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Poly(Pyrrole)-Poly
(N-Methylpyrrole)
Composite Matrix
for Amperometric
Biosensor Design

Santosh B. Kodam, Kunal Datfta, Prasanta Ghosh, and
Mahendra D. Shirsat

Intelligent Materials Research Laboratory, Department of Physics, Dr. Babasaheb
Ambedkar Marathwada University, Aurangabad, India

Electrochemical copolymerization of pyrrole-N-methyl pyrrole has been carried out galva-
nostatically on platinum substrate. The polypyrrole—poly (n-methylpyrrole) composite films
were subjected to electrical, spectral and morphological characterizations. Glucose biosen-
sor was further fabricated based on the immobilization of glucose—oxidase in the composite
films by crosslinking via glutaraldehyde. The effect of phosphate and acetate buffer was
investigated. The biosensor exhibited an excellent linear response for a wide range of
glucose concentration from 0 mM to 50 mM in both the buffers at pH 7.4. However, the
sensitivity of the developed biosensor in the presence of a phosphate buffer was found to
be higher.

Keywords electropolymerization, glucose biosensor, poly (n-methyl pyrrole),
polypyrrole

INTRODUCTION

In the 1960s, Clark and Lyons [1] demonstrated the first ever enzyme-based
electrode and paved the pathway towards a new generation of biosensors. The
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large spectrum of investigations on biosensors that followed was mostly driven
by the excellent specificity and repeatability rendered by enzymes. However, the
application of pristine enzymes as a prime sensor material was fundamentally
constrained by the fact that they do have poor stability in solution. Numerous
efforts, thereafter, have been carried out in pursuit of a way out of this problem,
and immobilization of the enzyme in a suitable matrix was globally adapted as a
convenient prescription [2-5]. An organic conducting polymer (OCP) matrix is
so far the most admired and probably the widest explored solution in its class
for immobilization of enzymes [6-10]. Nevertheless, in order to ensure the
optimum efficiency of the enzymes, appropriate chemical and morphological
tailoring of the base matrix remains a fundamental challenge, and continual
striving for better material properties constitutes a prime area of investigation
in biosensor research. Composites of OCPs can be interesting in this aspect
since they do offer a facile methodology to combine the superior properties of
the constituent monomers to overcome individual shortcomings.

The present investigation deals with the fabrication of a glucose biosensor
based on redox properties of glucose oxidase (GODx) [11-12] immobilized on a
poly(pyrrole)[P(Py)]/poly(n-methylpyrrole)| P(INMP)] composite matrix and
evaluation of the performance of the fabricated sensor for a wide range of
glucose concentration (0-50 mM). Pyrrole was a spontaneous choice for the
base backbone due to its biocompatibility [13,14], thermal stability [15], high
conductivity [16] and ease of synthesis. At the same time, the tendency of
pyrrole to degrade in the presence of oxygen and water [17] was a serious point
of concern. A composite with N-methylpyrrole emerged as an attractive
solution since it is less reactive to oxygen and water [18]. In addition, the
mechanical strength of n-substituted polymers of the pyrrole family (i.e.,
N-methylpyrrole) [19-20] was an added advantage over the low mechanical
strength of pyrrole aroused due to its infusibility and insolubility.

The P(Py)/P(INMP) composite film was synthesized by chronopotentio-
metric technique with NalNOg3 as a supporting electrolyte. Elsewhere commu-
nicated optimized process parameters were employed to ensure an optimum
thickness and surface morphology of the produced films. GODx was immobi-
lized on P(Py)/P(NMP)/NaNOg by crosslinking via glutaraldehyde at pH 7.4.
The P(Py)/P(NMP)/NaNO3/GODx electrodes were tested and compared for
phosphate and acetate buffer, respectively. The sensitivity of the biosensor in
the presence of phosphate buffer was found to be better.

EXPERIMENTAL

Preparation of P(Py)/P(NMP)/NaNO; Film

P(Py)/P(NMP)/NaNOs; film was synthesized from an aqueous solution
(20ml) of 0.1 M Py(Alfa Aesar, 98+%), 0.1 M NMP (Acros Organics, 98%)
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and 0.1M NaNOs (Rankem, India). The electropolymerization was carried
out by chronopotentiometric technique with a CHI 660C electrochemical work-
station. A standard three-electrode set-up was employed in one compartment
electrochemical cell. Planar platinum foils were used as the working and coun-
ter electrode. The reference electrode was an Ag/AgCl electrode. The current
density, deposition time and pH were kept constant at 1.0 mA/cm?, 10 min and
1.0, respectively (optimized values). All depositions were carried away at room
temperature. As a post-synthesis treatment, polymer-coated platinum sub-
strates were rinsed with double de-ionized water and dried in an ambient
atmosphere.

