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a  b  s  t  r  a  c  t

Novel  xanthine  biosensors  were  successfully  fabricated  by  immobilizing  xanthine  oxidase  on  polyvinyl-
ferrocenium  perchlorate  matrix  (PVF+ClO4

−)  and  platinum  electrodeposited  polyvinylferrocenium
perchlorate  matrix.  PVF+ClO4

− film  was coated  on  Pt electrode  at +0.7  V  vs.  Ag/AgCl  by  electrooxidation
of  polyvinylferrocene  (PVF).  Platinum  nanoparticles  were  deposited  on  PVF+ClO4

− electrode  by  elec-
trochemical  deposition  in  2.0  mM  H2PtCl6 solution  at −0.2  V.  Xanthine  oxidase  was  incorporated  into
the  polymer  matrix  via  ion exchange  process  by  immersing  modified  Pt electrodes  in the  enzyme  solu-
tion.  The  amperometric  responses  of  the  biosensors  were  measured  via  monitoring  oxidation  current  of
hydrogen  peroxide  at +0.5  V. Under  the  optimal  conditions,  the  linear  ranges  of  xanthine  detection  were
determined  as 1.73  × 10−3–1.74  mM  for  PVF+XO− and  0.43  ×  10−3–2.84  mM  for  PVF+XO−/Pt.  The  detec-

−4 + − −4 + −
mperometric biosensor
olyvinylferrocenium

tion limits  of xanthine  were  5.20  ×  10 mM  for PVF XO and  1.30  ×  10 mM  for  PVF XO /Pt.  Moreover,
the effects  of  applied  potential,  electrodeposition  potential,  H2PtCl6 concentration,  amount  of  electrode-
posited  Pt  nanoparticles,  thickness  of polymeric  film,  temperature,  immobilization  time,  xanthine  and
xanthine  oxidase  concentrations  on  the  response  currents  of  the  biosensors  were  investigated  in detail.
The  effects  of interferents,  the  operational  and  storage  stabilities  of biosensors  and  the  applicabilities  to
drug  samples  of  the biosensors  analysis  were  also  evaluated.
. Introduction

Xanthine oxidase, controlling a part of purine metabolism and
atalyzing the oxidation of hypoxanthine to xanthine and of xan-
hine to uric acid, plays an important role in human and mammalian
ife. Xanthine oxidase is a flavoprotein that contains molybdenum,
ron and labile sulfur. The enzymatic reaction, occurs between
ubstrate and xanthine oxidase, is based on a mechanism involv-
ng nucleophilic attack on substrate by the Mo–OH group at the
ctive site of xanthine oxidase [1].  The levels of xanthine oxidase
n clinical disorders related to purine metabolism are symptoms
f several diseases such as gout, xanthinuria and hyperuricaemia
2]. In ischemia–reperfusion injury, xanthine oxidase is proposed
s a source in the formation of superoxide and hydrogen peroxide
n ischemic tissues [3].  For the diagnosis and the treatment of the
iseases, the amount of xanthine in the blood and the tissue sam-
les should be easily analyzed. The determination of xanthine is

lso used in the food industries for the quality control of fish prod-
cts. Hence, the quantity of xanthine is of clinical and industrial

mportance [4,5].
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In the literature, several analytical methods such as elec-
trophoresis [6,7], HPLC [8,9], amperometric and voltametric
methods [10,11] have been reported for quantitative determina-
tion of xanthine. In recent years, electrochemical methods have
been frequently used for the determination of xanthine and hypox-
anthine [4,5,12–14].  Compared with other analytical methods,
enzyme-based electrochemical sensors possess simplicity of oper-
ation, high sensitivity, and selectivity. In addition to these features,
they have advantages such as its ease of use in turbid samples,
portability, low cost and fast [4,5]. Generally, the electrochemical
detection of xanthine is based on the electrochemical oxidation of
the enzymatically generated H2O2, or the electrochemical reaction
of the introduced redox mediators [11].

