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A novel highly sensitive electrochemical carboxymethylcellulose-gelatin-TiO,—superoxide dismutase biosensor
for the determination of 05~ was developed. The biosensor exhibits high analytical performance with a wide
linear range (1.5 nM to 2 mM), low detection limit (1.5 nM), high sensitivity and low response time (1.8 s).
The electron transfer of superoxide dismutase was first accomplished at the carboxymethylcellulose-gelatin-
Pt and carboxymethylcellulose-gelatin-TiO,-Pt surface. The electron transfer between superoxide dismutase
and the carboxymethylcellulose-gelatin-Pt wihout Fe(CN)g >~ and carboxymethylcellulose-gelatin-Pt, car-
boxymethylcellulose-gelatin-TiO,-Pt with Fe(CN)& /3~ is quasireversible with a formal potential of 200 mV,
207 mV, and 200 mV vs Ag|AgCl respectively. The anodic (ks,) and cathodic (ks.) electron transfer rate constants
and the anodic (c,) and cathodic («.) transfer coefficients were evaluated: ks,=6.15 s~ !, @, =0.79, and ks, =
148 s7! a.=0.19 for carboxymethylcellulose-superoxide dismutase without Fe(CN)g /3, ks,=6.77 s~ ',
0,=0.87, and ks;=1s"! a=0.13 for carboxymethylcellulose-superoxide dismutase with Fe(CN)d=/">~,
ks,=6.85s"!, «,=088, and ks.=0.76s"! a=0.1 carboxymethylcellulose-gelatin-TiO,-superoxide
dismutase. The electron transfer rate between superoxide dismutase and the Pt electrode is remarkably en-
hanced due to immobilizing superoxide dismutase in carboxymethylcellulose-gelatin and TiO, nanoparticles
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tend to act like nanoscale electrodes.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Superoxide dismutases (SOD) which play an important role in cell
protection mechanisms against oxidative damage from reactive oxygen
species are ubiquitous metalloenzymes in oxygen-tolerant organisms
[1-3]. Oxygen radicals has attracted considerable attention due to their
harmful interaction with biological molecules and their involvement in
signaling pathways. Superoxide radical (03"), the primary species of
the reactive oxygen species (ROS), plays a central role in physiological
processes [4-6]. Under normal metabolic conditions, O3~ is produced
at a rate that is matched by the capacity of tissue to catabolize them
[7]. When its production exceeds the body's natural ability to deal
with the potentially cytotoxic species, a variety of pathological condi-
tions may result including cancer, stroke, and neurodegeneration [8].

In plants, O3~ is commonly produced in illuminated chloroplasts
by the occasional transfer of an electron from an excited Chl molecule
or PSI components under conditions of high NADPH/NADP ratios
to molecular O, [9]. Various environmental perturbations, such as
hyperoxia, herbicides, pathogens, ozone, temperature fluctuations,
and other stresses are known to induce O5 formation in most aerobic

* Corresponding author.
E-mail address: eemregul@yahoo.com (E. Emregul).

1567-5394/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.bioelechem.2012.09.002

organisms [9]. In order to understand the role of O3~ in pathology and
physiology and the relationship between O3~ and environmental
stresses, it is essential to determine O3 in a variety of in vitro and
in vivo models. Therefore, the quantitative determination of O3~
concentrations and the beneficial effects of antioxidant compounds
is of great interest to the medical community. Due to its low con-
centration, high reactivity, and short lifetime, it is still an analytical
challenge to detect the local concentration of O3, especially in the
biological systems. Determination of free radicals is usually carried
out with spectrometry, fluorometry, chemiluminensence, and elec-
tron spin resonance [10-18]. Electron transfer reactions from redox
enzymes, to electrodes have been widely studied, due to their signif-
icant assignments in physiological reactions, biotechnology and also
in the development of biosensors and bioelectronic devices [19-23].
Protein electrochemistry has been shown to allow real-time, on-line
quantification of radical concentrations. Recent attempts have con-
centrated on electrochemical methods due to their direct, real-time
measurements and capability for in vivo detection [24-27]. Mostly,
copper, zinc-superoxide dismutase (Cu, Zn-SOD)-immobilized elec-
trodes have paved an elegant way to detect O3 . SODs catalyze the
dismutation of O3~ to O, and H,0, via a cyclic oxidation — reduction
electron-transfer mechanism and are widely distributed among aero-
bic organisms and show high rate constants, up to the order of
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10° M~ s~ 1. They are distinguished by a highly uncommon specificity
to O3~ [28,29]. Therefore, SOD, a specific enzyme for O3~ dismutation,
offers great potential for the sensitive and selective quantification of
05 in the development of biosensors. Various studies releated to
direct electron transfer of Cu, Zn-SOD at electrode surface have been
performed [30-42].

