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ABSTRACT: Poly(o-phenylenediamine) (PoPD) film has been electrochemically prepared on Pt electrode in an acetonitrile-water
medium containing o-phenylenediamine (0PD) monomer and (=)-10-camphorsulfonic acid (HCSA) by using the cyclic voltammetry
(CV). The PoPD film (PoPD—CSA) has been characterized by FTIR, CV, EIS, FESEM, and conductivity measurement. The glucose
biosensor (Pt/PoPD—-CSA/GOx) has been prepared from the PoPD coated electrode by immobilizing glucose oxidase (GOx) enzyme
using glutaraldehyde. The biosensor shows a low detection limit and wide linear working range, a good reusability, long-term stabil-
ity, and anti-interference ability. The Pt/PoPD—CSA/GOx has possesses higher sensitivity (2.05 gA/mmol L™') and affinity to glucose
due to the use of CSA ion as dopant. The linear concentration ranges of Pt/PoPD-CSA/GOx have been found to be 9.6 X 107 to
8.2 mmol L™ from calibration curve and 4.6 X 10~ to 100 mmol L™" from the relationship between the (1/glucose concentration)
and (1/current difference). © 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 39864.
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phenol and its derivatives, polyphenylenediamines and
overoxidized polypyrrole could be used for amperometric bio-
sensor design.”® Poly(o-phenylenediamine) (PoPD) films have
been especially used in the preparation of amperometric enzyme
electrode for glucose determination.®>>

INTRODUCTION

The fast and accurate determination of the glucose in blood for
diagnosis of diabetes mellitus is very important. Ever since
Clark and Lyons reported the first enzyme electrode for glucose
determination, many studies have been performed to develop

the enzyme-based glucose biosensors. The amperometric deter-
mination of glucose has been generally accomplished at a con-
stant potential oxidation of hydrogen peroxide formed as a
result of the reaction with glucose and glucose oxidase enzyme
in the presence of oxygen."

f—D—glucose + Ozﬂ D—gluconicacid + H,O, (1)

H,0, — O,+2H" +2e” (2)

Nonconducting polymers have been used as a new support
matrix for the immobilization of biomolecules. These polymer
films display advantages such as permselectivity, which is useful
in preventing the interfering of species in biological samples,
fast response time and high reproducibility. Composite struc-
tures or materials including nonconducting polymers, like poly-

PoPD, one of the most studied derivatives of polyaniline, has
attracted much interest in recent years. Many studies related to
PoPD have been carried out with respects to the polymerization
mechanism,'®™"?  structure,'®™"?  stability,'* conductivity,">'®
redox transformation,'>'® and applications.>'>**** Chiba et al.
suggested the structure of PoPD to be formed from the electro-
polymerization of o-phenylenediamine (oPD) in an acidic aque-
ous medium, which was a ladder polymer with phenazine
rings.'® According to the obtained IR absorption spectral data,
the authors reported that the ladder polymer had a partially
ring-opened structure, including parts of the oxidized forms of
the quinine-imine type. Also, the three redox states of PoPD
had reduced, semioxidized, and total-oxidized states. The semi-
oxidized state was the most stable state and the major structure
among them.'™® However, Yano proposed that the PoPD
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polymeric backbone had linear 1,4-substituted benzenoid—qui-
noid structure."' PoPD film has been synthesized electrochemi-
cally in aqueous media, such as H,S0," H,S0, + Na,SO,,'°
H,PO,,* HClO, + NaClO,,** acetate buffer,” and phosphate
buffer.” Furthermore, the counter anions play a crucial role in
the electrical, electrochemical, even optical properties of con-
ducting polymers.”> (+)-10-Camphorsulfonic acid (HCSA) is
an organic acid with large size and it not only contributes to
the protonation of monomer and/or polymeric species but also
interacts with the conjugated chains of polymer through SO;~
and C=0 groups.”® In literature, it was shown that the con-
ducting polymer such as polyaniline,”” poly(1-naphthylamine),*
poly(3-methylpyrrole)®® have been synthesized in the presence
HCSA. There is no such study about the electrosynthesis of
PoPD polymer in both aqueous and nonaqueous media con-
taining HCSA.

In this paper, we report the electrochemical synthesis of (*)-
10-camphorsulfonate (CSA™) doped PoPD-CSA film on Pt
electrode by cyclic voltammetry method in acetonitrile-water
medium containing oPD and HCSA. It was compared with
PoPD-CIO, film electrosynthesized in acetonitrile medium con-
taining oPD and perchloric acid (HCIO,). The PoPD films were
characterized by FTIR, conductivity measurement, CV, EIS, and
FESEM. Then, glucose biosensors were prepared by immobiliz-
ing glucose oxidase enzyme using glutaraldehyde on the PoPD—
CSA and PoPD-ClO, coated electrodes. The responses of these
glucose biosensors were determined by the electrochemical oxi-
dation of the enzymatically generated H,O, at +0.7 V versus
Ag/AgCl.