Ferrocene derivatives are excellent electron transfer mediators,
widely used as mediators to construct mediated amperometric
biosensors [15]. Polyvinylferrocenium perchlorate (PVF+ClO4

−),
ferrocene-based redox polymer, is widely used in biosensor appli-
cations [16–18] and gives rise to some interesting electrochemical
results when used as a layer on Pt surfaces. PVF+ClO4

− electroac-
tive film can act as a modified surface through which an electron

transfer between a substrate and a reactant can take place. Studies
related to the reduction and oxidation of some reactants through
the polymer film-covered surface have been reported [19–21].  Also,
It has been reported that PVF+ClO4

− matrix is selective to the anions
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nd some anions can be inserted into the polymer through an
nion-exchange process [21]. The interaction between the nega-
ively charged enzyme molecules and the polymer matrix, which
nsures that the enzyme is homogeneously immobilized in the
olymer matrix, is as follows:

VF+ClO4
− + E− → PVF+E− + ClO4

−

By using an anion-exchange process, a mild method developed
inding of enzymes on PVF+ClO4

− modified electrodes has been
uccessfully applied to the design of the enzyme electrodes for glu-
ose [22], sucrose [23], galactose [24], lactose [25], alcohol [26],
holine [27] and acetyl choline [17]. In consideration of these elec-
rodes prepared with different enzymes, the biocatalytical process
or the oxidation of xanthine in the presence of XO can be summa-
ized as following process:

The immobilized enzyme produces electroactive H2O2 as a
esult of following reaction with the substrate,

anthine + O2 + H2O
XO−→uric acid + H2O2

H2O2 could be electrooxidized at the applied potential of +0.70 V
ersus SCE according to

2O2 → O2 + 2H+ + 2e−

The oxidation of H2O2 could also occur chemically by the
olyvinylferrocenium according to the following reaction.

2O2 + 2PVF+ → O2 + 2PVF + 2H+

Amperometric response of the electrode was  further enhanced
s a result of the catalytic regeneration of PVF+ sites at the same
pplied potential

VF → PVF+ + e−

H2O2 can be oxidized both electrochemically at the applied
otential and chemically by the PVF+ sites on the PVF+ coated elec-
rodes.

Metal particles used as electrode modified materials have
ttracted much attention in electrochemical applications, recently
28–30]. The previous studies indicated that platinum nanopar-
icles could increase the surface area and conducive to electron
ransfer with strong catalytic properties [31]. Nano-structured Pt

odified electrodes have been frequently used to design amper-
metric biosensors based on the detection of hydrogen peroxide
eleased during the oxidation of the substrate by an enzyme in
he presence of oxygen. For example, Zou et al. [32] reported

 novel glucose biosensor based on electrodeposition of plat-
num nanoparticles onto multi-walled carbon nanotube, and the
repared biosensor exhibited excellent electrocatalytic activity
owards H2O2 electrooxidation and high stability. Chu et al. [33]
eveloped a new amperometric biosensor based on adsorption of
lucose oxidase at the gold and platinum nanoparticles modified
arbon nanotube electrode, and the enzyme electrode exhibited
ood catalytic activity to the electrooxidation of H2O2.

In this study, we reported fabrication, characterization and
nalytical performance of xanthine biosensors prepared by immo-
ilizing xanthine oxidase on PVF+ClO4

− electrode and based on
lectrodeposition of Pt nanoparticles onto the surface of PVF+ClO4

−

lectrode. The changes in the response of the enzyme electrode
ith various parameters such as substrate and enzyme concentra-

ions, applied potential, polymeric film thickness, immobilization

ime of enzyme and temperature were established. The influ-
nce of electrodeposition potential, amount of electrodeposited Pt
anoparticles and H2PtCl6 concentration on the biosensor perfor-
ance were also evaluated. The results showed that the biosensors
sis B: Enzymatic 72 (2011) 282– 288 283

exhibited high sensitivity, good reproducibility, extended linearity
and freedom of interference from uric acid and ascorbic acid.