The P(Py)/P(NMP) composite films were subjected to in situ electrochemi-
cal characterization carried out during synthesis. FTIR spectral study was
carried out to confirm the formation of P(Py)/P(NMP) composite using a
Testscan Shimadzu FTIR 800 series in the region between 400—4000cm .
Scanning electron micrographs were recorded at various magnifications using
a JEOL JSM-6360 A Analytical Scanning Electron Microscope.

Immobilization of GODx on P(Py)/P(NMP)/NaNO3 Film

The stock solution of GODx (Aldrich) (1 mg/ml) was prepared in 0.1 M
phosphate buffer (pH 7.4) and/or 0.1 M acetate buffer (pH 7.4) and allowed
to mutarotate over 24h before further use. Finally, the GODx stock was
adsorbed onto the surface of P(Py)/P(NMP)/NaNO;s films. Immobilization
was carried out by crosslinking via (0.1%) glutaraldehyde (Loba Chemie, India)
on P(Py)/P(NMP)/NaNOs films. A 30 min drying time was allotted followed by
repeated washing with phosphate and/or acetate buffer to ensure restriction of
leaching of enzyme from film. Adequate concentrations of GODx and glutaral-
dehyde in the crosslinking mixture were chosen to ensure higher enzyme load-
ing and good retention of the enzyme [21].

Amperometric Determination of Glucose

The stock solution of D-Glucose was prepared in a phosphate (0.1 M, pH
7.4) and acetate buffer (0.1 M, pH 7.4), respectively, and left for 24 h before
testing. The P(Py)/P(NMP)/NaNO3;/GODx biosensor was maintained at
+700mV vs. Ag/AgCl reference electrode in phosphate and acetate buffer
solutions, respectively, in order to yield a stable background current [22].
The biosensor was tested for amperometric response towards gradually
increasing concentrations (0—50 M) of glucose. The steady state anodic current
(usually reached after ca.10s. of spiking a glucose solution) was recorded by a
CHI 660C electrochemical workstation.
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RESULTS AND DISCUSSION

Sensing Mechanism

In an amperometric enzyme sensor, GODx acts as a redox protein. Figure 1
depicts the proposed mechanism for the PPy/PNMP/ NaNO3;/GODx biosen-
sor. The added glucose solution is oxidized by the immobilized GODx in the
presence of dissolved Oy according to the following reaction:

Glucose + O2G@>XGIuconicAcid + H0, (1)

The generated Hy0s is electrocatalytically oxidized at the PPy /PNMP con-
ducting composite resulting an anodic current in accord to the following reaction

PPy/PNMP
Hy0, M0, 4+ 2H 2¢ 2)
Basically, the conversion of glucose to gluconic acid involves transfer of
two protons and two electrons from the substrate to the flavin moiety of the
enzyme. The electron transfer from the redox co-factor to the sensing electrode
is facilitated by the presence of conducting composite.

Electrochemical Synthesis of P(Py)/P(NMP)/NaNO; Film

P(Py)/P(NMP)/NaNOj; composite films were synthesized galvanostatically
with optimized process parameters already mentioned above. Chronopotentio-
grams revealed low polymerization potential that ensures higher conductivity
and uniform surface morphology as per earlier reported literature [23]. Synthe-
sized films exhibited uniform morphology and good adhesivity. Chronopoten-
tiogram recorded during synthesis of P(Py)/P(NMP)/NaNOj3 composite film
with optimized process parameters is given in Figure 2.

PPy/PNMP
GODx composite

Glucose —\

Gluconic

acid

Glucose Immobilized PPy/PNMP Base
Solution GODx film electrode

Figure 1: Proposed mechanism of the P(Py)/P(NMP)/NaNO3;/GODx electrode.
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Figure 2: Chronopotentiogram recorded during synthesis of P(Py)/P(NMP)/NaNO3
composite film with optimized process parameters.

