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A novel amperometric biosensor for xanthine was developed based on covalent immobilization of crude
xanthine oxidase (XOD) extracted from bovine milk onto a hybrid nanocomposite film via glutaralde-
hyde. Toward the preparation of the film, a stable colloids solution of core-shell Fe30,/polyaniline nano-
particles (PANI/Fes0, NPs) was dispersed in solution containing chitosan (CHT) and H,PtClg and
electrodeposited over the surface of a carbon paste electrode (CPE) in one step. Scanning electron micros-
copy (SEM), Fourier transform infrared (FTIR) spectrophotometry, cyclic voltammetry (CV), and electro-

gfgsvgzrsisr: chemical impedance spectroscopy (EIS) were used for characterization of the electrode surface. The
Xanthine developed biosensor (XOD/CHT/Pt NPs/PANI/Fe;0,4/CPE) was employed for determination of xanthine

based on amperometric detection of hydrogen peroxide (H,0;) reduction at -0.35V (vs. Ag/AgCl). The
biosensor exhibited a fast response time to xanthine within 8 s and a linear working concentration range
from 0.2 to 36.0 uM (R? = 0.997) with a detection limit of 0.1 uM (signal/noise [S/N] = 3). The sensitivity
of the biosensor was 13.58 A uM~! cm~2. The apparent Michaelis—-Menten (K,,) value for xanthine was
found to be 4.7 uM. The fabricated biosensor was successfully applied for measurement of fish and
chicken meat freshness, which was in agreement with the standard method at the 95% confidence level.

Crude xanthine oxidase
Fe304/polyaniline core-shell
Hybrid nanocomposite film

© 2014 Elsevier Inc. All rights reserved.

The quality of food products attracts much attention in human
nutrition. To improve and control product quality, it is essential to
know where a loss in quality is likely to occur—in the raw materials
or during the process. One of the most used foods in the food diet is
meat. Freshness of food is the most important criterion in a quality
control approach to ensure that the product meets this criterion on
a routine basis. Loss of freshness followed by spoilage is the result
of a combination of complex microbiological, chemical, and phys-
ical processes [1]. Biochemical activities of microorganism contam-
inants in the meat lead to loss of its freshness. It is well known that
after the death of animal, rapid degradation of nucleotides to hypo-
xanthine and then oxidation to xanthine and finally to uric acid
occurs by means of the xanthine oxidase (XOD)! enzyme. Thus,
determination of xanthine provides a useful insight into the real
quality and preservation conditions of food products. Moreover, xan-
thine is an important biomolecule present in the human body, so
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that its concentration level in blood plasma and urine may provide
a sensitive indicator of certain pathological states, especially for xan-
thinuria [2,3]. For these reasons, highly sensitive analytical methods
to measure the metabolites of food degradations are needed.
Various methods for determination of xanthine have been
reported, including spectrophotometry [4], high-performance
liquid chromatography [5], mass spectrometry [6], capillary elec-
trophoresis [7], fiber-optic biosensor based on a chemilumines-
cence reaction [8], and electrochemiluminescence biosensor [9].
Recently, some nonenzymatic and enzymatic electrochemical sen-
sors for determination of xanthine and its metabolites have been
developed [10-12]. Although these electrochemical biosensors
have shown advantages such as simplicity, rapidity, high sensitiv-
ity, specificity, and low cost, they also suffer from some drawbacks
such as low reproducibility, lack of stability, and slow electron
transfer. To overcome some of these drawbacks, enzymes need to
be immobilized onto a conductive film-coated electrode surface.
Immobilization of enzymes onto the substrate surface is a critical
step for the construction of enzyme-based biosensors. During
recent years, various approaches have been used to immobilize
enzymes onto solid substrates, including adsorption, covalent link-
age, and fixer via an intermediate linker molecule [13,14]. In past
few years, nanotechnology has shown remarkable potential to
improve biosensors’ performance in bioanalysis. Nanoparticles
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(NPs), in particular metal NPs, have shown excellent conductivity
and catalytic properties that make them suitable to promote elec-
trochemical reactions through the electron transfer between the
redox centers in proteins and electrode surfaces. Among the vari-
ous NPs, magnetic NPs such as Fe;04 have been widely used in
chemistry, medicine, and industry due to their unique magnetic
and electronic properties. In electrochemical sensors, owing to
advantages such as biocompatibility, large surface-to-volume ratio,
high catalyst loading capacity, high dispersion, and excellent sta-
bility, magnetic NPs have been employed as alternative supports
to immobilize different biomolecules and enzymes [15,16]. More-
over, incorporation of magnetic NPs into a conductive polymer
matrix prevents the agglomeration of NPs. Fe304/polyaniline
(Fe304/PANI) composite with regular structure has good stability,
favorable solubility in organic solution, and high electrical conduc-
tivity. Two strategies can be used for electrode modification with
Fe304/PANI: chemical and electrochemical polymerization. In elec-
trochemical polymerization aniline (ANI) and Fe304 are mixed in
electrochemical cells followed by electrodeposition methods,
whereas in chemical polymerization a self-assembly method in
the presence of HCl and ammonium peroxydisulfate (APS) has
been used [17]. Most fabrication techniques for preparing nano-
composites employ chemical polymerization that mixing/com-
pounding is more controlled than electrochemical deposition
synthesis. But, for chemical deposition of the nanocomposites over
the electrode surface, a cross-linker such as chitosan (CHT) is
required. CHT is a natural biopolymer with biocompatibility, low
toxicity, good water permeability, and high mechanical strength
properties. CHT can be used extensively for enzyme immobiliza-
tion through its hydroxyl and amino functional groups. Moreover,
it can be deposited onto the electrode surface by applying a
cathodic potential [18]. CHT can be linked to conducting
polymers through covalent bonds to increase the conductivity of
the formed CHT polymeric film on the electrode surface. In
addition, CHT-Fe;04 nanocomposite can be prepared through the
simple one-step electrodeposition method [19].