2. Experimental

2.1. Reagents

Xanthine oxidase (EC 1.17.3.2, Fluka-86106) and xanthine
(Fluka-X0626) were purchased from Sigma (St. Louis, MO,  USA). The
enzyme solution was prepared by dissolving of XO in 0.01 M phos-
phate buffer solution (PBS) of pH 7.4, and stored at 4 ◦C. Xanthine
solution was prepared in 0.1 M PBS of pH 7.4. PBS was prepared
using NaH2PO4 (Merck, Darmstadt, Germany) and NaOH (Merck,
Darmstadt, Germany), and adjusted with NaOH or H3PO4 (Merck,
Darmstadt, Germany) to various pH values. PVF was prepared
using a method of chemical polymerization [34] of vinylferrocene
(Alfa Aesar, Ward Hill, MA,  USA). Tetrabutylammonium perchlo-
rate (TBAP) was  prepared by the reaction of tetrabutylammonium
hydroxide (Fluka, ∼40% aqueous solution, St. Louis, MO,  USA) with
HClO4 (Analar BDH, %70, Poole, UK), and crystallized from an
ethanol–water mixture (9:1) several times and then, kept under
nitrogen atmosphere after vacuum drying at 120 ◦C. H2PtCl6 solu-
tion was prepared by dissolving H2PtCl6 (Alfa Aesar, Ward Hill,
MA,  USA) in 0.5 M HCl solution. The purification of methylene chlo-
ride (Merck, Darmstadt, Germany) was accomplished according to
the method proposed in literature [35]. All aqueous solutions were
prepared in deionized water.

2.2. Measurements and apparatus

The response currents of xanthine electrodes were measured in
a thermostated cell at the desired temperature, containing 0.1 M
PBS, pH 7.4. The buffer solution in this cell was saturated with
oxygen gas at a constant flow rate to obtain an oxygen saturated
solution. In order to determine the steady-state background cur-
rent of the enzyme electrode, a potential of +0.50 V versus SCE
was  applied to the enzyme electrode in 0.1 M PBS that did not
contain xanthine. After the steady-state current value had been
determined, known amounts of xanthine were added to the cell
from a stock xanthine solution and the solution was stirred for
2–3 s. The xanthine response of the enzyme electrode was amper-
ometically measured at a constant potential of +0.50 V versus SCE
due to the electrooxidation of H2O2 produced enzymatically.

All electrochemical measurements were carried out in a con-
ventional three-electrode system. The reference electrodes were
non-aqueous Ag/AgCl in electroprecipitation, and SCE for xanthine
analysis and Pt electrodeposition. Pt spiral electrode was used as
the counter electrode. The working electrode was a platinum disc
electrode (area: 0.0314 cm2). Pt disc electrode was  polished first
with 0.3–0.05 �m alumina powder on a wet polishing pad. Then,
Pt electrode was  rinsed with deionized water and dried in air.
The electrochemical studies were performed with an CHI-660C
(Shanghai CH Instruments Co., China) electrochemical worksta-
tion. Scanning electron microscopy (SEM) images were obtained
by using EVO-LS 10 (Carl Zeiss, Germany).

2.3. Preparation of PVF+XO− and PVF+XO−/Pt

PVF+ClO4
− was  electroprecipitated on a platinum electrode

by electrooxidizing PVF at +0.7 V versus an Ag/AgCl electrode
in methylene chloride solution containing 0.1 M TBAP. The elec-
troprecipitation of PVF+ClO4

− was  carried out under nitrogen

atmosphere. The thicknesses of polymer film were controlled by
the electrical charge passed during the electroprecipitation of
PVF+ClO4

−. The first biosensor developed in this study is based
on immobilization of XO on PVF+ClO4

− coated Pt electrode. The
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Fig. 1. A schematic showing the steps involved in

iosensor was prepared by immersing PVF+ClO4
− coated Pt elec-

rode in XO solution, and this biosensor was called as PVF+XO−

lectrode. The preparation of PVF+XO− electrode was schemati-
ally shown in Fig. 1. The polymer-coated electrode was kept in
he enzyme solution for certain times without stirring (the opti-

ized immobilization time: 20 min). The pH of the enzyme solution
as kept above the isoelectric point (between pH 5.3 and 5.4) of
O. The enzyme molecule exists in the form of an anion (XO−)
nder these conditions, facilitating its interaction with the oxidized
olymer. The enzyme electrode was rinsed with 0.01 M PBS of pH
.4 to remove the excess enzyme not held electrostatically, and
hen stored at 4 ◦C in 0.01 M PBS (pH 7.4) prior to use. The second
iosensor is based on electrodeposition of Pt nanoparticles onto
he surface of PVF+ClO4

− coated Pt electrode and this biosensor
as called as PVF+XO−/Pt electrode. The preparation procedure

f PVF+XO−/Pt electrode was shown in Fig. 1. Electrodeposition
f platinum on PVF+ClO4