EXPERIMENTAL

Chemicals and Apparatus

The chemical reagents (=*)-10-camphorsulfonic acid (Aldrich),
o-phenylenediamine (1,2-diaminobenzene, Aldrich), glucose
oxidase (GOx, from Aspergillus niger, 50,000 Unit Type II
Sigma), glutaraldehyde (grade II, Sigma), silver nitrate (AgNO;,
Fluka), acetonitrile (Riedel de Haén, HPLC grade), di-sodium
monohydrogen phosphate heptahydrate, sodium dihydrogen
phosphate dihydrate (Riedel de Haén), hydrogen peroxide
(H,O,, 35%, Riedel de Haén), b-(+)-glucose anhydrous
(Fluka), tetrabutylammonium perchlorate (TBAP, Fluka),
perchloric acid (HCIO,4, Merck) were analytical grade and used
without any further purification. Hydrogen peroxide and glu-
cose solutions were prepared with 0.15 mol L™' phosphate
buffer solution (PBS, pH 7.0). Glucose stock solutions were
allowed to mutarotate at room temperature overnight before
use. All aqueous solutions were prepared with ultrapure water
(18.2 MQ cm) obtained from Elga Purelab (Veolia Water Sys-
tems, UK) device. All of the experiments were performed at
room temperature.

Electrochemical measurements were performed in a single com-
partment three-electrode cell stand (BAS C3 cell stand, USA).
The cylinder rod of platinum (Pt) disc with 4-mm diameter
(0.1256 cm?) was embedded into a 6-mm diameter polyethere-
therketone (PEEK) cylinder holder to prepare working electro-
des. Platinum foil with 1 cm? surface areas as the counter
electrode and a silver wire in contact with 0.01 mol L™" AgNO;
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as the reference electrode were used in electropolymerization
studies. The 0.01 mol L™' AgNOj in the reference electrode was
dissolved in acetonitrile containing 0.1 mol L™' TBAP as the
supporting electrolyte. Platinum wire (BAS MW-1032) as coun-
ter electrode and Ag/AgCl (BAS MF-2052 RE-5B) as the refer-
ence electrode were used in amperometric studies. Before each
experiment, the surface of Pt electrode was polished by using
polishing kit (BAS MF-2060) with 0.05 pum alumina slurry and
1 um diamond polish. The Pt electrode was washed with ultra-
pure water after polishing and then immersed for 3 min in
ethanol solution in ultrasonic bath. Ultimately, it was dried at
room temperature. The solution containing monomer and elec-
trolyte was purged with nitrogen gas for 10 min to remove the
oxygen before electropolymerization. The PoPD films were first
washed several times with acetonitrile to remove adsorbed elec-
trolyte, monomer and the soluble oligomers formed during
electrosynthesis of the film, and then they were dried at room
temperature.

Electrochemical studies were carried out using Ivium Compact-
Stat (Ivium Technologies B.V, The Netherlands) electrochemical
analyzer. Electrochemical behavior of PoPD films with and with-
out GOx was examined in 1.0 mol L' KCl solution containing
5 mmol L™! Fe(CN)s> /4~ by CV and EIS. The cyclic voltam-
mograms (CVs) were recorded in potential range between —0.2
and 0.6 V. The EIS measurements were performed at the fre-
quency range between 10° and 10~ 2 Hz with 5 mV perturbation
at open circuit potential (Eocp). Fourier-transform infrared
(FTIR) spectra of polymer films were directly recorded with
Shimadzu IRaffinity-1 spectrometer with ATR attachment (Shi-
madzu Corporation, Japan). Scanning electron micrographs of
polymer films with and without GOx were taken with a Jeol
JSM-7000F Field Emission Scanning Electron Microscopy
(FESEM) (Jeol, Japan). The dry conductivity of PoPD films
were measured using the four-probe measuring technique at
room temperature.

H,O0, Sensitivity Measurement of Pt/PoPD Electrodes

The Pt or Pt/PoPD electrode was placed in a cell containing 5
mL of 0.15 mol L™ ! PBS (pH 7.0) and the solution was purged
with nitrogen gas for 10 min. A constant potential of +0.7 V
versus Ag/AgCl was applied and the background current was
allowed to be constant. A certain volume from 1.0 X 10>
mol L' H,0, was injected into the cell. The steady-state cur-
rent response to the addition of H,O, was recorded and the
current difference (Ai) was determined with the change between
the steady-state current and the background current. Then, the
relationship between Ai and H,O, concentration was plotted.