FTIR Spectra of P(Py)/P(NMP)/NaNO; Film

The Principal absorption band observed in the FTIR spectrum of the P(Py)/
P(NMP)/NaNOgz composite film is shown in Figure 3. The broad peak at
3435cm ! corresponds to N-H stretching. The absorption band observed at
2850-2862 cm ! is due to C-H vibrations, and the C=0 stretching is observed
at 1639 cm . The band observed at 1563 cm ! is due to C=C stretching. The
peak at 2923 cm ! is attributed to the CHj stretching. The sharp absorption
band observed at 1384cm ! is due to the ring stretch of n-methyl pyrrole.

“‘\
ST
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%T

4000 3000 2000 1000 400

Wave number [cm'l]

Figure 3: FTIR spectrum of P(Py)/P(NMP)/NaNO3z; composite film with optimized process
parameters.

237



15: 32 18 January 2011

Downl oaded At:

238 S B. Kadam et al.

The FTIR spectral result confirms the formation of poly pyrrole P(Py) and poly
n-methyl pyrrole PINMP).

SEM Study of P(Py)/P(NMP)/NaNO; Film

The SEM image (Figure 4) for pristine P(Py)/P(NMP)/NaNOg3 composite
film reveals uniform and granular surface morphology. Such morphology is
highly suitable for the entrapment of enzyme thus rendering higher stability
to the biosensor.

Sensing Response of P(Py)/P(NMP)/NaNO3;/GODXx
Electrode

Fast and linear response of the P(Py)/P(NMP)/NaNO3/GODx biosensor
was observed in an acetate as well as phosphate buffer. However, comparison
reveals the phosphate buffer to be more efficient towards sensitive fingerprint-
ing of glucose concentration. The current-time relationship of the P(Py)/
P(NMP)/NaNOQO3/GODx electrodes in the presence of acetate and phosphate
buffer (with the electrode poised at +700 mV vs. Ag/AgCl reference electrode)
is shown in Figure 5 and Figure 6, respectively.

The response current was found to reach a steady state easily. The linear
relationship between response current and glucose concentration (0-10 mM)
in 0.1 M acetate buffer (pH 7.4) is shown in Figure 7 (the linear regression
equation is y=1.05x+4.0873 and the linear regression coefficient is R%=
0.9422). The inset indicates a linear response from 10 to 50 mM of glucose

Figure 4: SEM image of P(Py)/P(NMP)/NaNOz composite film with optimized process
parameters.
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Figure 5: Current-time relationship (sensing response) of P(Py)/P(NMP)/NaNO;z;/GODx
electrode in 0.1 M acetate buffer (pH7.4) for different glucose concentrations of 0-50 mM:
a) OmM; b) TmM; ¢) 2mM; d) 3mM; e) 4mM; f) 5mM; g) 6mM; h) 7mM; i) 8mM; j) 9mM;
k) 10mM; ) 20mM:; m) 30 mM: n) 40mM; o) 50 mM.

concentration (The linear regression equation is y=0.08x+ 13.06 and the
linear regression coefficient is R* = 0.9919).

Similarly, the relationship between response current and glucose concen-
tration (0—10mM) in 0.1 M phosphate buffer (pH 7.4) is shown in Figure 8
(the linear regression equation is y = 0.4841x + 1.8786 and the linear regression
coefficient is R = 0.943). The inset indicates a linear response from 10 to 50 mM
of glucose concentration (the linear regression equation is y =0.037x +6 and
the linear regression coefficient is R% = 0.9923).

As evident from the response characteristics, in both cases, the current
increases with increasing glucose concentration from 1 to 50 mM. For each

12

Current (LA)

LI 72 B B B

100 150 200

Time (seconds)

<
n
(=]

Figure 6: Current-time relationship (sensing response) of P(Py)/P(NMP)/NaNO3/GODx
electrode in 0.1 M phosphate buffer (pH7.4) for different glucose concentrations of 0-50 mM:
a) O0mM:; b) TmM; c) 2mM; d) 3mM; e) 4mM; ) 5mM; g) 6mM; h) 7mM; i) 8 mM; ) 9mM;
k) 10mM; 1) 20mM; m) 30mM; n) 40 mM; o) 50mM.
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Figure 7: The relationship between response current and glucose concentration for P(Py)/
P(NMP)/NaNO3;/GODx electrode in 0.1M acetate buffer (oH7.4). The inset indicates the
response from 10 to 50mM.