− coated Pt electrode was  performed in
n electroplating bath consisted of 2 mM H2PtCl6 and 0.5 M HCl.
he PVF+ClO4

− modified electrode was immersed in the plating
ath and a constant potential of −0.20 V was applied for certain
ime. After the electrodeposition, the electrode was  thoroughly
insed with deionized water. The amount of loaded Pt nanopar-
icles on the modified electrode was evaluated from the electrical
harge consumed during electrodeposition, assuming that Pt4+ to
t0 reduction is 100% efficient [32]. Then, the platinum electrode-
osited PVF+ClO4

− coated electrode was immersed in XO solution
ithout stirring for 20 min  for the immobilization of XO. The

nzyme electrode were washed with 0.01 M PBS (pH 7.4) to remove
he excess enzyme and stored at 4 ◦C in 0.01 M PBS.

. Results and discussion

.1. SEM images and cyclic voltammograms of PVF+XO− and
VF+XO−/Pt

Fig. 2 shows typical cyclic voltammograms of the enzyme elec-
rodes in the absence and presence of xanthine. In the presence of

anthine, the cyclic voltammograms of both electrodes displayed
n enhancement of the anodic peak current. It can be seen that
he peak current value obtained from the PVF+XO−/Pt electrode is
ubstantially higher than that of the PVF+XO− electrode. This obser-
brication of PVF+XO− and PVF+XO−/Pt electrodes.

vation demonstrated the electrocatalytic effect of Pt nanoparticles
in the polymer matrix. Also, the effects of the scan rate on the peak
current were studied to determine the type controlled process of
the enzyme electrodes. Figs. S1A and S1B (Supporting information)
show the plots of the anodic peak currents of the PVF+XO− and
PVF+XO−/Pt electrodes vs. scan rate (10–1000 mV  s−1) with corre-
lation coefficients of 0.9978 and 0.9983. The anodic peak currents
of the electrodes are linearly proportional to the lower scan rates
between 10 and 300 mV  s−1, indicating that the redox behaviors of
the electrodes are surface controlled process as expected for immo-
bilized systems. Figs. S1C and S1D (Supporting information) show
the changes of the anodic peak currents of the enzyme electrodes
with the square root of the scan rate (10–1000 mV s−1) with corre-
lation coefficients of 0.9980 and 0.9984. The plots of the anodic peak
current against the square root of the higher scan rate ranging from
300 to 1000 mV  s−1 demonstrate the strong linear relationships for
PVF+XO− and PVF+XO−/Pt electrodes. These results indicate that
the redox behaviors of the electrodes at the higher scan rate are
diffusion controlled.

The morphologies of PVF+ClO4
−, PVF+XO− and PVF+XO−/Pt elec-

trodes were also characterized by scanning electron microscopy
(Fig. 3). As shown in Fig. 3A, the polymer film has suitable sur-
face area which provides an ideal matrix for the electrodeposition
of Pt and the immobilization of enzyme. After XO incorporated
into PVF+ClO4

− matrix via ion exchange process, the enzyme was
observed at the vicinity of the surface of PVF+ film (Fig. 3B). SEM
image of PVF+XO−/Pt is shown in Fig. 3C. The platinum nanoparti-
cles, with a diameter ranging from 40 nm to 70 nm,  exhibit uniform
size and semispherical shape, and appear regularly distributed over
the polymer surface.

3.2. Response characteristics of PVF+XO− and PVF+XO−/Pt

Fig. 4A and B shows current–time plots for PVF+XO− and
PVF+XO−/Pt electrodes under the optimal conditions with succes-
sive additions of 0.1 mM xanthine solutions to a stirred PBS (0.1 M,
pH 7.4). As a result of the enzymatic reaction occurred between

XO and xanthine, the response current of the enzyme electrodes
increased gradually with stepped increasing of xanthine concen-
tration in PBS. The current signal of PVF+XO−/Pt electrode is higher
than that of PVF+XO− electrode due to the electrocatalytic effect of
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Fig. 2. Cyclic voltammograms of enzyme electrodes: (a) PVF+XO− , (b) PVF+XO−/Pt
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n  absence of xanthine, (c) PVF+XO− in presence of 1.00 mM xanthine, and (d)
VF+XO−/Pt in presence of 1.00 mM xanthine in 0.1 M PBS (pH 7.4). Scan rate:
0  mV  s−1.

t nanoparticles. The response time of PVF+XO−/Pt electrode was
etermined as 15 s while the response time of PVF+XO− electrode

s 10 s (reaching 90% of the maximum responses). It is possible that
he electrodeposition of platinum at the electrode surface caused
he limited diffusion rate of xanthine from bulk solution into the
olymeric matrix.