Immobilization of GOx to Pt/PoPD Electrodes

Firstly, 100 U GOx was dissolved in 0.25 mL PBS (0.15 mol
L™", pH 7.0) in an eppendorf tube and then 10 uL of 25% glu-
taraldehyde was added into enzyme solution. Afterward, the
Pt/PoPD electrode was immersed vertically into enzyme solution
including glutaraldehyde and then left overnight at +4°C in a
refrigerator. The enzyme immobilized electrodes were denoted
as Pt/PoPD-CSA/GOx and Pt/PoPD-CIO,/GOx. Before each
experiment, these electrodes were washed several times in
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ultrapure water to remove nonimmobilized enzyme on the elec-
trode surfaces.

Glucose Sensitivity Measurement of Pt/PoPD/GOx Electrodes
The Pt/PoPD-CSA/GOx electrode or Pt/PoPD-ClO,/GOx elec-
trode was placed in a cell containing 5 mL of 0.15 mol L' PBS
(pH 7.0). A constant potential of +0.7 V versus Ag/AgCl was
applied and the background current was allowed to be constant.
The solution was continuously stirred with a magnetic stirrer at
a rate of 300 rpm. p-(+)-glucose solution with certain concen-
tration was injected into the cell after the solution purged with
oxygen gas for about 60 s. The steady-state current response to
the addition of glucose was recorded and the current difference
(Ai) was determined with the change between the steady-state
current and the background current. Then calibration curve of
Ai-glucose concentration was plotted.

Michaelis—Menten kinetics, K, and i,,.,, were obtained with
Origin Pro 8 SRO (evaluation edition) software by the use of
calibration curve data of Pt/PoPD-CSA/GOx and Pt/PoPD-
ClO4/GOx electrodes. The kinetic values were calculated by
using nonlinear curve fitting analysis Hill function [eq. (3)] in
this software.”

[glucose]

K.+ [glucose] )

1= Imax

RESULTS AND DISCUSSION

Electrosynthesis of PoPD Polymers

To prepare (*)-10-camphorsulfonate (CSA™) doped poly(o-
phenylenediamine) (PoPD—CSA) film, the electropolymerization
was performed in an acetonitrile solution containing oPD
monomer and HCSA without using any electrolyte. But the
white colored o-phenylenediaminium camphorsulfonate salt
which was formed in this medium was not dissolved adequately.
For this reason, the use of an acetonitrile—water mixture was
planned as solvent and the range of 2-10% (v/v) water was
added to acetonitrile. As the amount of water increased, the sol-
ubility of salt gradually increased and finally it totally dissolved
at 7% water ratio. POPD—CSA polymers were electrosynthesized
between —0.4 and 2.2 V with 50 cycles on Pt electrode in these
acetonitrile-water solutions, including 0.1 mol L' oPD and 0.2
mol L' HCSA. When the first cycles of these voltammograms
were compared, it was observed that the oxidation peak poten-
tial of the protonated oPD monomer gradually shifted to 1.8 V
from 1.4 V up to 6% water ratio, and then again decreased to
about 1.4 V in the solution of 10% water. Also, the intensity of
this peak increased up to 6% water ratio, and then it remained
almost stationary. Besides, the most regular decrease in the oxi-
dation peak intensities was determined at 6% water ratio when
compared the successive cycles. Figure 1 shows the cyclic vol-
tammogram recorded during electrosynthesis of PoPD-CSA in
94% acetonitrile-6% water medium including 0.1 mol L™' oPD
and 0.2 mol L™' HCSA. In the first scan, the anodic current
starts to increase at about 0.15 V and reaches to maximum
value at 1.8 V, which corresponds to the oxidation of proto-
nated oPD monomer. This irreversible peak shifts to negative
potential and its intensity gradually decreases during the subse-
quent scans. The reduction waves appear at more negative
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Figure 1. CVs recorded during the electrosynthesis of PoPD—-CSA between
—-0.4 V and 2.2 V with 50 cycles on Pt electrode in 94% acetonitrile-6%
water medium containing 0.1 mol L~ ! oPD, and 0.2 mol L™ HCSA, v =
25 mV s~

potentials than 0.0 V in the reverse scans. These differences
observed for each cycle could indicate the growth of the poly-
mer. Indeed, it was observed that a brown-black colored film
formed on the electrode surface at the end of 50 cycles
scanning.

