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Xanthine oxidase (XOD) was immobilized on a composite film of zinc oxide nanoparticle/chitosan/

carboxylated multiwalled carbon nanotube/polyaniline (ZnO-NP/CHIT/c-MWCNT/PANI)

electrodeposited over the surface of a platinum (Pt) electrode. A xanthine biosensor was fabricated

using XOD/ZnO-NP/CHIT/c-MWCNT/PANI/Pt as working electrode, Ag/AgCl as reference

electrode and Pt wire as auxiliary electrode connected through a potentiostat. The ZnO-NPs were

characterized by X-ray diffraction (XRD) and transmission electron microscopy (TEM), and the

enzyme electrode was characterized by cyclic voltammetry, scanning electron microscopy (SEM),

Fourier transform infrared (FTIR) spectroscopy and electrochemical impedance spectroscopy (EIS).

The biosensor showed optimum response within 4 s at 0.5 V potential, pH 7.0, 35 �C and linear range

0.1–100 mMwith a detection limit of 0.1 mM. The enzyme electrode was employed for determination of

xanthine in fish meat during storage. The electrode lost 30% of its initial activity after 80 uses over one

month, when stored at 4 �C.
Introduction

Xanthine oxidase, a molybdenum, iron and labile sulfur con-

taining flavoprotein catalyzing the oxidation of hypoxanthine to

xanthine and xanthine to uric acid, plays an important role in

controlling purine metabolism.1 Measurement of xanthine level

in blood and tissue is very important for diagnosis and treatment

of gout, xanthinuria and hyperuricaemia.2 The determination of

xanthine is also used in food industries for quality control of fish

products. Hence, the quantification of xanthine is of clinical and

industrial importance.3–5 Several analytical methods such as

colorimetry,6 fluorometry,7 HPLC,8 mass spectrometry,9 anion

exchange chromatography, thin layer chromatography,10 mass

fragmentography,11 and capillary column gas chromatography12

have been reported for measurement of xanthine. Over the past

few years, various electrochemical xanthine biosensors based on

immobilized xanthine oxidase (XOD) have been reported.13–16

However these XOD based biosensors have some common

drawbacks such as poor stability, reusability, slow electron

transfer, and complexity of immobilization. Therefore, there is

a demand for the development of a biosensor that is compara-

tively more stable, reproducible and sensitive for xanthine

determination in real samples.

Recentlynanomaterials havebeen employed for improvementof

analytical performance of biosensors.16 Carbon nanotubes
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(CNTs), discovered in 1991 by Iijima,17 represent an important

group of nanoscale materials, because of special tube structure,

good electrical conductivity, strong adsorptive ability, excellent

bioconsistency, high electrocatalytic effect and a fast electron-

transfer rate.18,19 The addition of nanoparticles (NPs) of platinum,

palladium, copper, nickel, ruthenium, silver, and gold onto the

CNT films has generated new nanostructures with excellent

behavior in the fields of optics, electronics, and electro-catal-

ysis.20–23 Integration of CNTs and some other materials such as

conducting polymers, redox mediators and metal nanoparticles

with a synergistic effect has shown particular promise as

biochemical sensors.23–25 Nanoparticle (NP) modified electrodes

present unusual advantages in electroanalysis such as catalysis,

enhancement of mass transport, high effective surface area and

control over the electrodemicroenvironment.26–28Among themetal

oxide nanoparticles, zinc oxide nanoparticles (ZnO-NPs) have

been exploited as a potential material for biosensing, because of

their unusual properties i.e. good biocompatibility, chemical

stability, non-toxicity, high electron communication, high surface

area for strongadsorptionandhigh isoelectric point (IEP) (�9.5).29

The excellent film-forming ability, good adhesion, biocompati-

bility, and high mechanical strength of CHIT membrane have

made it a useful support for immobilization of biomolecules during

the recent years.30,31

In thepresent study,wereport the constructionandapplicationof

a xanthine biosensor based on covalent immobilization of xanthine

oxidase (XOD) on a ZnO-NP/CHIT/c-MWCNT/PANI composite

film synthesized electrochemically on a platinum (Pt) electrode.
This journal is ª The Royal Society of Chemistry 2012
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Experimental