Electrochemical impedance spectroscopy (EIS) is a powerful, non-
destructive and informative technique, which can be used to study
the electrical properties of almost any sensing device interface [43].
In recent years, the potential application of this technique to the
immunosensors for a broad set of applications has been examined
[44-47]. EIS is capable of investigating electrode processes and deter-
mining diffusion kinetics as well as mass-transport parameters [48].
The electrochemical complex impedance (Z) can be represented as a
sum of the real (Z..) and imaginary (Z;,) components that originate
generally from the resistance and capacitance of an electrolytic cell,
respectively. Bode plot and Nyquist plot are the commonly used
two types of impedance graphs. While semi-circle part of the nyquist
plot gives information about capacitance and resistance, lineer part
shows diffusive effects.

In recent years, nanomaterials have attracted extensive interest for
their unique properties in various fields (such as catalytic, electronic,
and magnetic properties) in comparison with their bulk counterparts.
Oxide nanoparticles are often used to immobilize biomolecules due to
their biocompatibility, while semiconductor nanoparticles are often
used as labels or tracers for electrochemical analysis [49]. TiO, nano-
particles, the best known semiconductor with its 3.2 eV band gap en-
ergy, were used for several electrochemical applications [50-52]. Due
to its good biocompatibility, high conductivity and low cost, TiO, in
various forms such as nanoparticles, nanoneedles and nanotubes,
has become an attractive electrode material for electrochemical sen-
sors and biosensors applications [52-54].

Previously highly sensitive SOD biosensor for the simultaneous
determination of O3~ was developed by immobilization of superoxide
dismutase using glutaraldehyde within carboxymethylcelulose-gelatin
on a Pt electrode surface by ourself [55]. The parameters affecting the
performance of the biosensor were investigated in detail. The response
of the previously developed CMC-G-SOD biosensor was proportional
to O3~ concentration and the detection limit was 1.25x 107> mM at a
signal-to-noise ratio of 3 with 2 s response time. The objective of this
study was the development of a novel highly sensitive electrochemical
CMC-G-TiO,-SOD biosensor for the determination of 05~ by immobili-
zation of SOD within a CMC-G-TiO, on a Pt electrode surface. The other
aim of this study was to determine the electrochemistry of immobilized
SOD within CMC-G using and wihout using Fe(CN)g ~>~ and CMC-G-
TiO, biosensor. Electrochemical properties of CMC-G-SOD Pt and CMC-
G-Ti0,-SOD electrode were determined using cyclic voltammetry (CV)
and EIS. The surface morphologies of the CMC-G, CMC-G-SOD, CMC-
G-TiO,, CMC-G-Ti0,-SOD electrode surfaces were investigated with
SEM.

2. Materials and methods
2.1. Materials

Superoxide dismutase (EC. 1.15.1.1, 4733 U mg ™!, from bovine
erythrocytes, xanthine oxidase (XOD; EC 1.1.3.22, 0.3 Umg™ !,
from milk), xanthine (2,6-dihydroxypurine) sodium salt, gelatin,
carboymethylcelulose and chemicals used for preparation of buffers
and cross-linking agents were purchased from Sigma (St Louis, MO,
USA). The chemicals titanium isopropoxide (TTIP) and isopropyl
alcohol (IPA) were purchased from Sigma-Aldrich and used without
further purification. Evonik Degussa P-25 TiO, nanoparticles were
used to compare. All measurements were performed with a Gamry
Framework Version 5.50.

2.2. Synthesis of TiO, nanoparticles

The hydrothermal synthesis of TiO, nanoparticles was performed
in an autoclave. The autoclave has an internal volume of 75 mL and
the temperature can be controlled by an external apparatus. The reac-
tor was loaded with appropriate amount of TTIP and IPA, and the
autoclave was put on a heater and temperature kept constantly at
150 °C for 6 h. Then the autoclave cooled to room temperature. The
product was washed by distilled water and ethanol and centrifuged.
The obtained product was dried in an oven at 70 °C for 4 h.

2.3. Electrolysis cell and electrodes

A three-electrode electrochemical cell comprising of a working,
counter, and reference electrode was used in all experiments. The
working (area 0.5 cm?) and counter electrodes were platinum(Pt);
their surfaces were polished using 0.05 um alumina slurry. The refer-
ence electrode was a Ag/AgCl electrode, introduced into the cell via
Luggin capillary.

2.4. Preparation of SOD biosensor

Polymer blends (CMC and gelatin) were prepared to obtain a final
weight of 3.75 mg polymer in final solution by dissolving them in
phosphate buffer (0.05 M, pH 7.4). Followed by addition of TiO,
(0.375 mg) to the polymer solution superoxide dismutase (4733 U,
1 mg) and glutaraldehyde (0.005 M) were then added to the support
system solution to obtain a final volume of 50 pL at 32 °C. The plati-
num foil electrode was covered with a total of 50 pL immobilization
gel, 25 UL on each side. The carboxymethylcellulose-gelatin-TiO,-
superoxide dismutase electrode (CMC-G-TiO,-SOD) was first left at
room temperature for 48 h to ensure a stable dry surface. Enzyme
leakage tests were performed for all electrodes by washing with
phosphate buffer (0.05 M, pH 7.4), three times, for 1 h each, at
25 °C. Enzyme leakage tests were performed for all CMC-G-TiO,-
SOD biosensors obtained. The process of the CMC-G-TiO,-SOD bio-
sensor was shown in Scheme 1.