The formation of the polymer can be summarized as follows.
The protonated oPD monomer is oxidized at the positive
potentials from 0.15 V in this medium forming its cation radi-
cal, then these radicals couple to form dimer as in the case of
electropolymerization of aniline. The dimer cation radical reacts
with the monomer cation radical, which is also formed at the
potentials of monomer oxidation. Continuation of the same
type reactions results in the formation of the oligomers and
eventually the polymer.**”’

The effect of water content in acetonitrile on the amount of
PoPD-CSA film deposited on Pt electrode was investigated. The
total charge quantity which passed between 2nd and 50th cycles
during electropolymerization versus the amount of water % in

50 +

30 -

Charge / mC

10 -

0 1 1 1 1 1
0 2 4 6 8 10

Water ratio / %
Figure 2. Plot of the total charge quantity passed between 2nd and 50th
cycles during the electrosynthesis of PoPD-CSA versus the water ratio %
in acetonitrile.
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Figure 3. CVs recorded during the electrosynthesis of PoOPD-ClO, between
0.1 Vand 1.9 V with 50 cycles on Pt electrode in the acetonitrile solution
containing 0.1 mol L™" oPD and 0.2 mol L™! HCIO,, v = 25 mV s~ .

solution was plotted and given in Figure 2. It is known that the
amount of film deposited on the electrode surface can be pre-
sumed to be proportional to the charge that passed during elec-
tropolymerization.”™* As seen in Figure 2, the rise in the yield
of polymer is proportional to water concentration up to a maxi-
mum value around 6%. This could be a result of increased solu-
bility of the monomer. After this point, the excess of water
limits the amount of the polymer formed. This might be due to
the increasing solubility of the CSA™ doped oligomeric species.
It is determined that the most suitable solvent is 94% acetoni-
trile and 6% water mixture for the formation of PoPD-CSA
polymer. This result shows that the water content of polymer-
ization solution is an important parameter during the electro-
polymerization of protonated oPD monomer on the Pt
electrode surface.

For comparison, perchlorate doped poly(o-phenylenediamine)
(PoPD—CIO,) film was electrosynthesized on Pt electrode in ace-
tonitrile solution containing 0.1 mol L™ oPD and 0.2 mol L™
HCIO,. Figure 3 shows the cyclic voltammogram recorded dur-
ing electrosynthesis of this film. The oxidation of protonated
oPD monomer starts at about 0.9 V and reaches the maximum
value at 1.7 V in the first cycle. As the cycle number increases,
the oxidation peak potential shifts to negative potentials and its
current intensity decreases in each successive cycle as in the case
of PoPD-CSA. After the first scan, the intensities of the broad
peaks at about 0.3 and 0.25 V due to the oxidation and reduc-
tion of the PoPD-CIO, film increase and shift to more anodic
and cathodic values as the film grows, respectively. The oxida-
tion peak of this film is observed in contrast to the case in
PoPD-CSA polymer. In other words, the oxidation and reduc-
tion peaks of the PoPD-ClO, film are more reversible than that
of other polymer. This could indicate the resistivity of PoPD-
CSA film. As a result, a thin film with orange-brown color was
observed on the electrode surface after 50 cycles scanning.

To determine the optimal molar ratio of monomer to acid, the
PoPD films were formed from solutions including the fixed con-
centration of acid (0.2 mol L™' HCSA or HCIO,) and the varying
concentration of oPD (0.025—0.2 mol L™"). The charge quantities
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that passed between 2nd and 50th cycles during the formation of
PoPD-CSA and PoPD-ClO, polymers versus monomer concen-
tration were plotted (Supporting Information Figure S1). The
optimum monomer concentrations were 0.1 mol L™' for PoPD—
CSA film and between 0.1 and 0.125 mol L' for PoPD-ClO,
film. In this medium, the concentration ratio of monomer to acid
is about 1:2; in other words, both amine centers in 0PD monomer
might be protonated within the equilibrium state. The existence
of sufficient amounts of protonated monomer in the electrode
region provides the necessary condition for the stability of the cat-
ion radicals.’® It can be concluded that monomer, dimer and
oligomer cation radicals are stable under this condition for the
growth of polymer chain.

Characterization of PoPD Polymers

FTIR Spectra. Figure 4(a,b) shows the FTIR spectra of PoPD—
CSA and PoPD-ClO, films on Pt electrode, respectively. In the
spectrum of PoPD—CSA film, the bands at 3368 and 3196 cm ™'
are due to the N-H stretching vibrations of the —NH, and
—NH groups in polymer chain.'®*** The band observed at
1626 cm ™' can be assigned to the C=N stretching vibrations in
phenazine ring.'®****?> The band located at 1530 cm ™' can be
attributed to the C=C stretching vibrations in phenazine
ring.”**> The band at 1373 cm ™' is related to the C—N stretch-
ing vibrations in quinoid rings.'®*"*>**** The band at 1227
cm~ ' corresponds to the C—N stretching vibrations in benze-
noid rings.***** The C—H in-plane bending vibration of the
substituent benzene rings is observed at 1150 cm ™ ',>*° while
the C—H out-of-plane bending vibrations of the substituent
benzene rings are observed at 854 cm ' and 758 cm ™~ !.!217%3°
The bands at around 2957 c¢cm™' and 2887 cm™' can be
assigned to both C—H stretching vibrations in aromatic rings
and C—H stretching vibrations of the CH, and CH; groups of
CSA™, respectively.”>” In addition, the bands at nearly 1734
cm~ ! and 1036 cm ™' are assigned to the C=0 and the S=O
groups, respectively.’’ These bands indicate the presence of
CSA™ as dopant ion in the structure of polymer.