Reagents and materials

Xanthine oxidase (XOD) (E.C.1.1.3.2) from buttermilk (0.15 U

mg�1), xanthine, and aniline (purified through vacuum distilla-

tion before use) were from SISCO Research Lab., Mumbai

(India), chitosan was from Sigma-Aldrich, USA and carboxy-

lated multiwalled carbon nanotubes (c-MWCNTs) were from

Intelligent Materials Pvt. Ltd, Panchkula (Haryana), India. All

other chemicals were of AR grade. Double distilled water (DW)

was used in all experiments.
Instruments

An Autolab Potentiostat/Galvanostat (Eco Chemie, The Neth-

erlands) was used for amperometric measurements as well as

electrochemical impedance spectroscopic measurements (0.01–

105 Hz). The size and morphology of ZnO-NPs was characterized

by a transmission electron microscope (TEM) at the Department

of Anatomy, All India Institute of Medical Sciences (AIIMS)

New Delhi, X-ray diffraction (XRD) study of ZnO-NPs was

carried out using a X-ray diffractometer (Rigaku,D/Max2550,

Tokyo, Japan) at the Department of Physics, G.J. University,

Hisar, collecting data in steps of 2-q from 20 to 80 (2-q) and

morphological studies of the electrode were carried out with

a scanning electron microscope (SEM) (Model Joel JSM-6510,

Japan) at the Department of Chemistry, M.D. University,

Rohtak. Fourier transform infrared (FTIR) spectra of the elec-

trode were recorded using an FTIR spectrophotometer (Thermo

Scientific, USA).
Construction of the XOD/ZnO-NP/CHIT/c-MWCNT/PANI/Pt

electrode

Preparation of ZnO-NPs. ZnO-NPs were prepared as

described32 using a 0.45 M aqueous solution of zinc nitrate (Zn

(NO3)2$4H2O) and 0.9 M aqueous solution of sodium hydroxide

(NaOH). Zinc nitrate solution (50 mL) was added dropwise

slowly for 40 min to the NaOH (100 mL) solution under high

speed stirring. The beaker was sealed during this process for 2 h.

The precipitated ZnO-NPs were washed with DW and ethanol

and dried in air at 60 �C.

Preparation of the c-MWCNT/PANI/Pt electrode. One mg c-

MWCNT was suspended in 1 ml mixture of concentrated H2SO4

and HNO3 in 3 : 1 ratio and ultrasonicated for 2 h to get a finely

dispersed black colored solution of c-MWCNTs and washed

with DW. A solution for electrodeposition was prepared by

adding aniline (50 ml) and finally dispersed c-MWCNT suspen-

sion (1 ml) into 1 NHCl (10 ml) in a glass cell. c-MWCNT/PANI

was electrodeposited onto a Pt electrode through the cyclic vol-

tammetry technique by applying 15 polymerization cycles at the

potential range �0.2 to 0.8 V at a scan rate of 50 mV s�1.33 Prior

to electrodeposition, the platinum electrode (1.85 cm � 1 mm)

was polished with alumina slurry and then rinsed with DW. The

resulting c-MWCNT/PANI/Pt modified electrode was washed

thoroughly with DW.
This journal is ª The Royal Society of Chemistry 2012
Preparation of the ZnO-NP/CHIT/c-MWCNT/PANI/Pt elec-

trode. CHIT (0.5 mg) flakes were dissolved in 10 mL of 0.05 M

acetate buffer solution and kept overnight at room temperature.

ZnO-NPs (5 mg) were dispersed into transparent CHIT solution

and kept under magnetic stirring for about 30 min at room

temperature followed by sonication for about 1 h. The hybrid

composite film of ZnO-NP/CHIT solution was electrodeposited

on the c-MWCNT/PANI/Pt electrode by cyclic voltammetry

using the potential range�0.2 to 0.9 V at a scan rate of 50 mV s�1.

