Warburge (Levi and Aurbach, 2002).

Fig. 2 shows the Nyquist plots obtained for the a-COOH-PPy
film in 0.1 mol L~ solution of LiClO,4 at different offset potentials.
Herein, we used the CNLS fitting method to analyze the impedance
behavior of the proposed conductive film. From the viewpoint of
electrical circuit, the best analogy to this problem can be considered
as transmission lines for ordinary diffusion process in which C is
replaced with constant phase element (CPE).

All of the experimental results shown in Fig. 2 were fitted using
the mentioned diffusion element in series with resistance of solu-
tion. The electrical parameters calculated are given in Table 1.
Furthermore, it is possible to find the characteristic diffusion fre-
quency, wq, as a useful parameter to determine the chemical
diffusion coefficient, as:

D2

@d =T (4)
It should be noted that, in the present study, D is considered
as effective diffusion coefficient, D=DeD;/(De +D;), in which De
and D; are the partial diffusion coefficient for polarons and ions,
respectively, as the main carriers in polymeric matrix, and L is
the diffusion length or diffusion thickness; thus, the slow carriers
(i.e., the ionic species) play a major role in the effective diffu-
sion coefficient (Levi and Aurbach, 2002; Belmonte et al., 2004).
The chemical diffusions evaluated for the «-COOH-PPy film in
the present work, for different film thicknesses, were almost the
same.

The Kkinetic parameters equilibrium bulk capacitance, Cy, and
diffusion specific resistance, Ry, evaluated from the impedance
analysis of the a-COOH-PPy films are also included in Table 1. The
equilibrium bulk capacitance may be estimated from the capacitive

Table 1

characteristics of low frequency region of the Nyquist plots as:
Cir
Co=— 5
0= A (5)
where A is the active surface area of the film and Ci¢ is the low

frequency capacitance (Belmonte et al., 2004). Also, Ry could be
estimated as follows:

_ R4A
L
where Ry is a diffusion resistance (see Eq. (3)).

Ro (6)

3.3. Voltammetric behavior of cyt-C immobilized o-COOH-PPy

Fig. 3A shows the cyclic voltammograms recorded for the case
of a-COOH-PPy (1) and cyt-C/a-COOH-PPy (2) modified electrodes
in a 0.1molL~! phosphate buffer solution of pH 5. No obvious
response can be found before modification of the surface with cyt-
C (voltammogram 1), but a couple of stable redox peaks appeared
in the region of 0 to —0.1V for the cyt-C/a-COOH-PPy electrode
(voltammogram 2). Clearly, these peaks are attributed to the redox
reaction of the electroactive center of cyt-C.

It seems that the adsorption of cyt-C on the a-COOH-PPy surface
resulted in improving electron transfer between the electroactive
center of protein and the underlying electrode surface. The E;, for
cyt-C can be approximately estimated as —30 mV. Small deviations
in redox peak potentials, in comparison to the bare electrode, can
be attributed to the interaction of protein molecules and underlying
polymeric film (Darain et al., 2007). In addition, the electrochemical
behavior of the attached layer shows a quasi-reversible behavior so
that the anodic to cathodic current ratio approximately equals to
unity. Meanwhile, the peak-to-peak separation is larger than that
expected for the case of a totally reversible behavior for the surface
confined systems, which can be attributed to the presence of some
kinetic limitations.

In order to investigate the characteristics of the attached layer,
the effect of potential scan rate on the peak current was examined
and the results are demonstrated in the inset of Fig. 3B. The depen-
dency of peak current as a function of scan rate is shown as an inset
in Fig. 3B. As seen, the redox peak currents of the immobilized cyt-C
on the polymeric film are increased linearly with scan rate indi-
cating a surface-controlled electrode process. An average surface
coverage of cyt-C on the polymeric film of 1.34 x 10~ mol cm—2
was evaluated from the reduction peak of cyt-C shown in the inset,
at different scan rates.

3.4. Electrocatalysis of cyt-C/a-COOH-PPy towards reduction of
H>0;

3.4.1. Voltammetric studies

As it is seen from Fig. 3C, upon addition of H,O, to a 0.1 mol L~!
of phosphate buffer solution of pH 5, the shape of cyclic voltam-
mogram for the direct electron transfer to the immobilized
cyt-C (cyt-C/a-COOH-PPy), the cathodic current was dramatically
increased in the expense of the decreased oxidation current. As is

Electrochemical and diffusion parameters obtained from fitting of the experimental results of polymer film at different potentials (x; and x, stand for constant phase elements

used in the equivalent circuit to perform CNLS)?