In Figure 4(b), the main bands of the PoPD-ClO, polymer
backbone are nearly similar to that of the PoPD-CSA. The
stretching vibrations of the ClO, anion are observed at

1734
1530

8 |(a) PoPD-CSA
§
E
5
—
F o
g & g §¥sa
@ o o AR
5
(b) PoPD-CIO, BE
oo b e e by by e Ty
4000 3500 3000 2500 2000 1500 1000

Wavenumber / cm™'
Figure 4. FTIR spectra of (a) PoPD-CSA and (b) PoPD-CIO, films.

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.39864



http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

SEI 250KV X1,500 10pm WD 10.1mm

100kV  X1,500

WILEYONLINELIBRARY.COM/APP

CIENCE

100KV X1,500 10pm WD 94mm

10.0kV  X8,000

Tum WD 8.6mm

Figure 5. FESEM micrographs of (a) Pt, (b) Pt/PoPD-CSA, (c) Pt/PoPD-CSA/GOx, (d) Pt/PoPD-CSA/GOx, (e) Pt/PoPD—ClOy4, and (f) Pt/PoPD-ClO,/
GOx electrodes (while the image of (d) was magnified 8000 times, the other images were magnified 1500 times).

1109 cm™ ' and 1089 cm™".** The ratio of the peak intensity of
the C=N and C=C vibrations to the S=O vibration for PoPD—
CSA are bigger than the ratio of the C=N and C=C vibrations
to the ClO,  vibration for PoPD-ClO,. In other words, the
amount of dopant anion in the PoPD-CSA film is less than that
of the PoPD-CIO, film. This result shows that the ladder struc-
ture is dominant species in PoPD—CSA film.

Dry Conductivities. The dry conductivity values of polymer
films were measured using the four-probe measuring technique.
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The conductivity values of PoPD-CSA and PoPD-ClO, films
were about 2.0 X 10°°S cm ™" and 1.0 X 107> S cm™ ', respec-
tively. The poor conductivities could be due to the deficiency of
charge carriers on PoPD polymer backbone or due to the low
mobility of carriers.”® In some previous studies, the conductiv-
ity values of PoPD films synthesized in aqueous medium were
reported to be 43 X 107" S em™" ', 223 X 1077 Sem ™' ¥
in the presence of hydrochloric acid and 4.0 X 1077Scem '8
2.9 X 1072 S cm™! % in the presence of sulfuric acid, respec-
tively. In this study, the dry conductivity value of PoPD-CSA is
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Figure 6. CVs of (a) Pt, (b) Pt/PoPD-CSA, (c) Pt/PoPD-ClO,, (d) Pt/

PoPD-CSA/GOx, and (e) Pt/PoPD-CIO,/GOx electrodes recorded in

1.0 mol L™! KCl solution containing 5 mmol L' Fe(CN)e 7, v =

50 mV s L.

five times less than that of PoPD-ClO,, which is due to the
decreasing conjugation length of polymer chains or the size
effect on mobility of counter anion (CSA™) in polymer.3 8

FESEM Micrographs. Figure 5 shows FESEM micrographs of
bare Pt, Pt/PoPD-CSA, Pt/PoPD-CIO,, Pt/PoPD-CSA/GOx, and
Pt/PoPD-ClO,/GOx electrodes. Pt/PoPD—ClO, exhibits rough
structures. On the other hand, PoPD—CSA film exhibits smooth
structures with cracks between them. These cracks can result
from the ladder structure of PoPD-CSA, which is dominant
species in the polymer."*®*" As seen in Figure 5, the surface
images of GOx immobilized PoPD films are different from those
of PoPD films. While the globular particles have been observed
on the surface of Pt/PoPD-CSA/GOx electrode, a more compact
structure has been observed on the surface of Pt/PoPD-ClO,/
GOx electrode. Consequently, it can be concluded that GOx
enzyme is immobilized on the surface of PoPD films.