Carbon paste electrodes (CPEs) have become very attractive for
modifications with enzymes, particularly due to the fact that
carbon pastes can be easily modified without further chemical
methods. Moreover, CPEs have rather low background currents
compared with solid graphite or noble metal electrodes.

In this work, a highly sensitive amperometric biosensor based
on CPE modified with bovine milk crude extract of XOD coupled
with CHT/Pt and PANI/Fes04 nanocomposite (XOD/CHT/Pt/PANI/
Fe;04/CPE) is proposed for the determination of xanthine. Integra-
tion of the PANI/Fe;0,4 core-shell, Pt nanoparticle, and CHT compo-
nents into the nanocomposite sensing material would result in
synergistic electrocatalytic activity to hydrogen peroxide (H,0,)
and improved performance of the XOD biosensor [20-22]. The pro-
posed method is an alternative method for preparation of biosen-
sors in which pure enzymes are used because the proposed
biosensor is selective, sensitive, simple, and low cost. The enzyme
electrode was employed for the determination of xanthine in tissue
samples (fish and chicken), and the results were validated by the
standard method.

Materials and methods
Materials

XOD (EC 1.1.3.22) was extracted from cow milk. CHT and xan-
thine were provided by Sigma-Aldrich (USA). FeCls-6H,0, FeCl,.
-4H,0, APS, sodium hydroxide, hydrochloric acid (HCI), ethanol,
methanol, acetone, H,PtClg, and glutaraldehyde (25%) with analyt-
ical grade were purchased from Merck (Germany) and used with-
out more purification. ANI was purified under vacuum before use.

Apparatus

All electrochemical experiments and electrochemical imped-
ance spectroscopic (EIS) measurements were performed using a
potentiostat/galvanostat equipped with an Autolab PGSTAT-
302N, GPES and FRA software (EcoChemie, The Netherlands)
equipped with a three-electrode system consisting of XOD/CHT/
Pt/Fes04/CPE as a working electrode and Ag/AgCl and a Pt wire
as reference and auxiliary electrodes, respectively. The impedance
measurements were carried out over a frequency of 100 kHz to
100 mHz at an applied potential of +250 mV and using a modula-
tion voltage of 10 mV. The Nyquist plots were modeled according
to the simplified Randles circulate using Nova version 1.6 Autolab
software. Fourier transform infrared (FTIR) spectra were recorded
with a Vertex 70 FTIR spectrophotometer (Bruker, Germany) using
KBr pellets. Scanning electron microscopy (SEM) and energy-dis-
persive X-ray spectrometer (EDS) analyses were performed on a
LEO 1450 VP (Carl Zeiss, UK). Spectrophotometric measurements
were performed on a Shimadzu 2501 PC UV-Vis (ultraviolet-visi-
ble) spectrophotometer with a 1.0-cm quartz cell (Shimadzu,
Japan).

Enzyme purification and activity assay

XOD was isolated and purified from fresh bovine milk as
described elsewhere [23]. The activity of the purified enzyme
was measured spectrophotometrically at 295 nm based on oxida-
tion of xanthine to uric acid according to the procedure developed
by Massey and coworkers [24]. One unit of enzyme activity is
defined as the amount of enzyme required to oxidize 1 mmol of
xanthine per minute at 35 °C.