The ZnO-NP/CHIT/c-MWCNT/PANI/Pt electrode was washed

with DW followed by 50 mM phosphate buffer (PB), pH 7.0 and

allowed to dry at room temperature.
Immobilization of XOD onto the ZnO-NP/CHIT/c-MWCNT/

PANI/Pt electrode

The XOD was immobilized onto the ZnO-NP/CHIT/c-

MWCNT/PANI/Pt electrode surface by a covalent bond (C]N

bond) between NH2 of the enzyme and the –CHO group of

glutaraldehyde. A 100 mL of XOD was added to 10 mL 2.5%

glutaraldehyde and then 6 mL of the composite solution was

dropped on the surface of the ZnO-NP/CHIT/c-MWCNT/

PANI/Pt electrode. The resulting enzyme electrode was dried and

then stored in a refrigerator at 4 �C, when not in use. The

fabricated electrode was characterized by cyclic voltammetry,

SEM, FTIR spectroscopy and EIS studies.
Optimization of the XOD/ZnO-NP/CHIT/c-MWCNT/PANI/

Pt electrode

To determine the optimum working conditions of the enzyme

electrode, the pH of reaction buffer (50 mM) was varied from pH

3.0–8.0 at an interval of pH 0.5 using acetate buffer in the pH

range 3.0–5.0 and PB in the pH range 6.0–8.0. Similarly, to

determine optimum temperature, the reaction mixture was

incubated at 15–55 �C at an interval of 5 �C. To determine the

optimum response time, the current response was studied from

1–40 s. To study the effect of substrate concentration, different

xanthine concentrations, ranging from 0.1–600 mM, were used

(Fig. 1A).
Xanthine determination in fish meat

Labeo fish was purchased from a local market. The fish was

chopped and homogenized in 5 mL 0.5 M HClO4 until a fine

paste was obtained for the precipitation of proteins. The dena-

tured sample was stirred mechanically for 10 min and then

centrifuged at 4000 rpm for 5 min. The supernatant was

collected, its pH was adjusted to 7.0 with NaOH, and it was

diluted 10 times. This fish meat extract was then divided into two

parts. One part was used immediately and the other was stored at

room temperature for storage studies.16 To determine xanthine

content in fish meat extract, the same procedure was used as

described for sensor response measurement under the optimal

working conditions except that xanthine was replaced by the fish

meat extract. The xanthine content in the fish meat extract was

interpolated from the standard curve between xanthine concen-

trations vs. current (mA) prepared under optimal working

conditions (Fig. 1B and C).
Analyst, 2012, 137, 754–759 | 755
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Fig. 1 Effect of xanthine concentration on response of the xanthine biosensor (A) and the standard curve of xanthine at lower concentration range (B)

and at higher concentration range (C) showing the linear relationship by the xanthine biosensor based on the XOD/ZnO-NP/CHIT/c-MWCNT/PANI/

Pt electrode.
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Evaluation

The performance of this biosensor was evaluated for linearity,

detection limit, analytical recovery, precision and accuracy.
Results and discussion

Characterization of ZnO-NPs

The characterization of ZnO-NPs was carried out by TEM.

Samples of ZnO-NPs were milled together with anhydrous

alcohol and then dispersed in anhydrous alcohol to form a dilute

suspension. The dilute suspension was dropped on the carbon-

grid and the morphology of the ZnO-NPs was observed using

TEM (Fig. 2A). The morphology of ZnO was crystallite rather

than spherical. The diameter of ZnO nanoparticle sizes was 10–

30 nm. The structure of ZnO-NPs was also characterized by

XRD (Fig. 2B). All peaks were consistent with the peaks of ZnO-

NPs with high crystallinity. The X-ray diffraction data were

recorded using Cu Ka radiation (1.5406 �A). The intensity data

were collected over a 2q range of 20–80�. A definite line broad-

ening of the diffraction peaks is an indication that the synthe-

sized materials are in the nanometre range. The grain size was

found to be in the range of 7–24 nm depending on the growth

condition. The lattice parameters calculated were also in agree-

ment with the reported values.
Construction of the XOD/ZnO-NP/CHIT/c-MWCNT/PANI/Pt

electrode

The fabrication of the xanthine biosensor based on the XOD/

ZnO-NP/CHIT/c-MWCNT/PANI/Pt modified electrode is
Fig. 2 (A) Transmission electron microscopic (TEM) images of ZnO-

NPs and (B) the X-ray diffraction (XRD) pattern of ZnO-NPs.