.3. Effect of applied potential

The effect of applied potential on the response currents of
VF+XO− electrode to xanthine was examined at different poten-
ials between 0.2 and 0.8 V. With the increase of the applied
otential from 0.2 V to 0.5 V, the response current increased reg-
larly. When the applied potential was higher than 0.5 V, the
esponse currents fell down. In the same way, the response currents
f PVF+XO−/Pt electrode were studied at different potentials and a
aximum response current was observed at 0.5 V as in PVF+XO−

lectrode. This means that the response currents of the biosensors
re resulted from the electrochemical oxidation of hydrogen perox-
de. Thus, a potential of 0.5 V was preferred for xanthine detection
n the following experiments.

.4. Effect of polymeric film thickness

The effect of the polymeric film thickness on the response cur-
ent was examined using PVF+ClO4

− films with various thicknesses.
hen the enzyme concentration was kept constant (1.0 mg  mL−1

or XO), the charge that passed in the preparation of the polymer
oated electrodes varied between 0.5 and 4.5 mC  corresponding to
.650 × 10−7 mol  cm−2 of PVF+ and 1.485 × 10−6 mol cm−2 of PVF+.
he enzyme electrode response increased with the polymer thick-
ess up to a value 2.5 mC  corresponding to 4.950 × 10−7 mol  cm−2

f PVF+ and then, decreased slowly. This behavior could be
xplained by the limited diffusion rate of xanthine from the bulk
olution into the inner regions of the polymer in thick film [21]. The
hickness of the PVF+ClO4

− film was kept constant at this value for
ll measurements.

.5. Effects of XO concentration and immobilization time
The amount of the enzyme in polymer matrix depends on
he immobilization time of enzyme and the concentration of the
nzyme solution used during immobilization process. To inves-
igate the effect of the enzyme concentration on the response
Fig. 3. SEM images of modified electrodes: (A) PVF+ClO4
− , (B) PVF+XO− ,  and (C)

PVF+XO−/Pt.

current, the enzyme electrodes were prepared with the XO
concentrations varying between 0.5 and 8.0 mg  mL−1. With the
increase of the XO concentration from 0.5 mg mL−1 to 1.5 mg  mL−1,
the response current of PVF+XO− electrode increased accord-
ingly, which implies that higher XO concentration resulted in
higher sensitivity. When the concentration of XO was higher
than 1.5 mg  mL−1, the response current did not change apprecia-
bly (Fig. S2A (Supporting information)). This result is consistent
with the previous studies [26,27,36].  The optimum bulk enzyme
concentration for the enzyme immobilization was determined as
1.5 mg  mL−1. In addition to the optimization of XO concentration,

the effect of the different immobilization time of XO on the cur-
rent response was  investigated. The maximum current value was
obtained at the immobilization time of 20 min  and then, the cur-
rent value reached a plateau (Fig. S2B (Supporting information)).
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ig. 4. Amperometric responses of enzyme electrodes with successive addition of
.1  M xanthine in 0.1 M PBS (pH 7.4) at the applied potential of 0.5 V: (A) PVF+XO−

nd (B) PVF+XO−/Pt.

herefore, the immobilization time of 20 min  was selected in all of
easurements.

.6. Effect of Pt electrodeposition potential

The effect of the electrodeposition potential of Pt nanoparti-
les on the current response of PVF+XO−/Pt was tested with the
iosensors prepared at the potentials between −0.1 V and −0.6 V
s. Ag/AgCl. As illustrated in Fig. 5A, the current response grad-
ally increased as the electrodeposition potential became more
egative up to −0.2 V, reached a maximum at this potential and
hen, decreased for more negative potential values than −0.2 V. This
esult is similar to that reported for the electrodeposition poten-
ial of Pt by several researchers [37,38]. The deposition potential
f −0.2 V was selected for Pt electrodeposition in the following
xperiments.