Electrochemical Behaviors. The electron transfer of ferro-
ferricyanide ion (Fe(CN)s> 7)) through the modified electrode
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could be used as a useful tool to monitor the electrode con-
struction process.*> The effect of PoPD—-CSA and PoPD-ClO,
films with and without GOx on electron transfer features of Pt
electrode was investigated in 1.0 mol L' KCI solution contain-
ing 5 mmol L™" Fe(CN)s> "*". Figure 6 shows the cyclic vol-
tammograms of Fe(CN)s" '*~, obtained on bare and polymer
coated Pt electrodes. A well-defined redox peak is observed for
bare Pt and Pt/PoPD-CSA on the contrary to the other electro-
des. In the case of PoPD-ClO,, the peak currents considerably
decrease on the PoPD-CIO, electrode when compared to that
electrode. While the peak-to-peak separation of
Fe(CN)> ™4™ waves (Epa — Epc = AE,) is 60 mV for the Pt
electrode, the AE, are 80 and 160 mV for the Pt/PoPD-CSA
and Pt/PoPD-ClO, electrodes, respectively. These observations
indicate that oxidation and reduction of Fe(CN)g> /4~ predom-
inantly occurs on Pt surface instead of polymer coating due to
the cracks especially for the Pt/PoPD-CSA. However, the peak
currents significantly decrease at Pt/PoPD-CSA/GOx, and Pt/
PoPD-ClO,/GOx electrodes as seen in Figure 6, which are con-
siderably block oxidation and reduction reactions of the
Fe(CN)g>™"*™ redox probe.*>** This means that the PoPD—CSA
and PoPD-CIlO, films and their cracks are covered with GOx
enzyme after immobilization.

EIS Spectra. Electrochemical impedance spectrum (EIS) is an
effective method to investigate the electrical properties of modi-
fied electrodes and for understanding electrochemical reaction
rates. In a typical impedance spectrum, Nyquist curve consists
of a semicircle part at high frequencies and a linear part at low
frequencies. The semicircle part and the linear part correspond
to the electron transfer limited process and the diffusion limited
process, respectively. The diameter of the semicircle equals to
electron transfer resistance (R..).* Figure 7 shows the EIS of
PoPD coatings with and without GOx and also bare Pt elec-
trode. The Nyquist impedance plots of bare Pt and Pt/PoPD-
CSA electrodes present nearly a straight line at all frequencies.
The R, values of the Pt and Pt/PoPD-CSA electrodes are very
small. The resemblances of EIS spectra confirm the presence of
the cracks in the resulting PoPD-CSA polymer. The Nyquist
impedance curves of Pt/PoPD-ClO,4, Pt/PoPD-CSA/GOx, and

(A) (B)
1.4 o (El) Pt o 9 A (C) ]:'iﬂ:’()l"[)-cl()4
“[ o (b)PUPoPD-CSA o 3b | @ e & (d) PYPoPD-CSA/GOX
12k - 6 LT RE, #  (e) P/PoPD-CIO /GOX
o *
1.0F o B 3
= a .
Zosf o g |°
= o ;"’ 0 4 8 12 16
Nosl o )
=] L (c) d
1 (d)
04} oo o
g 00 Q680 00 G0t
" M W
0'0 1 'l 1 1 1 1 1 0 1 L 1 1
00 02 04 06 08 1.0 12 14 0 1 2 3
7' (k) 7' (kQ)

Figure 7. (A) Nyquist plots of (a) Pt, (b) Pt/PoPD-CSA, (B) (c) Pt/PoPD-ClO,, (d) Pt/PoPD-CSA/GOx, and (e) Pt/PoPD-ClO,/GOx electrodes recorded

in 1.0 mol L™ ! KCI solution containing 5.0 mmol L™ ! Fe(CN)> /4~
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Figure 8. Calibration curves of glucose obtained at +0.7 V versus Ag/AgCl for (a) Pt/PoPD-CSA/GOx and (b) Pt/PoPD-ClO,/GOx electrodes (0.15

mol L™! PBS, pH 7.0).

Pt/PoPD-CIO,/GOx electrodes exhibit a depressed semicircle at
high frequencies and a straight line at low frequencies (Figure 7)
and their R, values are about 740, 2940, and 16,700 ohm, respec-
tively. As a result, the R, values significantly increase, when the
GOx enzyme is immobilized on the polymer-coated electrode sur-
face. It is suggested that GOx layer behaves as an obstacle to elec-
tron transfer at the electrode surface. Furthermore, the electron
transfer property of Pt/PoPD—CSA/GOx is higher than that of Pt/
PoPD-ClO,/GOx due to the CSA™ as dopant when compared to
their R, values.

Determination of Glucose

H,0, Sensitivity of Pt and Pt/PoPD Electrodes. Supporting
Information Figure S2 illustrates the relationship between the
current difference values and H,O, concentration at +0.7 V
versus Ag/AgCl for Pt, Pt/PoPD—CSA, and Pt/PoPD-CIO, elec-
trodes. The slopes of curves are quite similar to each other
when compared. While the PoPD film selectively allows the per-
meation of H,O,, which is a small molecule, it limits the access
of large molecules to the electrode surface.”® It can be con-
cluded that the PoPD coated electrodes can be used to develop
enzyme electrodes based on the oxidation of H,0, formed from
the reaction between substrate and enzyme.