Preparation of Fe304/PANI core-shell

Fe;04 NPs were synthesized by coprecipitation of Fe?* and Fe**
ions in alkaline solution under hydrothermal treatment. Subse-
quently, Fes04 NPs (0.25 g) were dispersed into a solution contain-
ing ANI (0.2 ml) and HCI (0.1 M), and then APS (2.2 mmol) as an
oxidant was added dropwise to the solution of ANI/HCI complex
[25]. The obtained nanocomposite was named Fe;04/PANI.

Preparation of CHT/Pt/PANI/Fe30,/CPE

First, the CPE was prepared through mixing 0.07 g of graphite
powder with melted n-eicosane as a binder. A portion of the com-
posite mixture was tightly packed into the end of a 1-ml propylene
tube (3 mm in diameter) and was left to dry in ambient conditions.
A copper wire inserted into the carbon paste provided the electrical
contact. The tip of the electrode was polished with a weighing
powder until the surface of the electrode had a shiny appearance,
and then it was rinsed with deionized distilled water (DDW).

Second, for preparation of the modified CPE, PANI/Fe;0,4 nano-
composite was dispersed into DDW by sonication, and then a solu-
tion containing CHT (1%, w/v) and H,PtClg (0.005 M) was added to
the mixture. The mixture was stirred for 2 h at room temperature
and agitated by an ultrasonic bath for 50 min. Afterward, the CHT/
Pt/PANI/Fe304 nanocomposite film was formed on the cleaned sur-
face of CPE by one-step electrodeposition of the hybrid nanocom-
posite at an applied potential of —1.5V (vs. Ag/AgCl) for 60 s. The
modified electrode was left to dry at room temperature. This elec-
trode was named CHT/Pt/PANI/Fe304/CPE.

Fabrication of xanthine biosensor

For immobilization of XOD enzyme on the electrode surface, the
CHT/Pt/PANI/Fe304/CPE was immersed in the solution containing
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Scheme 1. Schematic representation of the preparation steps of XOD/CHT/Pt/PAN/Fe30,4/CPE.

glutaraldehyde (2.5%) as cross-linker for 2 h, enabling the forma-
tion of a covalent bond between the aldehyde group of glutaralde-
hyde and the amine group of the protein (xanthine enzyme). It
provides more stable linkage than the physical aggregation. Then,
the electrode was incubated in 0.2 ml of solution of the XOD with
activity of 0.75 (U ml~!) extracted from cow milk that was diluted
10 times with 0.05 M phosphate buffer (PB, pH 7.0, and 2 mM eth-
ylenediaminetetraacetic acid [EDTA]) for 20 h at 4°C. After the
immobilization period, the electrode was washed five times with
PB and stored at 4 °C before use. The biosensor was named XOD/
CHT/Pt/PANI/Fe304/CPE. Scheme 1 summarizes reactions involved
in preparation of the xanthine biosensor based on immobilization
of XOD onto CHT/Pt/PANI/Fe;0.,/CPE.

CV measurement of xanthine biosensor

Cyclic voltammetry (CV) of XOD/CHT/ Pt/PAN/Fe304/CPE was
recorded in the potential range from 0.0 to —0.8 V versus Ag/AgCl
as reference and using Pt wire as counter electrodes in 25 ml of
0.05 mol L~! PB (pH 7.2) containing 0.2 mM xanthine. The xanthine
was oxidized to uric acid and H,0, as electroactive products. The
performance of the proposed sensor was based on monitoring of
the reduction current of H,0, to H,O on the electrode surface at
—0.35V (vs. Ag/AgCl). Hence, subsequent amperometric studies
were carried out at this potential.

Determination of xanthine in fish and chicken meats

Salmon fish (3 months old) and chicken (30 days old) were pre-
pared from a local market and were fragmented and homogenized
in 5 ml of DDW and filtered through a 0.2-pum filter membrane. To
obtain a clear solution with no protein, the extract was centrifuged
at a speed of 11,000 rpm for 10 min. The meat samples at different
storage times and conditions were prepared and determined by
spectrophotometry and amperometry methods using the prepared
biosensor.