2.5. Principle of method

The biosensor used to determine the O3~ was obtained by coupling
an amperometric electrode for hydrogen peroxide with the superox-
ide dismutase enzyme immobilized on G-CMC support system.

The capacity of the SOD biosensor was determined as follows: The
05 is produced in aqueous solution by oxidation of xanthine to uric
acid in the presence of xanthine oxidase:

XO0D —
Xanthine + H,0 + 0, —> Uricacid + 2H"+ 0 . (1)

Superoxide dismutase immobilized on the Pt electrode catalyzes
the dismutation reaction of the O3~ with release of oxygen and hydro-
gen peroxide according to Eq.

. . _sop
2H'+ 0, —> H,0,+0, 2)

The H,0, can be detected at the electrode surface in accordance
with Eq.

H,0,—2H"+ 0, + 2¢’ 3)

The current generated by oxidation of hydrogen peroxide at the
working electrode held at 650 mV relative to the Ag/AgCl electrode
is proportional to the concentration of O3~ in solution.
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Scheme 1. The process of the CMC-G-TiO,-SOD biosensor.

The reaction scheme on the electrode surface is as follows:

SOD[Cu(II)] + € e SOD[Cu(I)]

o05f-0, | onHr )¢

SOD[Cu(IL)]

+
H202

2.6. Measurement of procedure

All electrochemical measurements were performed in a standard
three-electrode thermostated Pyrex cell containing 15 mL 0.05 M
phosphate buffer, pH 7.4, at 25 °C. The working electrode was placed
in the cell and allowed to stabilize with a constant stirring rate of
1000 rpm. After addition of the XOD enzyme (0.7 U), different concen-
trations of xanthine (1.25x10~>-2 mM) were added to the solution.
The EIS measurements were recorded within the frequency range of
0.01 Hz to 100 kHz at 220 mV open circut potential (Eoc). All the exper-
iments were performed at least three times to ensure reproducibility.

2.7. Test on healthy and diseased tissue

The biosensor response was investigated on healthy and cancerous
brain tissue, meningioma (grade I, WHO 2000). Healthy or cancerous
brain tissue (0.5 g) was homogenized in distilled water (3 mL) using
a Bandalin homogenizer. The biosensor was left to stabilize in a cell
containing phosphate buffer (0.05 M, pH 7.4) with magnetic stirring,
until the response became constant. A solution of homogenized healthy
or cancerous brain tissue (500 pL) was added and the biosensor re-
sponse was recorded. The tissues were stored at —20 °C before use.

3. Results and discussion

The development of highly sensitive superoxide dismutase biosensor
for the simultaneous determination of superoxide radicals by immobili-
zation of superoxide dismutase within carboxymethylcelulose-gelatin
on a Pt electrode surface has previously been accomplished [55]. The

parameters affecting the performance of the biosensor were investigat-
ed in detail. The response of the CMC-G-SOD biosensor was proportion-
al to 05~ concentration and the detection limit was 1.25x 103 mM
with a correlation coefficient of 0.9994 at a signal-to-noise ratio of 3.
The response time of the developed biosensor was 2 s [55]. In this
study a new CMC-G-TiO,-SOD was developed and the electrochemistry
of immobilized SOD within CMC-G and CMC-G-TiO, biosensor was
studied. The parameters affecting the performance of the CMC-G-
TiO,-SOD biosensor were investigated in detail using CV and EIS. The
surface  morphologies of the CMC-G, CMC-G-SOD, CMC-G-TiO,,
CMC-G-TiO,-SOD electrode surface were investigated with SEM.

3.1. SEM characterizations of the biosensor

The surface morphologies of the CMC-G, CMC-G-SOD, CMC-G-
TiO,, CMC-G-SOD-TiO, films were investigated with SEM and the im-
ages are shown in Fig. 1. The surface morphological images of CMC-G
show a typical highly microporous structure on the Pt electrode surface
(Fig. 1A). The image obtained from the CMC-G-SOD shows that SOD are
distributed onto the microporous structure of CMC-G (Fig. 1B). When
SOD is assembled onto the films of CMC-G polymer, the microporous
structure of the CMC-G is seen blur, indicating that SOD biomolecules
have been immobilized successfully on the surface of electrodes. The
surface area was increased after the seeding of TiO, nanoparticles to
the polymer (Fig. 1C). The enhancement of surface area with TiO,
nanoparticles increased the SOD immobilization (Fig. 1D).