756 | Analyst, 2012, 137, 754–759
summarized in Fig. 3. Firstly the c-MWCNT/PANI composite

film was deposited on the Pt electrode using cyclic voltammetry.

Then, the ZnO-NP/CHIT film is electrochemically deposited on

the surface of the c-MWCNT/PANI composite film. The ZnO-

NP/CHIT/c-MWCNT/PANI composite film exhibits higher

currents than the c-MWCNT/PANI composite film (Fig. 4A),

which indicates that the ZnO-NP/CHIT/c-MWCNT/PANI

composite film has a larger effective surface area than the c-

MWCNT/PANI composite film and the ZnO-NP/CHIT/c-

MWCNT/PANI composite film could provide conducting path

through the composite matrix for faster kinetics. XOD, when

treated with glutaraldehyde solution, leads to formation of

a covalent bond (C]N bond) between NH2 of the enzyme and

the –CHO group of glutaraldehyde. This pretreated enzyme,

when applied onto the ZnO-NP/CHIT/c-MWCNT/PANI/Pt

electrode, leads to formation of another covalent bond (C]N

bond) between NH2 of chitosan and the –CHO group of

glutaraldehyde.

To evaluate the catalytic activity of the XOD/ZnO-NP/CHIT/

c-MWCNT/PANI/Pt electrode, the modified electrode was

characterized by a cyclic voltammogram in the presence of

xanthine in the potential range from �0.1 V to +0.8 V. Fig. 4B

shows the cyclic voltammogram of the XOD/ZnO-NP/CHIT/c-

MWCNT/PANI/Pt electrode in 50 mM PB (pH 7.0) with

xanthine (0.1–100 mM) solution. The electrochemical reactions

involved in response measurement of the xanthine biosensor are

given below:
Surface characterization using SEM

The morphology of the c-MWCNT/PANI/Pt electrode, ZnO-

NP/CHIT/c-MWCNT/PANI/Pt electrode and XOD/ZnO-NP/

CHIT/c-MWCNT/PANI/Pt electrode was characterized by SEM

studies. SEM images show a layer of the c-MWCNT/PANI/Pt

electrode (Fig. 5A), the presence of ZnO-NPs on the c-MWCNT/

PANI/Pt electrode in cluster forms (Fig.5B), and the globular

structure indicating the presence of immobilized XOD (Fig. 5C)

on the nanocomposite hybrid electrode.
This journal is ª The Royal Society of Chemistry 2012
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Fig. 3 Schematic representation of chemical reactions involved in fabrication of the XOD/ZnO-NP/CHIT/c-MWCNT/PANI/Pt electrode.

Fig. 4 Cyclic voltammogram for electrochemical deposition of (A) the

(a) c-MWCNT/PANI/Pt electrode and (b) ZnO-NP/CHIT/c-MWCNT/

PANI/Pt electrode. (B) Cyclic voltammetry of amperometric response

studies of the XOD/ZnO-NP/CHIT/c-MWCNT/PANI/Pt electrode in

xanthine concentration from a ¼ 0.1 to g ¼ 100 mM using a phosphate

buffer (50 mM, pH 7.0).

Fig. 5 SEM images of (A) c-MWCNT/PANI/Pt, (B) ZnO-NP/CHIT/c-

MWCNT/PANI/Pt and (C) XOD/ZnO-NP/CHIT/c-MWCNT/PANI/Pt

electrodes.

Pu
bl

is
he

d 
on

 0
1 

D
ec

em
be

r 
20

11
. D

ow
nl

oa
de

d 
by

 E
as

t C
ar

ol
in

a 
U

ni
ve

rs
ity

 o
n 

19
/0

9/
20

13
 0

5:
14

:2
0.