Glucose Sensitivity of Pt/PoPD/GOx Electrodes. The Pt/PoPD-
CSA/GOx and Pt/PoPD-ClO,/GOx electrodes were prepared
from the PoPD coated electrodes by immobilizing GOx enzyme
using glutaraldehyde. The responses of these electrodes toward
glucose were determined via monitoring the current corre-
sponding to the oxidation of the enzymatically produced H,0,
at +0.7 V versus Ag/AgCl. The calibration curves for glucose
obtained for Pt/PoPD-CSA/GOx and Pt/PoPD-ClO,/GOx elec-
trodes are shown in Figure 8. The linear concentration ranges
of Pt/PoPD-CSA/GOx and Pt/PoPD-ClO,/GOx electrodes were
determined to be 9.6 X 107 to 8.2 mmol L' and 4.6 X 10~?
to 8.2 mmol L™, respectively. Forzani et al. have reported that
the normal clinical range for glucose in blood is between 3.5
and 6.1 mmol L™".* The performance properties of some
amperometric glucose biosensors based on PoPD reported in lit-
erature are given in Table I to be compared with the results of
our study. The Pt/PoPD-CSA/GOx and Pt/PoPD-ClO,/GOx
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electrodes can be used for the determination of glucose when
compared the sensitivity and linear range of the enzyme electro-
des in literature. In addition, it is desired to obtain the highest
imax and lowest K, for construction of enzyme electrodes.’® The
K., and i, were determined to be 11.90 mmol L' and 42.17
pA for Pt/PoPD—CSA/GOx electrode and 14.26 mmol L™ and
11.26 pA for Pt/PoPD-ClO,/GOx electrode by using nonlinear
curve fitting analysis, respectively. The obtained K, values are
smaller than those reported for glucose biosensors that include
14.2 mmol L™" for Pt/PoPD/GOx,” 25.04 mmol L™ for RVC/
Pt/PoPD/GOx,° 29 * 4 mmol L™' for Pt/PoPD/GOx,” 22.0 *
2.0 mmol L™ for Pt/PoPD/GOx® electrodes, and 22.71 mmol
L™" for Pt/PPy-GOx/PoPD electrode.” This result shows that
the Pt/PoPD-CSA/GOx and Pt/PoPD-CIO,/GOx enzyme elec-
trodes possess a higher affinity to glucose than that of the afore-
mentioned biosensors.

The limit of detection (LOD) of the Pt/PoPD-CSA/GOx and Pt/
PoPD—ClO,/GOx electrodes were determined to be 6.5 X 107>
mmol L™" and 3.0 X 10™* mmol L™ (S/N = 3), respectively.
LOD values are calculated according to following equation:

LOD=—
m

where s is the standard deviation of the background current
(three runs), m is the slope of the related calibration curve. It
can be concluded that the performance characteristics of these
electrodes can compete with electrodes previously reported in
the literature.

If the enzyme electrodes prepared in this study are compared, it
can be seen that the Pt/PoPD-CSA/GOx enzyme electrode
shows a higher linear concentration range and sensitivity
(Table I). This can be due to three reasons. One of them is that
the ratio of the ladder to benzenoid structures in PoPD-CSA
polymer should be different from that in the PoPD-ClO, poly-
mer. The ladder structure are the dominant species in the
PoPD-CSA film prepared with the large sized CSA™ dopant
when considered the colors of the resulted film and the conduc-
tivity values and the FTIR results mentioned above. Secondly,
the electron transfer property of Pt/PoPD-CSA/GOx is better
than that of Pt/PoPD-ClO,/GOx according to EIS results.
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Figure 9. Relationship between the (1/glucose concentration) and (1/current difference) (Lineweaver—Burk curves) at +0.7 V versus Ag/AgCl for (a)
Pt/PoPD-CSA/GOx and (b) Pt/PoPD-ClO,/GOx electrodes (0.15 mol L™ ' PBS, pH 7.0).

Thirdly, the covalent bonding between PoPD-CSA polymer and
GOx enzyme may be stronger than that of PoPD-ClO, polymer
in PBS.”

In this study, the relationship between the (1/glucose concentra-
tion) and (1/current difference) (Lineweaver—Burk curves) was
also plotted as the second method to determine of the linear
concentration ranges of biosensors. The graphics for Pt/PoPD-
CSA/GOx and Pt/PoPD-ClO,/GOx electrodes are shown in Fig-
ure 9. The linear working ranges of Pt/PoPD-CSA/GOx and Pt/
PoPD-ClO,/GOx electrodes were determined to be 4.6 X 1072
to 100 mmol L™ (R* = 0.996) and 3.3—94 mmol L™ ! (R*> =
0.997), respectively. The upper value of the linear concentration
ranges is higher than that of the first method (calibration
curves). As a result, extremely high concentration of glucose
can be determined by the second method.