3.2. Optimization of CMC-G-TiO,-SOD biosensor

Different parameters affecting the biosensor performance name-
ly CMC-G ratios (0.05-0.25 w/w), glutaraldehyde concentration
(0.0025-0.01 M), TiO, nanoparticle (0.01-0.5 mg) and SOD concen-
tration (2400-9500 U) during the fabrication process of the biosen-
sor was investigated. The optimum values obtained for CMC-G ratio,
glutaraldehyde concentration, TiO, nanoparticle, SOD concentration
were 0.1 w/w, 0.005 mM, 0.375 mg, and 4733 U respectively. The opti-
mization experiments for each parameter were performed using both
EIS and CV.

3.2.1. Cyclic voltametry of CMC-G-SOD, CMC-G-TiO»-SOD,
CMC-G-Degussa-SOD biosensors

CMC-G-SOD electrode was used to investigate the electron transfer
between SOD and electrode surface. The CVs of CMC-G-Pt electrodes in
the presence and absence of SOD, and CMC-G-SOD biosensor in 0.05 M
PBS (pH 7.4) in the applied potential range from —0.5 to +0.5 V at a
scan rate of 50 mV s~ ' are shown in Fig. 2A. The electron transfer to
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Fig. 1. SEM images of CMC-G (A); CMC-G-SOD (B); CMC-G-TiO; (C); CMC-G-TiO,-SOD biosensor (D) at 10 kV.

SOD on the G-CMC film was performed without any mediators. The
current density values of the CMC-G-Pt electrode was seen to slightly
increase in the presence of SOD compared with releation to absence of
SOD (Fig. 2A, b and c). In addition, xanthine oxidase alone did not
cause any electrochemical response at the Pt electrode and no redox
peaks were obtained at the bare platinum electrode, only small charge
currents were observed at the platinum surfaces in PB (0.05 M,
pH 7.4). An obvious increase in reduction and oxidation peaks which
can be ascribed to the electron transfer of the SOD was observed with
the CMC-G-SOD electrode (Fig. 2Aa). The result indicates that the
SOD is effectively immobilized on the CMC-G and provides the neces-
sary conduction pathways. The results suggest that the electron transfer
of the SOD can be well-promoted on the G-CMC Pt electrode and the
SOD-based biosensors show an bifunctional electrocatalytic activity
toward O; .

The formal potentials (E” = (E.+ Ep¢)/2) of SOD where E,, ; and E,, ¢
are the anodic and cathodic peak potentials respectively, confined on
G-CMC Pt surfaces are estimated to be 200 mV vs Ag|AgCl. These values
are mostly within a range from 0.04 to 0.403 V vs normal hydrogen elec-
trode (NHE) reported for the SODs in the literature [36-38,40,42,56,57].
The peak separation (AEy, defined as AE,=E,,, —E, ) of SOD (400 mV
at 100 mV s~ !) and the asymmetric anodic and cathodic peak currents
indicate that the electron transfer between SOD and the G-CMC Pt is
quasireversible.

Cyclic voltammetry of electroactive species, Fe(CN) , is an
available tool for evaluating the kinetic barrier of the interface [58,59].
Fig. 2B shows the CV graphs of Fe(CN)¢=>~ at CMC-G-SOD, and

4—/3—
6

CMC-G-TiO,-SOD, electrodes in 0.05 M pH 7.4 PB and CMC-G-SOD
electrode, CMC-G-TiO,-SOD electrode in 0.05 M pH 7.4 PB containing
xanthine (0.5 mM) and XOD (0.7 U). The formal potential of SOD con-
fined on CMC-G-SOD, and CMC-G-TiO,-SOD surfaces are estimated
to be 207 mV and 200 mV vs Ag/AgCl. The peak separation of SOD
(221,4 mV for CMC-G-TiO,-SOD and 293 mV for CMC-G-SOD at
100 mV s~ ') and the asymmetric anodic and cathodic peak currents
indicate that the electron transfer between SOD and CMC-G-TiO, is
quasireversible [26,36,37]. After modifying the electrode with CMC-G,
the peak belongs to Fe(CN)& 3>~ redox prob disappears. CMC-G film
layer acts as the inert electron transfer blocking layer, and thus prevents
the diffusion of Fe(CN)& ="~ to the electrode surface. On the contrary,
when TiO, nanoparticles were seeded to the electrode surface, the
voltammetric peak of Fe(CN)d~/>~ was increased. This is originated
from high surface area of nanoparticles which increases and promotes
the electron transfer rate [38,60]. The nanoparticles tend to act like
nanoscale electrodes thus promoting the electron transfer between
the analyte and the electrode surface. Immobilization of SOD decreased
the current response. The results indicated that the immobilized SOD in
CMC-G-TiO, could greatly promote the electron transfer between SOD
and the electrode.