Results and discussion
Characterization of PANI/Fes04 nanocomposite with FTIR

The Fe304 and PANI/Fe30, nanocomposites were characterized
by FTIR spectroscopy (Fig. 1). In the spectrum of PANI/Fe30,4, the
broad peak from 3400 to 3500 cm~! was assigned to N-H stretch-
ing vibration. The absorption bands at 1592 and 1488 cm™' were
assigned to the quinonoid ring and benzenoid ring, respectively.
The absorption bands at 1296 and 1387 cm~! were related to
C-N stretching absorptions and substituted -CHs group, respec-
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Fig.1. FTIR spectra of Fe304 (a) and PANI/Fe304 (b).

tively. The characteristic peak appearing at 571 cm™! was attrib-
uted to the Fe-O stretching vibration of Fe304. The noticed shifts
of absorption bands at 483 and 549 cm~! confirmed the introduc-
tion of Fe304 in PANI [26]. By comparing the FTIR spectra of Fe3Og4
(curve a) and PANI/Fe304 (curve b) in Fig. 1, it was confirmed that
the magnetic NPs were successfully coated with PANI film, which
was in agreement with a previous investigation [27].

Surface characterization of working electrode by SEM

The morphology and nature of the resulting composite were
characterized by SEM micrographs and EDS spectra. Fig. 2 shows
representative micrographs of surface of CPE, CHT/PANI/Fe30,4/
CPE, CHT/Pt/PANI/Fe504/CPE, and XOD/CHT/Pt/PANI/Fe;04/CPE
obtained by SEM. Fig. 2A shows the smooth surface of CPE, whereas
the SEM image of the CHT/PANI/Fe304/CPE (Fig. 2B) illustrates that
the CPE surface was mostly covered with CHT/PANI/Fe;04. When
Pt was electrodeposited onto CHT/PANI/Fe30,4, few uniform bright
granular Pt NPs with minimum aggregation were observed on the
modified electrode surface (Fig. 2C). The corresponding EDS spec-
tra of Fig. 2B and C reveal the presence of Fe and Pt elements on
the carbon support. Fig. 2D shows homogeneous immobilization
of XOD on the surface of the modified CPE.

Surface characterization of modified electrodes by electrochemical
impedance study

One of the powerful and sensitive tools that can be used in elec-
trochemical systems for characterization of electrode surfaces is
EIS. The basic approach for EIS is to apply small amplitude sine
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Fig.2. SEM images of CPE (A), CHT/PANI/Fe;0,/CPE (B), CHT/Pt/PANI/Fe;04/CPE (C), and XOD/CHT/Pt/PANI/Fe;0,4/CPE (D). Insets show the EDS spectra of CHT/PANI/Fe;0,4/CPE

and CHT/Pt/PANI/Fe;0,/CPE.

wave perturbations to an electrochemical system over a wide
range of frequencies and measure the responding signals as a func-
tion of frequencies. The Nyquist plot is one of the most popular for-
mats for interpretation of EIS data and consists of a semicircle
followed by a straight line. The semicircle part that falls in the
high-frequency range is dominated by the electron transfer pro-
cess, whereas the linear portion at low frequencies corresponds
to the diffusion-controlled process. The diameter of the semicircle
is proportional to the electron transfer rate or electron transfer
resistance (R.;) of the working electrode, whereas the Warburg line
indicates the mass transfer. In this work, EIS was used to character-
ize the stepwise modification process of the functionalized elec-
trodes. The EIS measurements were carried out in the solution
containing 0.5 mM [Fe(CN)s]>~/4~ redox probe in saline solution
(0.1 M KCl). The equivalent circuits were used to fit the impedance
spectra and extract the values of R in each step. The correspond-
ing Nyquist impedance plots of the modified CPEs are shown in
Fig. 3A. The fitted value of R for CHT/CPE was 680 Q (curve a),
suggesting that CHT acted as an insulating layer that made interfa-
cial charge transfer inaccessible. The decrease in R value of CHT/
Fe;04/CPE (380 Q, curve b) revealed a reduced resistance and high
electron transfer efficiency. Fig. 3A also shows that when PANI and
Pt/PANI were electrodeposited on CPE (curves c¢ and d, respec-
tively), the diameter of the semicircle was obviously lower than
that of curve a. The R, values of CHT/PANI/CPE, CHT/Pt/PANI/CPE,
and CHT/Pt/PANI/Fe304/CPE were 327, 176, and 145 Q, respec-
tively, indicating that the nanoparticle/nanocomposite plays an
important role for the improved conductivity. However, when
XOD was immobilized onto CHT/Pt/PANI/Fe;0,4/CPE surface (curve
e), the diameter of the semicircle portion increased, which can be
attributed to the fact that the biological molecule had low conduc-
tivity at low frequencies and hindered electron transfer. This result
highlights the immobilization of XOD on CHT/Pt/PANI/Fe304/CPE
as XOD/CHT/Pt/PANI/Fe304/CPE (curve f).