Ry (2) 103C,1 (F) Nyt 103C,, (F) Ny2 10°D (cms™1) 106Ry (2cm)) Co (Fem™3)
OCP 304 + 12 4.0+0.2 0.93 + 0.04 3.8+0.2 0.87 + 0.04 1.0 +£ 0.1 110.6 + 6.1 53+3
-0.25V 1319 + 53 1.3 £ 0.1 0.78 + 0.03 1.9 £ 0.1 0.96 + 0.04 32+02 201 £ 1.3 105 +£ 6
01V 144 + 6 4.0 + 0.2 0.73 £ 0.03 74 + 0.3 1.00 £+ 0.04 5.0+ 0.3 1.6 + 0.1 211 + 11
0.25V 11+ 4 3.4+ 0.1 0.47 £+ 0.02 111 +£ 0.4 0.98 + 0.04 8.5+ 0.6 0.20 + 0.02 398 + 20

2 All data points are associated with + S.D. for five replicate determinations.
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Fig. 3. (A) Cyclic voltammograms recorded for the case of «-COOH-PPy (1) and cyt-
C/a-COOH-PPy (2) modified electrodes in a 0.1 molL~"' phosphate buffer solution
of pH 5. (B) Successive cyclic voltammograms obtained at different scan rates, from
0.1 to 8 Vs~!, for the cyt-C/a-COOH-PPy electrode. Inset shows the corresponding
linear plot of current vs. scan rate. (C) Cyclic voltammograms recorded for the case
of cyt-C/a-COOH-PPy electrode in a 0.1 mol L~ phosphate buffer solution of pH 5
after addition 0, 50, 100, 200, 400, 800 and 1000 pwmol L~! of H,0; (from bottom to
top).

obvious from Fig. 3C, upon an increase in concentration of H, 05, the
anodic peak, is gradually disappeared in the expense of a dramatic
increase in the cathodic peak; the observed voltammetric behavior
being characteristic of a catalytic mechanism (EC’) for the reac-
tion. The variation of peak currents with the H,O, concentration
is shown as an inset in Fig. 3C. As seen, the successive addition of
H,0, concentration up to the 1 mmol L~! resulted in a continuous
increase in the reductive peak (Fig. 3C).

As expected, in other experiments, it was found that the changes
in voltammogram of the a-COOH-PPy electrode (in the absence of
cyt-C)isinsignificant, supporting a typical electrocatalytic behavior
for cyt-C towards H,0, reduction. Furthermore, an increase in the
potential scan rate, in the presence of a constant concentration of
H,0,, resulted in an increased reductive peak current proportional
to the square root of scan rate. This is an indication for the fact that
the reduction of H, O, onto the cyt-C/a-COOH-PPy is relatively fast
and the process is controlled by the rate of diffusion of H,O5 to the
electrode surface (results are not shown here).

3.4.2. Impedance studies

In order to design an impedimetric biosensor, it is necessary
to find an appropriate relationship between electrical response of
the modified surface in the absence and presence of the species
of interest (Cortina-Puig et al., 2007; Ateh et al., 2007). Thus, the
offset potential was set at —0.4V vs. Ag/AgCl electrode to ensure
the regeneration of the reductive form of the immobilized cyt-C.
Additionally, the application of a negative potential will lead to a
better interaction between cyt-C and negatively charged polymer
surface, as well as a partial dissociation of the carboxylic group at
the outer surface of the polymer. It has been reported that H,0,
molecules diffuse towards the modified surfaces and, subsequently,
electron transfer will occur from the protein centers to the H,0,
molecules (Liu et al., 2007).

The EIS results obtained in the absence and presence of increas-
ing concentration of hydrogen peroxide at the surface of the
modified cyt-C/a-COOH-PPy electrode are shown in Fig. 4A. The
Nyquist plot obtained in the absence of H,0, (Fig. 4A, plot 1)
illustrates the electrochemical behavior of cyt-C at the polymer
surface with an offset potential of —0.4V. As seen, after immobi-
lization of the protein on polymer surface, the impedance behavior
of surface is changed to an extensive semicircle in the Nyquist
plots. This semicircle can be attributed to the cyt-C-Fe3* reduction
to the cyt-C-Fe2*. This fact was supported by performing a con-
trolled experiment, in which instead of its immobilization onto the
surface, cyt-C was dissolved in the electrolyte solution and the cor-
responding Nyquist plot was obtained. The resulting plot revealed
a pattern similar to that of the modified cyt-C/a-COOH-PPy elec-
trode (Fig. 4A), supporting the fact that the resulting semicircle is
due to the cyt-C-Fe3* reduction to cyt-C-Fe2*at the a-COOH-PPy
electrode.