Evonik Degussa P-25 TiO, nanoparticles were used as comparison
material in the development of biosensor to make a comparison with
synthesized TiO,. For this purpose CMC-G-Degussa-SOD electrode was
developed and used to investigate the electron transfer between SOD
and electrode surface. Fig. 2C shows the CV graphs of Fe(CN)¢ 3~ at
CMC-G-SOD, CMC-G-Degussa-SOD electrodes in 0.05 M pH 7.4 PB
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Fig. 2. (A) Cyclic voltammograms of CMC-G-SOD biosensor (a); CMC-G electrodes in the presence of SOD (b); and CMC-G-SOD in the absence of SOD (c) without mediator in
0.05 M pH 7.4 PB containing xanthine (0.5 mM) and XOD (0.7 U). Scan rate 100 mV s~ . (B) Cyclic voltammograms of CMC-G-SOD (d); CMC-G-Ti0,-SOD electrodes (b); in
0.05 M pH 7.4 PB and CMC-G-SOD (c); CMC-G-TiO,-SOD electrodes (a) in 0.05 M pH 7.4 PB containing xanthine (0.5 mM) and XOD (0.7 U). Solution composition: 0.1 M KCl,
5 mM Ks[Fe(CN)g]/K4[Fe(CN)g], pH 7.4. Scan rates 100 mV s~ . (C) Cyclic voltammograms of CMC-G-SOD (d); CMC-G-Degussa-SOD electrodes (b); in 0.05 M PB (pH 7.4) and
CMC-G-SOD (c); CMC-G-Degussa-SOD electrodes (a) in 0.05 M pH 7.4 PB containing xanthine (0.5 mM) and XOD (0.7 U). Solution composition: 0.1 M KCI, 5 mM Kj
[Fe(CN)g]/K4[Fe(CN)g], pH 7.4. Scan rates 100 mV s~ '. (D) Comparison of cyclic voltammograms; CMC-G-TiO,-SOD (a), CMC-G-Degussa-SOD (b), CMC-G-SOD (c) biosensors.
Solution composition: 0.1 M KCl, 5 mM Ks[Fe(CN)g]/K4[Fe(CN)g], pH 7.4. Scan rates 100 mV s~ .

and CMC-G-SOD, CMC-G-Degussa-SOD electrodes in 0.05 M pH 7.4 PB
containing xanthine (0.5 mM) and XOD (0.7 U). The formal potential
confined on CMC-G-Degussa-SOD surface is estimated to be 210 mV
vs Ag/AgCl, respectively. The peak separation of SOD (215 mV at
100 mV s~ ') and the asymmetric anodic and cathodic peak currents in-
dicate that the electron transfer between SOD and CMC-G-Degussa is
also quasireversible [26,36,37]. Degussa in CMC-G was also increased
the voltammetric peak of Fe(CN)& />~ but far extent much lower then
CMC-G-Ti0,-SOD.

Fig. 2D presents the the response comparation of CMC-G-SOD,
CMC-G-Degussa-SOD, and CMC-G-TiO,-SOD biosensors. The CMC-
G-TiO,-SOD biosensor was increased the current response 10.8
times compare to previously developed CMC-G-SOD biosensor with-
out using Fe(CN)g ~/*~. When the response of CMC-G-SOD, CMC-G-
Degussa-SOD, and CMC-G-TiO,-SOD biosensors compared the re-
sponse of CMC-G-TiO,-SOD biosensor was about a 2.1 and 3.6-fold
more than CMC-G-Degussa-SOD, CMC-G-SOD biosensor with
Fe(CN)g ~/>~ respectively.

CVs of the CMC-G-SOD electrode without Fe(CN)gd ">~ and
CMC-G-SOD electrode with Fe(CN)¢ />~ and CMC-G-TiO,-SOD
with Fe(CN)¢—/3~ at different scan rates were also obtained (Fig. 3).
The peak current was enhanced with the increasing of the scan rate.
Both anodic and cathodic peak current was proportional to the scan
rate from 20 to 1000 mV s~ . Linear regression equations were

expressed for CMC-G-SOD electrode without Fe(CN)a >~ as Ipa/uA =
(20.18) + (1.17) v/mV s~ ! with the slope of (1.18) pA (V s~ !) ~! foran-
odic peak and Ipc/uA=—(218)—(1.72) v/mV s~ ! with the slope of
-(1.72) pA (V s~ 1) ~! for cathodic peak, respectively. Linear regression
equations were expressed for CMC-G-SOD with Fe(CN)& >~ as Ipa/
PA=(32.5) +(0.99) v/mV s~ ! with the slope of (0.99) pA (Vs~1!) ~!
for anodic peak and Ipc/uA= —(46.3)—(0.38) v/mV s~! with the
slope of -(0.38) pA (V s™!) ~! for cathodic peak, respectively. Linear
regression equations were expressed for CMC-G-TiO,-SOD as
Ipa/uA=(673) +(6.03) v/mV s~ ' with the slope of (6.03) pA
(Vs~ 1)~ for anodic peak and Ipc/uA= —(449)— (3.6) v/mV s~ !
with the slope of -(3.6) uA (V s~ ')~ for cathodic peak, respectively.
The result for all electrodes indicated that the electrode reaction
involved with a surface-controlled quasi-reversible electrochemical
process.