Surface characterization of modified electrodes by CV

Fig. 3B shows cyclic voltammograms of the above-prepared
electrodes in 0.1 M KCl solution containing 5 mM [Fe(CN)g]> /4~
redox probe. In this work, a hybrid nanocomposite of PANI,
Fe;04, and Pt nanomaterials was prepared to combine the
advantages of their components. The Fe304 NPs greatly increased
the effective surface area of the modified electrode, so that the
peak current (I,) gave a further increase on CHT/Fe;0,4/CPE
(curve b) than on CHT/CPE (curve a). Deposition of Pt NPs
improved the electrochemical activity of the electrode. The
catalytic property of Pt/PANI nanocomposite toward probe was
explored by studying voltammograms of the modified CPE.
Compared with CHT/PANI/CPE (curve c), the voltammogram of
CHT/Pt/PANI/CPE (curve d) exhibits a decrease in AE, and a
prominent enhancement in I, clearly demonstrating that the
synergistic influence of nanocomposite of Pt/PANI promotes
electron transfer on the electrode surface. The voltammetric study
suggests that the presence of FesO, NPs results in increased
electroactive surface area and enhanced electron transfer. Not
only could the PANI/Fes0, nanocomposite prevent aggregation
and oxidation Fes04 NPs, but also decoration of the magnetic
NPs could provide a larger surface area of the nanocomposite.
Afterward, the Pt/PANI/Fes0, was used for modification of CPE
as CHT/Pt/PANI/Fe;04/CPE (curve e). The decrease in analytical
signals generated by XOD/CHT/Pt/PANI/Fe304/CPE (curve f) could
be attributed to the efficient immobilization of XOD within the
CHT polymeric layer.

Optimization of experimental parameters
XOD catalyzed the oxidation of xanthine in the presence of

oxygen. The uric acid and H,0, are products of oxidation of xan-
thine. The reduction or oxidation of H,0, at the electrode can be
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Fig.3. Electrochemical impedance spectra plots (A) and cyclic voltammograms (B)
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solution containing 5 mM KsFe(CN)g/K4Fe(CN)g (1:1) as the redox probe.

detected by amperometric XOD biosensors that can be used for
indirect monitoring of xanthine concentration. However, for
detection of H,0, based on oxidation reactions, other electroac-
tive materials such as uric acid and ascorbic acid interfere in
the studied potential region. Thus, the reduction of H,0, to H,0
was considered in this work.

The electrochemical behavior of CPE, CHT/Pt/PANI/Fe304/CPE,
and XOD/CHT/Pt/PANI/Fe304/CPE was investigated by CV (Fig. 4)
in a 0.05-M PB (pH 7.2) containing 200 pM xanthine in the
potential range from 0.0 to —0.8 V versus Ag/AgCl at a scan rate
of 50 mV/s. A significant increase in reduction peak of H,O, at
approximately —0.35V (Fig. 4, curve c) was obvious for XOD/
CHT/Pt/PANI/Fe;04/CPE compared with CHT/Pt/PANI/Fe;04/CPE
(Fig. 4, curve b) and bare CPE (Fig. 4, curve a). The increase in
the reduction peak current could imply that XOD immobilized
on CHT/Pt/PANI/Fe304/CPE displayed good catalytic activity
toward xanthine. Therefore, the working potential of —0.35V
was employed in subsequent determination of xanthine by
XOD/CHT/Pt/PANI/Fe;04/CPE.

The experimental conditions affecting the biosensor response
were studied in terms of electrode composition and solution
parameters such as Pt deposition time, XOD enzyme concentration,
pH, and incubation temperature.

225

I(nA)

-0.I05 -0.I25 -0.;15 -0.I65 -0.85
E(V) vs. Ag/AgCl

Fig.4. Cyclic voltammograms of CPE (a), CHT/Pt/PANI/Fe;04/CPE (b), and XOD/CHT/
Pt/PANI/Fe304/CPE (c) at 50mVs~! in PB solution (pH 7.2) containing 200 uM
xanthine.

Effect of electrode composition

The Pt NPs are expected to provide a conductive path to elec-
trons from enzyme to the electrode large surface area and catalytic
activity to enhance the reduction current of H,0,. The electroactiv-
ity of Pt NPs for different deposition times (30-150 s) was explored
by CV of the CHT/Pt/PANI/Fe;0,4/CPE in 5 mM [Fe(CN)g]>~/*~ solu-
tion containing 0.1 M KCl at a scan rate of 50 mV s~ . As expected,
the reduction peak current increased with increasing deposition
times from 30 to 60 s and decreased over 60 s. It was found that
Pt particle size was enlarged and more aggregated at longer depo-
sition times. According to the obtained results, 60 s was chosen for
the electrodeposition time of Pt NPs.