Furthermore, the modified electrode was introduced into solu-
tions containing varying concentrations of H,O, and the results
are also shown in Fig. 4A, plots 2-8. As it is obvious, the semicir-
cle began to change and its diameter was gradually decreased with
increasing concentration of H,0,. In addition, in all of the Nyquist
plots obtained for different concentrations of H,O,, the observa-
tion of an almost straight portion at the low frequency region
indicates the occurrence of a diffusion-controlled process. More
detailed EIS experiments in the present study revealed that extend-
ing the frequency region to the lower limits results in straight
lines with slope of unity, related to diffusion-controlled element or
Warburg impedance. This finding is clearly confirmed the results
obtained by voltammetric method (Section 3.4.1.). The electrical
parameters were evaluated based on the fitting of experimen-
tal results to an appropriate Randles equivalent circuit shown
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Fig. 4. (A) Nyquist plots obtained for cyt-C/a-COOH-PPy electrode in a 0.1 mol L~!
phosphate buffer solution of pH 5 in the presence of 0, 1, 5, 20, 50, 100, 150,
200 wmol L-! of H,0, (denoted as 1-8). The inset shows equivalent circuit used to fit
the experimental results of the electrochemical reduction of H, O, at cyt-C/a-COOH-
PPy electrode. (B) The reciprocal of charge transfer resistance vs. [H,0,] calibration
curve obtained for the cyt-C/a-COOH-PPy electrode in a 0.1 mol L~ phosphate buffer
solution of pH 5. Inset shows the linear dynamic range used to evaluate LOD for
biosensor.

in the inset of Fig. 4A. In order to evaluate the analytical con-
cepts from this relationship, the charge transfer resistances were
calculated by fitting the impedance data to the proposed equiva-
lent circuit (see inset of Fig. 4A), using the CNLS fitting method.
Then, the reciprocal of charge transfer resistances were plotted
against the H,0, concentration and the resulting plot is shown in
Fig. 4B.

As it is seen, the linear dynamic range of the proposed impedi-
metric sensor is 1-200 wmolL~! with a calibration sensitivity of
2.0x 107> Q-1 wmolL~1. The limit of detection, LOD, and rela-
tive standard deviation, R.S.D., for five replicate determinations for
the proposed biosensor were calculated as 0.25 pmolL~! and 7%,
respectively. In addition, the stability test was performed to esti-
mate the stability and durability of the newly constructed biosensor
under the storage conditions. After 10 days, the biosensor preserves
almost 95% of its initial response, which revealed that the cyt-
C/a-COOH-PPy biosensor has adequate stability with time. These
characteristics are comparable with and in some cases are superior
to those of the H,0, biosensors previously reported in the litera-

ture (Liu et al., 2007; Lei and Deng, 1996; Yu and Ju, 2002; Dai et
al., 2004; Liu et al., 2004).

4. Conclusions

A conductive polymer film of a-COOH-PPy was prepared onto
a PPy film using the electrochemical methods. Impedance analy-
sis of this film was performed based on the concept of fractional
diffusion equations for anomalous diffusion processes. Some of
the kinetic parameters were evaluated by means of EIS. Subse-
quently, the film was used as a scaffold to immobilize cyt-C and
to develop a novel biosensor. The facilitated electron transfer of
cyt-C in addition to its intrinsic catalytic behavior afforded a new
route for H,0, determination. Studies on the direct electron trans-
fer of the immobilized cyt-C onto the a-COOH-PPy film opened an
effective way to construct a novel H,O, biosensor with good sen-
sitivity, dynamic range, detection limit (LOD) and long life. More
importantly, the present study provided a methodology to design
impedimetric biosensors based on the polymeric films which can
be easily formed on the electrode surfaces. Another advantage of
the present work is to overcome the previously reported draw-
backs like poor stability and inappropriate long life in addition
of less denaturing effects on the protein structure. More investi-
gations on the design of cyt-C modified a-COOH-PPy films using
other immobilization procedures are underway in our research
group.
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