 

View Article Online
FTIR spectra

FTIR spectra of the c-MWCNT/PANI/Pt electrode (Fig. 6A)

showed bands at 1460 and 1604 cm�1 which are caused by ben-

zoid and quinoid vibrations. The presence of peaks at 1138 and

3420 cm�1 is attributed to b-N+]Q and –N–H stretching

vibrations of PANI in the composite. The FTIR spectrum of the

ZnO-NP/CHIT/c-MWCNT/PANI/Pt electrode (Fig. 6B) showed

an additional peak at 492 cm�1 due to ZnO-NPs and a broad

peak at 3418 cm�1 due to characteristic absorption bands of

amino saccharide in chitosan due to overlapping of –OH and

–NH2 stretching. The peaks at 1065 and 1140 cm�1 become

deeper due to C–N bonding between CHIT and c-MWCNT. The

FTIR spectrum of the XOD/ZnO-NP/CHIT/c-MWCNT/PANI/

Pt (Fig. 6C) electrode showed characteristic peaks at 1647 and
This journal is ª The Royal Society of Chemistry 2012
1495 cm�1 attributed to the primary and secondary amide link-

ages of enzymemolecules, which confirmed the presence of C]N

bond.
Electrochemical impedance measurements

The charge transfer process in the XOD/ZnO-NP/CHIT/c-

MWCNT/PANI/Pt electrode was studied by monitoring charge

transfer resistance (RCT) at the electrode and electrolyte inter-

face. The value of the RCT depends on the dielectric and insu-

lating features at the electrode/electrolyte interface. Fig. 7 shows

electrochemical impedance spectra (EIS) of the (a) c-MWCNT/

PANI/Pt electrode, (b) ZnO-NP/CHIT/c-MWCNT/PANI/Pt

electrode and (c) XOD/ZnO-NP/CHIT/c-MWCNT/PANI/Pt

electrode in 5 mMK3Fe(CN)6/K4Fe(CN)6 (1 : 1) containing 0.05

M PB, pH 7.5. The RCT values for the c-MWCNT/PANI/Pt

electrode, ZnO-NP/CHIT/c-MWCNT/PANI/Pt electrode and

XOD/ZnO-NP/CHIT/c-MWCNT/PANI/Pt electrode were

1.5320 U, 1.412 U and 8.645 U respectively. It was observed that

the RCT of the ZnO–NP/CHIT/c-MWCNT/PANI/Pt modified

electrode (curve b) is lower than that of the c-MWCNT/PANI/Pt

modified electrode (curve a). The results show that the ZnO-NP/

CHIT/c-MWCNT/PANI/Pt modified electrode decreases the

resistance of the electrode and holds high electron transfer effi-

ciency, while the RCT of the XOD/ZnO-NP/CHIT/c-MWCNT/

PANI/Pt electrode (curve c) increases over that of the ZnO-NP/

CHIT/c-MWCNT/PANI/Pt modified electrode. This increase in

RCT is attributed to the fact that most biological molecules,

including enzymes, are poor electrical conductors at low

frequencies and cause hindrance to electron transfer. These
Analyst, 2012, 137, 754–759 | 757
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Fig. 6 FTIR spectra of (A) c-MWCNT/PANI/Pt, (B) ZnO-NP/CHIT/c-MWCNT/PANI/Pt and (C) XOD/ZnO-NP/CHIT/c-MWCNT/PANI/Pt

electrodes.
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results also indicate binding of XOD onto the ZnO-NP/CHIT/c-

MWCNT/PANI/Pt electrode.
Optimization of experimental conditions

The experimental conditions affecting the biosensor response

were studied in terms of effect of pH, incubation temperature,

time and substrate (xanthine) concentration. The optimum

current was obtained within 4 s at pH 7 and 35 �C. There was

a hyperbolic relationship between the biosensor response and

xanthine concentration up to a final concentration of 100 mM,

after which it was constant (Fig. 1A).
Evaluation of the xanthine biosensor

There was a linear relationship between the xanthine concen-

tration ranging from 0.1–100 mM and current (mA), which is

better than the earlier xanthine biosensors based on a modified

graphite electrode coated with gelatin (upto 40 mM),34 carbon

nanotube (CNT) modified carbon paste electrode (1–100 mM)35
Fig. 7 Impedance spectra of the (a) c-MWCNT/PANI/Pt electrode, (b)