The effect of enzyme concentration from 0.18 to 1.05 U ml~! on
the biosensor response was also studied. Fig. 5A shows that the
cathodic peak current increased with increasing enzyme concen-
trations used up to 0.75Uml! and then decreased. Increasing
enzyme loading beyond 0.75 U ml~! probably hindered electron
transfer and limited enough to probe xanthine concentration. The
performance of the biosensor was also firmly dependent on the
enzyme loading.

Effect of temperature and pH on biosensor response

The pH and temperature display important effects on enzyme
activity and biosensor performance. To obtain the optimal pH,
the pH of the xanthine solution (8 pM) was varied between 5.0
and 8.5 at 37 °C. The optimal pH of the biosensor was found to
be 7.2 (Fig. 5B). At pHs lower than 6.0 and higher than 8.0, the bio-
sensor response was decreased due to the inactivation of the
enzyme. The effect of temperature was investigated in the range
of 20 to 45 °C. The current response increased with increasing tem-
peratures up to 35 °C and then decreased (Fig. 5C). The lower cur-
rent may be attributed to the reduced concentration of molecular
oxygen in the medium and the thermal deactivation of the XOD
at higher temperatures. These results showed that the response
of bounded enzyme is similar to the free XOD enzyme.

Analytical performance

Fig. 6 illustrates the typical amperometric response of the
biosensor based on XOD/CHT/Pt/PANI/Fe304/CPE for catalytic
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oxidation of 0.2 pM xanthine in a homogeneously stirred solution
containing PB (pH 7.2) at 35 °C by applying potential at —0.35V
versus Ag/AgCl. The current response increased, and the steady-
state current response was achieved within 8 s for further addition
of xanthine with a sample interval of 35s. A linear relationship
between current and xanthine concentration in the range of 0.2
to 36 uM (Fig. 6, inset) with a correlation coefficient of 0.997 and
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Fig.6. Chronoamperometric response of XOD/CHT/Pt/PANI/Fe;0,4/CPE for succes-
sive addition of different xanthine concentrations in 0.05M PB (pH 7.2). The inset
shows the calibration plot drawn from current versus concentration of xanthine.

a limit of detection of 0.1 uM (signal/noise [S/N] = 3) was observed.
The biosensor displayed a high sensitivity of 13.58 pA pM~! cm ™2
to xanthine. To evaluate the performance of the prepared biosen-
sors, a comparative study of the amperometric responses of the
three prepared biosensors toward xanthine, namely XOD/CHT/Pt/
Fe304/CPE (Fig. 7, curve a), CHT/Pt/PANI/Fe304/CPE (Fig. 7, curve
b), and XOD/CHT/CPE (Fig. 7, curve c), in a 0.05-M PB solution
(pH 7.2) at a constant potential of —0.35 V was performed to quan-
tify the sensitivity. The current response increased linearly with
each xanthine addition from 0.2 to 21 uM. The current response
of XOD/CHT/Pt/PANI/Fe30,4/CPE to xanthine was higher than that
of CHT/Pt/PANI/Fe30,4/CPE (Fig. 7, curves a and b), indicating the
role of XOD activity in oxidation of xanthine by the modified
CPE. In addition, XOD/CHT/CPE (Fig. 7, curve c) showed less sensi-
tivity to xanthine than the other two electrodes. This phenomenon
was related to involvement of Pt NPs in the electrode composition
that improves the biosensor performance through enhancing the
direct electron transfer between the redox center of XOD and CPE.

The stability of the enzyme electrode is a very important factor
that influences the application and detection performance of the
biosensors. The surface stability of XOD/CHT/Pt/PANI/Fe30,4/CPE

16
14 a
12 4
10 4
< 8
<
I
6 b
/././‘/.
.
4
| c
W W m—8— g
2 4
0 T r T T
0 5 10 15 20 25

Xanthine concentration (uM)

Fig.7. Comparison of the responses of XOD/CHT/Pt/PANI/Fe;04/CPE (a), CHT/Pt/
PANI/Fe30,4/CPE (b), and XOD/CHT/CPE (c) toward xanthine in 0.05 M PB (pH 7.2) at
operating potential of —0.35V (vs. Ag/AgCl).
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was examined by recording several cycles voltammograms in buf-
fer solution (pH 7.2) containing xanthine. The result showed good
stability of the modified electrode with a relative standard devia-
tion of less than 4% in cathodic peak current during five repetitive
CV measurements. The long-term stability of XOD/CHT/Pt/PANI/
Fe;04/CPE was evaluated by measuring the amperometric
response of the biosensor in 8 uM xanthine solution. The biosensor
showed good long-term stability, so that the response of the bio-
sensor still remained at 85% of its initial response after 100 uses
over 3 months when stored at 4 °C.