Interference Studies. The presence of interferences, such as
ascorbic acid (AA), uric acid (UA), and urea (U), in the biolog-
ical sample can block the signal of glucose. The physiological
level of glucose is about 50 times higher than that of interfering
species.” In this study, the performance of the (a) Pt/PoPD-
CSA/GOx and (b) Pt/PoPD-ClO,/GOx electrodes was evaluated
in the presence of 0.1 mmol L' AA, 0.1 mmol L™' UA, and

0.8 mmol L™! U of the matrix (Figure 10). While each addition
of electroactive species almost did not cause any increment in
the current, the additions of glucose of 1.0 mmol L™ " a remark-
able increase showed in the current. The results indicate that
the proposed sensors have good selectivity for detection of glu-
cose. These biosensors can be used in determination of glucose
in the presence of such electroactive interfering species.

Reusability and Storage Stability of Pt/PoPD-CSA/GOx and
Pt/PoPD-ClO,/GOx Electrodes. To evaluate the reusability of
biosensors, three calibration curves were successively plotted
according to amperometric response to glucose concentration in
linear range using the same enzyme electrode. The relative
standard deviation of the slopes of the calibration curves of Pt/
PoPD-CSA/GOx and Pt/PoPD-CIO,/GOx electrodes were found
to be 2.6 and 4.1%, respectively (Supporting Information Figure
S3). This result shows that the reusability of the enzyme electro-
des is extremely adequate and these electrodes can be used for
many analyses.

The storage stability of the biosensors was examined by amper-
ometric response to 1.0 mmol L™ glucose in PBS (pH = 7.0,
0.15 mol L™'). After each measurement, the biosensors was
washed with PBS and stored in a refrigerator at 4°C. The

(a) (b)
0F 8r AA UA U G 40} 5r AA UA U G
1 NI A
40 H
e
< <301 ’ J l - -
Z30b = 2 H
& = )
g g 20 F
=1 20 F j=) 0 I 1 1 | L ! !
© 2900 3000 3100 3200 3300 3400 3500 3600 © 3600 3700 3800 3900 4000 4100 4200 4300
°l ,J " L \
’J——l—
0 (el | 0 CL 1 1 1 1 1

1000 1500 2000 2500 3000 3500
Time /s

0 500
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Time /s
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Figure 10. Effects of interfering AA, UA, and U on the amperometric response of the (a) Pt/PoPD-CSA/GOx and (b) Pt/PoPD-ClO,/GOx electrodes to

glucose at +0.7 V versus Ag/AgCl (0.15 mol L™ ' PBS, pH 7.0).
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Pt/PoPD-CSA/GOx electrode presented no remarkable decrease
in current response in the first 3 weeks. The electrode was able
to continue about 95% and 48% of the initial current response
after 3 weeks and 1 month of storage, respectively. The Pt/
PoPD-ClO,/GOx electrode retained 66% and 50% of its initial
current response to glucose after 5 and 10 days, respectively.
The Pt/PoPD-CSA/GOx electrode exhibited higher long-term
stability than the Pt/PoPD-ClO,/GOx electrode. This result can
possibly be contributed to the covalent bonding and interaction
of the PoPD—CSA film and GOx is stronger than that of PoPD-
ClO, film. The covalent bonding of GOx on the Pt/PoPD-CSA
electrode avoids its leaching from the electrode surface to solu-
tion during process and storage.>>

CONCLUSIONS

The electrochemical synthesis of PoPD film was performed for
the first time in acetonitrile-water medium containing oPD
monomer and HCSA on Pt electrode by using cyclic voltammetry
method. The enzyme electrode that was prepared by immobiliz-
ing GOx enzyme using glutaraldehyde upon the PoPD-CSA
coated electrode was examined to determine the glucose. The per-
formance properties of this electrode were compared to those of
Pt/PoPD-CIO, coated electrode that was prepared in the presence
of HCIO,. The Pt/PoPD—CSA/GOx enzyme electrode possesses a
higher affinity and sensitivity to glucose than that of Pt/PoPD—
ClO,/GOx electrode due to the CSA™ ion as dopant. This elec-
trode with low detection limit can be applied in a very wide linear
range to determine of glucose. Furthermore, the sensor can be
used in many analyses due to having highly reusability and nearly
interference-free. Consequently, the performance characteristics
of these electrodes can compete with those of other electrodes
previously reported in the literature.
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