ZnO-NP/CHIT/c-MWCNT/PANI/Pt electrode and (c) XOD/ZnO-NP/

CHIT/c-MWCNT/PANI/Pt electrode in phosphate buffer (50 mM, pH

7.0), containing [K3Fe(CN)6]/[K4Fe(CN)6] (5 mM).

758 | Analyst, 2012, 137, 754–759
and zinc oxide nanoparticle–polypyrrole composite film (0.8–40

mM).16 The detection limit of the biosensor was 0.1 mM (S/N¼ 3),

which is lower than that of the modified graphite electrode

coated with gelatin (4.5 mM),34 modified carbon paste electrode

(1 mM),35 polypyrrole modified film (400 mM),36 FeTPP-NP

modified glassy carbon (1 mM)37 and zinc oxide nanoparticle–

polypyrrole composite film (0.8 mM).16 Analytical recoveries of

exogenously added xanthine in fish extract (10 mg l�1, 20 mg l�1)

by the present method were 95.1% and 96.1%, respectively,

showing the reliability of the method. Within and between batch

coefficients of variation (CV) in xanthine concentration in fish

extract after one week of storage at �20 �C were <5.2% and

<5.30%, showing the good reproducibility and reliability of the

method. To know the accuracy of the present method, values of

xanthine in fish meat sample were determined by the enzymic

colorimetric method and by the present method. The xanthine

values obtained by the present biosensor matched with those by

the enzymic colorimetric method with a good correlation (r ¼
0.93, significant at 1% level).
Effect of interfering compounds

The ability of the immobilized enzyme layer to protect the sensor

from electroactive interference was investigated. Other coexisting

substances found in meat sample were studied for any possible

interfering effect on analysis of xanthine in meat sample. A

known concentration (40 mM) of inosine 5-phosphate (IMP),

inosine, cystine, uric acid, caffeine, theophylline, hypoxanthine

and ascorbic acid was added to 0.15 mM xanthine solution. It

has been shown that inosine 5-phosphate (IMP), inosine, cystine,

caffeine, theophylline and uric acid have no interfering effects on

analysis of xanthine but ascorbic acid (20%) and hypoxanthine

(30%) interfere in the analysis of xanthine.
Xanthine determination in fish meat

The xanthine concentration in fish meat was determined during

its 16 days of storage at room temperature by using the present
This journal is ª The Royal Society of Chemistry 2012
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Fig. 8 Determination of xanthine in fish meat by the xanthine biosensor

based on the XOD/ZnO-NP/CHIT/c-MWCNT/PANI/Pt electrode

during storage at room temperature (30 � 5 �C).

Fig. 9 Effect of storage at 4 �C on response of three similar XOD/ZnO-

NP/CHIT/c-MWCNT/PANI/Pt electrodes.
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biosensor. The xanthine level was increased with the storage

time. It was double on day 10, compared to that on day 1 (Fig. 8).

Long-term stability of the electrode

To examine the long-term storage stabilities, the activity of the

XOD/ZnO-NP/CHIT/c-MWCNT/PANI/Pt electrode was tested

with respect to storage time. The enzyme electrode was con-

structed thrice and the effect of storage at 4 �Cwas studied on the

response of these three similarly constructed electrodes. The

results showed practically no variation in storage stability of the

three electrodes. The electrode lost only 30% of its initial activity

after its 80 regular uses over 1 month (Fig. 9).

Conclusion

An improved amperometric xanthine biosensor was constructed

by immobilizing XOD onto a ZnO-NP/CHIT/c-MWCNT/PANI

modified Pt electrode. The biosensor showed better sensitivity,

wider working range and longer storage stability.
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