Kinetic studies of XOD activity

Enzyme kinetics is the study of the chemical reactions that are
catalyzed by enzymes. The Michaelis-Menten mechanism for the
catalysis of biological chemical reactions by enzymes is one of
the most important chemical reaction mechanisms in biochemistry
because this mechanism can be used for measuring metabolites or
inhibiting the activity of enzymes. Mostly, the Michaelis-Menten
parameters such as the apparent Michaelis constant (K;?) are dif-
ferent for free and immobilized enzymes according to the follow-
ing equation:

1 1 KX
Is In In-S’

where I is the steady-state current after the addition of substrate,
I, is the maximum current under saturated substrate conditions,
and S is the substrate concentration. K3PP can be obtained from
the slope and the intercept of the plot of the reciprocal of the
steady-state current versus the reciprocal of the substrate
concentration.

The KPP value for XOD/CHT/Pt/Fe304/PAN/CPE was found to be
4.8 £+ 0.4 uM, which was smaller than the K, of free extracted
enzyme (54.0 £ 2.2 pM). This low value of K3’ means that the affin-
ity of the enzyme for the substrate is high due to better accessibility
of the substrate to the active sites of the immobilized enzyme.

Interference study

To evaluate the selectively of the biosensor for substrate, vari-
ous metabolites such as uric acid, ascorbic acid, benzoate, and glu-
cose as potential interferents were tested using the amperometric
technique at a constant potential of —0.35V. The amperometric
responses were obtained by the addition of interfering compounds
at a concentration level of 40 to 2.5 pM xanthine (Fig. 8). As can be
observed from Fig. 8, the tested substances had no significant effect
on the response of the xanthine biosensor. The results indicate that
the performance of the biosensor at this potential was suitable for
inhibition studies of XOD without interfering of the enzyme reac-
tion products or other usual interferences.

Amperometric determination of xanthine in fish and chicken meat

The quality and safety of meats is always important for custom-
ers, particularly in the meat industry. Meat is susceptible to con-
tamination from a wide variety of physical, biological, and
chemical hazards. Because of its moisture, pH level, and high pro-
tein content, meat provides ideal environments for the growth of
bacteria. Freezing of meat is a common method that can be used
in meat transport. Freezing of meat increases its degradation due
to cellular disruption by the freezing process. In this study, for
the evaluation of the biosensor performance in real sample, the
xanthine concentration in different meat samples of fish and
chicken (Table 1) were determined after their storage for different
time periods and under different conditions. The results show that
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Fig.8. Amperometric response of the XOD/CHT/Pt/PANI/Fe304/CPE biosensor
toward 2.5 M xanthine on the addition of uric acid, ascorbic acid, benzoate, and
glucose at a 40-uM concentration level.

Table 1
Determination of xanthine in fish and chicken sample by using the prepared
biosensor.

Sample  Store
conditions®

Found by the
proposed method

Found by standard  texp
method"” [pmol/g

(h) [mol/g (+SD)] (+SD)]
Fish 6 0.56 (+0.02) Not found -
24 3.73 (+0.08) 3.45 (+0.08) 0.825
48 6.30 (£0.30) 5.40 (+0.05) 263
72 8.56 (+0.15) 8.42 (+0.09) 0.495
96 11.51 (+0.14) 10.99 (+0.14) 1.67
120 14.89 (+0.16) 13.65 (+0.48) 2.68
120° 1.47 (£0.02) 2.01 (+0.05) 3.53
Chicken 6 1.27 (x0.02) Not found -
24 2.65 (+0.11) 2.45 (£0.03) 2.64
48 3.39 (+0.20) 3.22 (+0.03) 0.620
72 5.23 (+0.40) 5.01 (+0.06) 0.560
96 6.34 (+0.01) 6.09 (+0.04) 1.94
120 8.54 (+0.31) 8.36 (£0.06) 0.51
120° 1.94 (+0.20) 2.57 (20.03) 2.92

Note. SD, standard deviation; tcyitical = 4.303; P=0.05.
? Hours after death.
> Measured by standard method of Massey and coworkers [24].
¢ After death and stored in freezer and then 6 h stored at room temperature.

the xanthine level increased with increasing storage times of meat
samples. The experimental results were evaluated with a t test, and
no remarkable difference between the proposed new biosensor
and the standard method was observed.