The electron-transfer coefficient (as) and electron-transfer rate
constant (ks) could be determined based on Laviron theory [61]:

‘0 RT RT
EpC—E +w_mlnv (4)

RT RT

0
Epa=E 4G osnF ~ A—as)nF

Inv (5)
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(0.38) v/mV s~ ! with the slope of —(0.38) pA (V s~ ')~ for cathodic peak, respec-
tively. (c) CMC-G-TiO,-SOD in 0.05 M pH 7.4 PB. Linear regression equations were
expressed for CMC-G-TiO,-SOD as Ipa/uA= (673) + (6.03) v/mV s~ ' with the slope of
(6.03) pA (Vs~")~! for anodic peak and Ipc/uA= —(449)— (3.6) v/mV s~ ! with the
slope of —(3.6) pA (V s~ 1)~ for cathodic peak, respectively.

where n is the electron transfer number, R is the gas constant (R=
8314 Jmol—1 K—1), T is the temperature in Kelvin (T=298 K)
and F is the Faraday constant (F=96493 C mol~!). Fig. 4 shows the
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Fig. 4. Plots of the peak potential (Epa, Epc) versus the natural logarithm of scan rate
(In v) for (a) CMC-G-SOD without Fe(CN)&>. Linear regression equations for CMC-
G-SOD without Fe(CN)&? were expressed as Epa/V=(0.284+0.014)+ (0.0679 +
0.003) Inv/V s~ with the slope of (0.0679+0.003) V (V s~')~! for anodic peak and
Epc/V=—(0.326+0.016) — (0.061 £ 0.003) Inv/V s~' with the slope of —(0.061+
0.003) V (V s~ ")~ for cathodic peak, (b) CMC-G-SOD with Fe(CN)&’® Linear regres-
sion equations for CMC-G-SOD with Fe(CN)&” were expressed as Epa/V=(0.525 +
0.026) + (0.099 4+ 0.005) Inv/V s~ ! with the slope of (0.099+0.005) V (Vs~1)~!
for anodic peak and Epc/V= —(0.12440.0062) — (0.098 +0.005) Inv/V s~ ! with
the slope of —(0.098+0.005) V (Vs~')~! for cathodic peak, (c) CMC-G-TiO,-
SOD in 0.05 M pH 7.4 PB, linear regression equations for CMC-G-TiO,-SOD were
expressed as Epa/V=(0.4529+0.002) + (0.140.005) Inv/V s~! with the slope of
(0.1£0.005) V (V s~ ")~ ! for anodic peak and Epc/V= —(0.2856+0.014) — (0.1327 +
0.007) Inv /V s~" with the slope of -(0.1327+0.007) V (V s~')~! for cathodic peak
respectively.
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plots of the peak potential (Epa, Epc) versus the natural logarithm
of scan rate (In v) for CMC-G-SOD without Fe(CN)¢ "3~ (a), CMC-
G-SOD with Fe(CN)& =2~ (b) CMC-G-Ti0,-SOD (c). The plots of Ep
versus Inv for all electrodes yielded two straight lines with slopes of
RT/(1—a)nF and —RT/anF for the anodic and cathodic peak,
respectively.

According to Laviron's procedure, from the potential scan rate
dependence of the anodic and cathodic peak potentials, the rele-
vant kinetic parameters of the electrodes were estimated. When
nAEp>200 mV, the electron transfer rate ks could be estimated
with the Laviron's equation [60]:

anFv

ks

Therefore, the anodic (ks,;) and cathodic (ks.) electron transfer
rate constants and the anodic (&) and cathodic (o) transfer coeffi-
cients were evaluated: ks,=6.15+0.31s"", a,=0.79, and ks.=
148+0.07 s~ ! a.=0.19 for CMC-G-SOD without Fe(CN)g ">,
ks;=6.77+034 s~ !, a,=0.87, and ks;=1+0.05 s~ ' a.=0.13 for
CMC-G-SOD with Fe(CN)g ", ks,=6.85+034s" !, «,=0.88,
and ksc=0.7640.04 s~! a.=0.1 CMC-G-TiO,-SOD. The electron
transfer rate between SOD and the Pt electrode was remarkably
enhanced by immobilizing SOD in CMC-G film on Pt electrode sur-
face. The fast electron transfer of electrodes might be attributed to
the protection of SOD conformation at the electrode surface and
TiO, nanoparticles. When TiO, nanoparticles were seeded to the elec-
trode surface, ks, was increased. This is originated from high surface
area of nanoparticles which increases and promotes the electron
transfer rate [38,60]. The nanoparticles tend to act like nanoscale
electrodes thus promoting the electron transfer between the analyte
and the electrode surface. The support system enhanced the immobi-
lization of SOD and promoted the electron transfer of SOD minimizing
its fouling effect.