spike of glucose, within a response time of ca.10s, a sharp rise in the current
was observed. During successive additions of 1 mM of glucose, a well-defined
response was observed. In a nutshell, we have observed almost linear sensing
responses over the entire range (1 to 50 mM) of glucose concentration in acet-
ate (the linear regression equation is y=0.2244x+8.1634 and the linear
regression coefficient is R =0.6366) as well as in phosphate buffer (the linear
regression equation is y =0.1032x + 3.758 and the linear regression coefficient
is R2=0.6359). The sensitivity of the biosensor in acetate and phosphate

16
Z 11
~ 14 + Z
< =z 9
S 124 8
£ N
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g 47
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Figure 8: The relationship between response current and glucose concentration for P(Py)/

P(NMP)/NaNO3;/GODx electrode in 0.1 M phosphate buffer (pH7.4). The inset indicates the
response from 10 to 50 mM.
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Figure 9: The defermination of apparent Michaelis-Menten constant (K}, for P(Py)/
P(NMP)/NaNO3/GODx electrode in 0.1 M acetate buffer (pH7.4).

buffer is found to be 1.15 pA/mM and 2.48 pA/mM. The detection is sufficient
for medical diagnostic purposes since the normal clinical range for glucose in
blood is between 3.5 to 6.1 mM, whereas abnormal glucose levels can reach as
high as 20 mM (24).

Michaelis-Menten Constant (K’m)

The apparent Michaelis—-Menten Constant (K ) was calculated for the
immobilized enzyme by the amperometric method suggested by Shu and
Wilson (25). The relationship between 1/current against 1/glucose concen-
tration for an acetate and phosphate buffer is shown in Figure 9 (the linear
regression equation is y = 0.1545x + 0.0625 and the linear regression coefficient

0.48

0.36

0.24

1/Current (1/pA)

0.121°

0 0.2 0.4 0.6 0.8 1 1.2

1/Glucose concentration (1/mM)

Figure 10: The determination of apparent Michaelis-Menten constant (K}, for P(Py)/
P(NMP)/NaNO3;/GODx electrode in 0.1 M phosphate buffer (pH7.4).
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Table 1: Comparison of the analytical performance of P(Py)/P(NMP)/NaNO3/
GODx electrode for acetate and phosphate buffer at pH 7.4

Buffer
Sr. no. Parameters Acetate Phosphate
1 lax (LA) 7.69 16.66
2 K/, (MmM) 3.3 3.2
3 Linearity (mM) 1-10 1-10
4 Sensitivity (WA/mM) 1.15 2.48

is R2=0.9808) and Figure 10 (the linear regression equation is y =y = 0.3357x
+0.1358 and the linear regression coefficient is RZ = 0.9807), respectively.

The maximum current (I,,;) and Michaelis-Menten Constant (K} ) for
acetate and phosphate buffer is found to be 7.69 uA; 3.3mM and 16.66 uA;
and 3.2mM, respectively. A smaller K/ ensures a faster response of the
electrode to glucose (26). Therefore, the phosphate buffer is more efficient for
the immobilization of GODx.

A comparative figure of the analytical parameters of the fabricated sensor
in the acetate and phosphate buffer is furnished in Table 1.

CONCLUSION

The study shows the feasibility and practicality of composite-conducting poly-
mer structures for real time sensing applications. P(Py)/P(NMP) composite
films with optimized electrochemical process parameters have been synthe-
sized successfully. The adhesivity of the films was good and surface morphology
was efficient for biosensing applications. Glucose—oxidase was successfully
immobilized on the synthesized films towards materialization of glucose
sensor. The efficient crosslinking (via glutaraldehyde) on the uniform and
granular P(Py)/P(NMP)/NaNOj; structure lead to an enzyme electrode exhibit-
ing a good performance in terms of dynamic range of detection, short response
time and excellent linearity. The sensor was found to have a linear and
fast-sensing response to glucose concentration of 0—50 mM, which is suitable
for application in medical diagnostics. The sensor was evaluated both in an
acetate and phosphate buffer atmosphere, and the phosphate buffer was found
to be more efficient for practical applications.
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