.7. Effect of amount of electrodeposited Pt nanoparticles

The effect of the amount of electrodeposited Pt nanoparti-
les was studied by controlling the electrical charge consumed
uring the electrodeposition at −0.2 V. To compare the catalytic
ctivities, PVF+XO−/Pt electrodes were prepared at the electrical
harges varying between 0.5 × 10−2 C and 8.0 × 10−2 C during Pt
lectrodeposition on PVF+ClO4

− film. The maximum response cur-
ents measured at 0.5 V in 0.1 M PBS (pH 7.4) were plotted versus

harges for Pt electrodeposition as shown in Fig. 5B. The response
urrent of PVF+XO−/Pt electrode increased with the increase of
he charge from 0.5 × 10−2 C to 4.0 × 10−2 C and then, started to
ecrease with a charge of more than 4.0 × 10−2 C. This result may  be
is B: Enzymatic 72 (2011) 282– 288

attributed to the decrease of the electrochemical active surface area
of the electrode because of large-sized Pt nanoparticles deposited
on the electrode surface with a high charge [32,39,40].  Therefore,
the charge of 4.0 × 10−2 C for Pt electrodeposition was  used in all
of measurements.

3.8. Effect of H2PtCl6 concentration

The effect of H2PtCl6 concentration for Pt electrodeposition
was  investigated using H2PtCl6 solution varying between 0.5 mM
and 4.0 mM (Fig. 5C). It was observed that the response current
of PVF+XO−/Pt electrode increased evidently with the increase of
H2PtCl6 concentration from 0.5 mM to 2.0 mM.  When the con-
centration of H2PtCl6 was higher than 2.0 mM,  the response was
decreased. It is clear that the increasing of H2PtCl6 concentra-
tion leads to a change of the platinum nanoparticle size and affect
negatively to electrocatalytic activity [41]. Hence, the H2PtCl6 con-
centration was chosen as 2.0 mM and the Pt nanoparticle-based
enzyme electrode were prepared on these conditions.

3.9. Effect of temperature

The effect of temperature on the response currents of the
enzyme electrodes was determined at different temperatures vary-
ing from 20 to 60 ◦C. The response current of the PVF+XO− electrode
increased with the increasing temperature from 20 to 40 ◦C and
decreased at higher temperature. The activation energy for the
PVF+XO− electrode was calculated to be 23.64 kJ mol−1 for the
oxidation of xanthine. The activity of the PVF+XO−/Pt electrode
reached a maximum value at about 45 ◦C and decreased after this
temperature. The activation energy for the oxidation of xanthine
on the PVF+XO−/Pt electrode was found to be 29.11 kJ mol−1 from
Arrhenius plot. The decrease in the response currents of the enzyme
electrodes at a higher temperature may  have two  reasons: one is
the decreasing concentration of molecular oxygen in the solution,
another is the thermal deactivation of the enzyme at higher tem-
peratures [42]. In addition, it can be observed that heat resistance
of the immobilized enzyme was increased slightly by the electrode-
position of Pt.

3.10. Reproducibility and stability

The reproducibility of both enzyme electrodes, PVF+XO− and
PVF+XO−/Pt, was  estimated from the response to 1.0 mM xanthine
for five enzyme electrodes prepared under the optimum work-
ing conditions and the relative standard deviation (R.S.D.) is 3.30%
for PVF+XO− and 5.76% for PVF+XO−/Pt. The storage stability of
PVF+XO− and PVF+XO−/Pt electrodes was also studied. The storage
stability of the enzyme electrodes was  determined by measuring
steady-state response current of 1.0 mM xanthine during 40 days.
The PVF+XO− electrode exhibited good stability during 10 days and
then an activity loss of 40% was  observed on the 21st day. The life-
time of PVF+XO−/Pt electrode is slightly longer than the PVF+XO−

electrode and the current response of PVF+XO−/Pt on the 25th days
was  42% of the initial value. Such good stability of PVF+XO−/Pt may
be attributed to the aspect that Pt nanoparticles–polymer matrix
was  stable.