3.2.2. Electrochemical impedance spectroscopy

EIS is an effective technique for probing the features of surface
modified electrodes. The impedance curve include a semicircle part
and a linear part. The semicircle diameter at higher frequencies corre-
sponds to the charge transfer resistance (Rct), and the linear part at
lower frequencies corresponds to the diffusion process.

Nyquist plot was obtained and used to determined relative change
in surface-charge resistance. Interfacial Rcr in Nyquist plot of imped-
ance was obtained from real (Z’) and imaginary (—Z") impedance at
different frequencies using the following equations [62]. for a parallel
RC circuit.

R

Z(w)=Z +jZ" =R, +m (7)
, R
Z =R+—PF (8)
(1+e?R2C3)
R2C
7 =D )

- 1+ 0’R2C3

where, R was the electrolyte solution resistance and R, was polariza-
tion resistance. R, obtained at zero potential was described as surface-
charge resistance (Rcr). The frequency associated with maximum Z”
and Rcr were used to calculate Cq using the following equation.

1
RyCy=5—r— 10
aCa = 57— (10)
Warburg resistance (Z,,) was also obtained in Nyquist plot and an
equivalent circuit to describe the electrical response at electrode

labeled in Fig. 5. Warburg impedance was expressed by an intercept
of straight line having a slope of unity and can be derived from the
following equation.

Z,(0) =W +R”)‘ (1—j) (11)
w - int \/m .l

2 2
Wi = Ry + R, —Ry0°Cy (12)

Where A = (kr/v/Do + k/+/Dg), kr and k, were forward and back-
ward electron-transfer rate constants, Dy and D were the diffusion
coefficient of oxidant and reductant.

The immobilization of SOD molecules on the CMC-G-Pt, CMC-G-
TiO,, CMC-G-Dequssa electrodes is further validated by the measure-
ment of the open-circuit potential (E,.) of CMC-G-SOD, CMC-G-
TiO,-SOD, CMC-G-Dequssa-SOD electrode in PB (0.05 M, pH 7.4).
Fig. 5 shows the AC impedance spectra of Fe(CN)¢ />~ at CMC-G
electrode, CMC-G-SOD electrode, CMC-G-TiO,-SOD, CMC-G-
Dequssa-SOD electrode obtained in 0.05 M pH 7.4 PB. Also AC imped-
ance spectra of Fe(CN)& ="~ at CMC-G-Ti0,-SOD, CMC-G-Dequssa-
SOD electrode obtained in 0.05M pH 7.4 PB containing xanthine
(0.5 mM) and XOD (0.7 U). When the electrode is covered with
CMC-G, Rct of CMC-G electrode shows a slight increase compare to
the bare Pt electrode. This implies that CMC-G are successfully as-
sembled on the Pt surface and has some conducting properties.
With the incorporation of nanoparticles onto the CMC-G Pt surface,
Rct decreases dramatically due to the large surface area and superior
magnetic properties of TiO,, accelerating the electron transfer rate
[63,64]. The Rct for CMC-G-TiO, electrode is lower than CMC-G-
Dequssa electrode due to the large surface area of TiO, compared to
Dequssa. Subsequently, when the SOD was immobilized on the sur-
face of CMC-G-TiO; electrode, the EIS showed a large increase in cir-
cle diameter, suggesting that the SOD formed an external barrier,
preventing any surface reaction. Therefore, from changes of Rct, im-
mobilization of SOD on the electrode surface was confirmed. Further
increase in Rct after addition of xanthine (0.5 mM) and XOD (0.7 U)
indicates the formation of a reaction [37].

3.2.3. The dependence of formal potentials of CMC-G-SOD on pH
The dependence of formal potentials (E°) of SOD on solution pH for
CMC-G-SOD and CMC-G-Ti0,-SOD is plotted in Fig. 6. As shown, the
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Fig. 5. Nyquist diagrams of: CMC-G-TiO,-SOD (a) and CMC-G-Degussa-SOD (b) in
0.05 M PB (pH 7.4) containing xanthine (0.5 mM) and XOD (0.7 U). CMC-G-SOD (c);
CMC-G-Degussa-SOD (d); CMC-G-TiO,-SOD (e); CMC-G. (f) Solution composition:
0.1 M KCl, 5 mM Kj[Fe(CN)g]/Ks[Fe(CN)g], pH 7.4. The frequency range 0.01 Hz to
100 kHz at 220 mV open circut potential, (Eoc), scan rates 100 mV s~ 1.
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Fig. 6. Plots of the formal potentials of (a) CMC-G-SOD, (b) CMC-G-SOD-TiO; at Pt
electrode vs solution pH.

formal potential of SOD decreases linearly with increasing solution pH.
The slope of CMC-G-SOD and CMC-G-TiO,-SOD was ~—72.8 mV/pH
and —69.5 mV/pH with correlation coefficient 0.998 and 0.993 re-
spectively indicating one proton and one electron are involved in
the electrode reaction of SOD, which is similar to the previously
proposed scheme for the enzymatic catalytic mechanism of the
Cu/Zn-SOD [40].