Comparison of current XOD biosensor with other reported biosensors

Table 2 compares the analytical performance of the crude
extracted xanthine biosensor with that of other XOD-modified
electrodes based on reduction/oxidation of enzymatically gener-
ated H,0, [28-37]. The results indicate that the linear range of
the new xanthine biosensor was better than that of biosensors
modified with bismuth NPs and multiwalled and double-multi-
walled carbon nanotubes [30,34,36]. Moreover, it has a satisfactory
detection limit compared with XOD/AgNPs/i-Cys/Au, XOD/ZnO-
PPy/Pt, XOD/c-MWCN/PANI/Pt, XOD/Nano-CaCO3;, and XOD/
DWCNT/CPE [28,31-33,36] (see note at bottom of Table 2 for
abbreviations). The sensitivity of the prepared biosensor for xan-
thine was obviously much higher than that of the other xanthine
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Table 2
Comparison of current XOD biosensor with other reported biosensors.
Modified electrode Limit of detection Linear range Enzyme source Working potential (V vs. Ag/  Sensitivity References
(uM) (uM) AgCl) (LA M)

XOD/AgNPs/1-Cys/Au 0.15 2-16 Commercial buttermilk +0.50 0.20 [28]
extract

XDH/EPG 0.00025 10-1800 Commercial Escherichia coli +0.05 0.00031 [29]
extract

XO/Bi NPs/CPE 0.013 0.02-0.06 Commercial buttermilk -0.7 93.00 [30]
extract

XOD/ZnO-PPy/Pt 0.8 0.8-40 Commercial buttermilk +0.38 NR [31]
extract

XOD/c-MWCNT/PANI/Pt 0.6 0.6-58 Commercial buttermilk +0.4 NR [32]
extract

XOD/Nano-CaCO; 2.0 2-250 Commercial microbial extract ~ +0.55 0.021 [33]

XO/MWCNT/CPE NR 1-100 Commercial buttermilk +0.9 0.0455 [34]
extract

XO/poly-TTCA/Pt 0.09 0.5-100 Commercial microorganism -0.35 0.024 [35]
extract

XOD/DWCNT/CPE 2 2-50 Commercial buttermilk +0.9 0.0441 [36]
extract

XOD/CoPc/CPE NR 1000-15,000 Commercial BMT tissue +0.35 NR [37]
extract

XOD/CHT/Pt/PANI/Fe304 0.10 0.2-36 Crude extract from -0.35 1.0 This work

NPs/CPE buttermilk

Note. Poly-TTCA, poly-5, 2':5’, 2"-terthiophine-3-carboxylic acid; PPy, polypyrrole; PANI, polyaniline; c-MWNT, carboxylated MWNT; CPE, carbon paste electrode; MWNT,
multiwalled carbon nanotubes; NPs, nanoparticles; CNT, carbon nanotubes; CoPc, cobalt phthalocyanine; BTM, buttermilk, tissue; EPG, edge-plane pyrolytic graphite;
DWCNT, double-walled carbon nanotube; PSSA-g-PPY, poly(styrenesulfonic acid-g-pyrrole); RGO, reduced graphene oxide sheet; XDH, xanthine dehydrogenase; 1-Cys, L-

Cysteine; NR, not reported.

biosensors [31-37]. Moreover, one of the significant advantages of
the current biosensor is operation of the biosensor at low operating
potential in determination of H,0,. This provides the possibility of
application of the biosensor in determination of xanthine in real
samples in the presence of other possible electroactive interferents
[31-36].

Conclusion

In this work, a new application of NPs and conducting polymer
for quality control of meat samples was reported. The use of Fe304/
PANI and Pt NPs is attractive because of their synergistic electro-
catalytic activity and signal amplification in the biosensor. Accord-
ing to the obtained results, it can be calculated that Fe;0,4/PANI/Pt/
CHT nanocomposite can be successfully employed for fabrication
of the XOD biosensor based on crude extracted enzyme of milk.
The simple procedure and using selective nanocomposites in prep-
aration of the biosensor lead to a good reproducibility among dif-
ferent biosensors prepared under the same conditions. Moreover,
the current method has advantages such as low cost, good stability,
and reliability that should allow the developed biosensor to be
used broadly in determination of xanthine in meat food products.
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