3.11. Effect of substrate concentration

Fig. 6A and B shows the calibration curves of both electrodes.
The response current of PVF+XO− electrode is linear in the range

from 1.73 × 10−3 to 1.74 mM  with a correlation coefficient of 0.9996
(Fig. 6A). The sensitivity is 56.22 �A mM−1 cm−2 for xanthine. Com-
pared with PVF + XO− electrode, PVF+XO−/Pt electrode exhibits
wide linear range from 0.43 × 10−3 to 2.84 mM with a correlation
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oefficient of 0.9989 (Fig. 6B). The linear ranges of PVF + XO− and
VF+XO−/Pt electrodes are wider than many of those reported in
iterature [10,13,43,44].  The PVF+XO−/Pt electrode has a sensitivity
f 68.75 �A mM−1 cm−2. For both enzyme electrodes, PVF+XO− and
VF + XO−/Pt, the detection limits were found to be 5.20 × 10−4 mM
nd 1.30 × 10−4 mM at the signal-to-noise ratio of 3 (S/N = 3),
espectively. The detection limits of PVF+XO− and PVF + XO−/Pt
re lower than that of polypyrrole modified film (1.0 × 10−3 mM)
45], ZnO–NPs–polypyrrole composite film (8.0 × 10−4 mM)  [46]
ut higher than that of laponite thin film (1.0 × 10−5 mM)  [11],
ulti-wall carbon nanotubes (1.0 × 10−4 mM)  [13].
The apparent Michaelis–Menten constant (Kmapp) can be cal-

ulated from the electrochemical version of the Linweaver–Burk
quation as suggested by Shu and Wilson [47]:

1
i

= 1
i

+ Kmapp

i

1
C
s max max

here is is the steady-state current, imax is the maximum current,
mapp the apparent Michaelis–Menten constant, C is the concentra-
ion of xanthine. According to the Lineweaver–Burk equation, Kmapp
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ig. 6. Calibration curves of enzyme electrodes for xanthine determination: (A)
VF+XO− and (B) PVF+XO−/Pt.
sition (B), H2PtCl6 concentration (C) on the amperometric response of PVF+XO−/Pt

values of the enzyme electrodes can be obtained from the analysis
of the slope and the intercept of the plot of the reciprocals of the
steady-state current versus xanthine concentration. Kmapp values
were found to be 6.065 mM and 3.454 mM  xanthine for PVF+XO−

and PVF+XO−/Pt electrodes, respectively.

3.12. Interference study

The effect of possible interfering substances on PVF+XO− and
PVF+XO−/Pt electrodes was  investigated by using ascorbic acid and
uric acid at 0.50 V (versus SCE) in 0.10 M PBS (pH 7.4). The current
responses obtained in the presence of interfering species at their
physiological normal level (0.1 mM ascorbic acid, 0.5 mM uric acid)
[48] were compared with those obtained in 0.5 mM  xanthine solu-
tion. No noticeable changes in the current responses were detected
in the ascorbic acid solution. A similar situation was observed for
0.5 mM  uric acid solution. These results indicated that both biosen-
sors have acceptable anti-interferent ability.

3.13. Real sample analysis

The antiasthmatic drugs containing xanthine derivatives such as
teophylline and aminophylline are used in the treatment of patients
with respiratory distress syndrome. In the analysis of real samples,
the two  different drugs were assayed to demonstrate the practi-
cal use of PVF+XO− and PVF+XO−/Pt electrodes. The results of the
xanthine determination and the recovery of the drug samples using
both electrodes were summarized in Table S1 (Supporting informa-
tion). The results obtained are satisfactory and agree closely with
those given by the prospectuses of the drugs.

4. Conclusion

In this paper, two  novel amperometric biosensors for mon-
itoring xanthine were described and characterized. The former
was  prepared by immobilization of XO on PVF+ClO4

− matrix. The
other constructed by electrodeposition of Pt nanoparticles on the
PVF+ClO4

− matrix, and then the enzyme was immobilized onto
PVF+ClO4

−/Pt electrode surfaces. In our amperometric measure-
ments, we observed that deposited Pt nanoparticles on PVF+ClO4

−

matrix provide significant electrocatalytic activity towards hydro-
gen peroxide oxidation. Compared with the PVF+XO− electrode,
the PVF+XO−/Pt electrode has larger maximum current density,
higher sensitivity and a wider linear response range. Both enzyme
electrodes also demonstrated good stability and non-interferences.
The results obtained may  be attributed to the catalytic effect of Pt

nanoparticles and the good biocompatibility of PVF+ClO4

− matrix.
As a conclusion, the enzyme electrodes fabricated in this study can
be a good example for designing a variety of bioelectrochemical
devices with a wide linear range and high sensitivity.
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