3.2.4. Determination of 05~ with CMC-G-TiO,-SOD biosensor

The interaction of immobilized SOD with O3~ was evaluated using
EIS in 5 mM Fe(CN)& "3~ solution containing 0.1 M KCI (pH 7.4). The
variation of the relative impedance, Rct(i) — Rct(0)/Rct(0), was used
as response. Rct(0) is the charge transfer resistance when SOD is
immobilized on the electrode surface while Rct(i) is the value of the
charge transfer resistance after the dismutation reaction of the O3~
with release of oxygen and hydrogen peroxide catalyzed by SOD.
Calibration curves of CMC-G-TiO,-SOD biosensor with different
xanthine concentrations: 0.976 pM-2 mM and 0.0015-0.48 UM are
shown in Fig. 7A and B respectively.

The amperometric response of the CMC-G-TiO,-SOD biosensor
resulted from O3~ was investigated in the stirred buffer solution. A
simple and efficient method was used for generation of 05~ by oxida-
tion of xanthine to uric acid in the presence of xanthine oxidase at an
applied potential of 650 mV. The measurement solution should be
operated at a constant and high stirring speed (1000 rpm) to acquire
reproducible results. A peak-like response was observed. If only a cer-
tain amount is added, a superoxide “burst” will occur which rapidly
decreases to baseline level because of the dismutation reaction [39,54].
This suggests that the measurement system responded to actual con-
centration changes in solution. With ascending xanthine concentra-
tion, the amperometric response of the CMC-G-TiO,-SOD biosensor
increases. These results showed that the CMC-G-TiO,-SOD biosensor
has excellent responses to O3 . Superoxide dismutase processes its
biological activity after immobilized on platinum surfaces, which also
enable the electron transfer of SOD itself. This formed a strong basis
for the development of a SOD biosensor for O3~ because SOD catalyzes
the dismutation of 05~ to O, and H,0, via a cyclic oxidation-reduction
electron transfer. The effect of xanthine concentration on the response
time of the CMC-G-TiO,-SOD biosensor was analyzed (data was not
shown). The response time of the biosensor was 1.8 s for the lowest
xanthine concentrations (0.0015-0.48 uM) and increased with increas-
ing xanthine concentration. The detection limit was 1.5 nM. The devel-
oped bioosensor exhibits high analytical performance with a wide
linear concentration range and 1.8 s response time.
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Fig. 7. (A) Calibration graph of the CMC-G-TiO,-SOD biosensor for 0.976 pM-2 mM
concentration range. (B) Calibration graph of the CMC-G-TiO,-SOD biosensor for
0.0015-0.48 uM concentration range.

3.2.5. Test on healthy and diseased tissue

The biosensor response was tested on healthy and cancerous brain
tissue. Different signals were obtained from the biosensor depending
on whether the tissue was healthy or cancerous. The response was pro-
portional to the concentration of superoxide radical present in the tis-
sue. Cancerous brain tissue contains a large amount of superoxide
radical compare with healthy tissue (Fig. 8). This is probably because
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Fig. 8. Variation of the signal from CMC-G-TiO,-SOD biosensor after addition of homog-
enized healthy and cancerous brain tissue to phosphate buffer (0.05 mM, pH 7.4). Data
are average results from three biosensors.
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a smaller quantity of scavengers or endogenous SOD is present in the
cancerous tissue [39,54].

4. Conclusion

The development of highly sensitive electrochemical CMC-G-
TiO,-SOD biosensor for the determination of 05~ was performed by
immobilization of SOD within a CMC-G-TiO, on a Pt electrode sur-
face. The CMC-G support system provided a biocompatible microen-
vironment for SOD and a necessary pathway of electron transfer
between SOD and the Pt surface. The electron transfer was greatly
promoted after introducing TiO, to the modified electrode. TiO,
nanoparticles tend to act like nanoscale electrodes. The response of
the CMC-G-Ti0,-SOD biosensor was proportional to O3~ concentra-
tion with a correlation coefficient of 0.991 and the detection limit
was 1.5 nM. The developed biosensor exhibits high analytical perfor-
mance with a wide linear range (1.5 nM to 2 mM), high sensitivity
and fast response time (1.8 s). This approach would provide a new
strategy for further study on the development of biosensors.
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