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a b s t r a c t

Zinc oxide nanoparticles (ZnO-NPs) were synthesized from zinc nitrate by simple and efficient method in
aqueous media at 55 ◦C without any requirement of calcinations step. A mixture of ZnO-NPs and pyrrole
was eletropolymerized on Pt electrode to form a ZnO-NPs–polypyrrole (PPy) composite film. Xanthine
oxidase (XOD) was immobilized onto this nanocomposite film through physiosorption. The ZnO-
NPs/polypyrrole/Pt electrode was characterized by Fourier transform infrared (FTIR), cyclic voltammetry
(CV), X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy
anthine oxidase
anthine biosensor
inc oxide nanoparticles–polypyrrole film
ish

(TEM) and electrochemical impedance spectroscopy (EIS) before and after immobilization of XOD. The
XOD/ZnO-NPs–PPy/Pt electrode as working electrode, Ag/AgCl as reference electrode and Pt wire as aux-
iliary electrode were connected through a potentiostat to construct a xanthine biosensor. The biosensor
exhibited optimum response within 5 s at pH 7.0, 35 ◦C and linearity from 0.8 �M to 40 �M for xan-
thine with a detection limit 0.8 �M (S/E = 3). Michaelis Menten constant (Km) for xanthine oxidase was
13.51 �M and Imax 0.071 �A. The biosensor measured xanthine in fish meat and lost 40% of its initial

over ◦
activity after its 200 uses

. Introduction

Xanthine (3,7-dihydro-purine-2,6-dione) present in most body
issues and fluids, is generated from guanine by guanine deami-
ase and from hypoxanthine by xanthine oxidase. Determination
f xanthine level in blood and tissue is essential for diagnosis and
edical management of various diseases like hyperuricemia, gout,

anthinuria and renal failure. A number of mild xanthine derived
timulants like caffeine and theobromine are present in tea and
offee. Fresh fish meat is required in food industries for manufac-
uring of high quality products. After the death of a fish, ATP is
egraded into xanthine, which increases with storage. Thus xan-
hine attracts much attention as an indicator for fish freshness
Shan et al., 2009). Various methods have been devised for deter-

ination of xanthine like enzymic colorimetric (Berti et al., 1988),
nzymatic fluorimetric, fluorometric mass spectrometry fragmen-
ography (Olojoa et al., 2005), HPLC (Kock et al., 1993) and capillary

olumn gas chromatography (Renata et al., 2002). However, these
ethods are cumbersome, time consuming and requires sample

reparation. As compared to them, amperometric determination of
anthine by biosensors is comparatively more simple, rapid, sen-

∗ Corresponding author. Tel.: +91 9416492413.
E-mail addresses: pundircs@rediffmail.com, pundircs@gmail.com (C.S. Pundir).

956-5663/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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100 days, when stored at 4 C.
© 2011 Elsevier B.V. All rights reserved.

sitive and requires no sample preparation (Shah, 1996). In these
biosensors, xanthine oxidase has been immobilized onto various
supports such as polypyrrole film (Arslan et al., 2006), nafion
membrane (Nakatani et al., 2005), self-assembled phospholipids
membrane (Rehak et al., 1994), theophylline coated nylon mesh
(Mao et al., 1999; Moody et al., 1987), cellulose acetate membrane
(Basu et al., 2005), silk membrane (Mao et al., 2001) PVC membrane
(Pundir et al., 2011) and silk fibroin membrane (Mulchandani et al.,
1989). However these supports (film/membranes) had few draw-
backs such as poor stability, reusability and slow electron transfer,
while some membranes were fragile, non-conducting, non-elastic
and had poor absorption ability. Recent xanthine biosensors were
based on electrochemical hybrid electrodes using Cu(II) hypox-
anthine absorptive complex at a hanging mercury drop electrode
(HMDE) (Pei and Li, 2000), CuPtCl6/GC (Hu et al., 2000), sodium
montmrillonite-methyl violate carbon paste (Mao et al., 2001), car-
bon fiber microelectrodes (CFMEs) using nafion (Lui et al., 2004)
and Au–colloid polypyrrole layer (Lui et al., 2004). These biosensors
were also suffered from limited electron communication, com-
plexity of immobilization and stability of enzymes. Ever since the

conducting polymers were introduced by Diaz et al. (1979) by
depositing thin films of polypyrrole (PPy) on an electrode using
electro-oxidation, conducting polymers have attracted the atten-
tion of several workers. Currently, an intensive attention is being
paid to the design of nano-devices, due to the growing miniatur-

dx.doi.org/10.1016/j.bios.2011.01.014
http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:pundircs@rediffmail.com
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zation of microelectronic devices. Certain conducting polymer and
anoparticles (NPs) composites have already been reported in the

iterature, such as polyaniline/metaloxide NP composites (Nabid
t al., 2008; Moghaddam and Nazari, 2008; Phang et al., 2008),
Py/TiO2 (Liu et al., 2004), PPy/Ti (Roux et al., 2003), PPy/Au (Chem
t al., 2006), PPy/Ag (Liu et al., 2006), PPy/Pt (Bose and Rajeshwar,
992), and PPy/Pd (Cioffi et al., 2000). Nanostructure metal oxides
re know to have unique ability to promote faster electron trans-
er kinetics between electrode and the active site of the desired
nzyme (Pandey et al., 2008; Zhou et al., 2005; Kumar and Chen,
008; Singh et al., 2007; Wang et al., 2006a). Among the metal oxide
anoparticles, ZnO-NPs have been exploited as a potential material

or biosensing because of their unusual properties i.e., high surface
rea for strong adsorption (high isoelectric point 9.5), good biocom-
atibility, chemical stability, non toxicity and high electron com-
unication. Nanoporous ZnO greatly enhances the surface area for

trong adsorption of biomolecules (Singh et al., 2007; Wang et al.,
006b). These nonporous ZnO-NPs/ZnO nanorods/nanocombs have
een employed for the fabrication of different biosensors such
s glucose (Wang et al., 2006a), myoglobin (Zhao et al., 2006),
icroperoxidase, hydrogen peroxide (Zhu et al., 2007), phenol (Li

t al., 2006), uric acid (Zhang et al., 2004), human IgG (Wang et al.,
006b) and cholesterol (Khan et al., 2008). To the best of our knowl-
dge, no attempts have been made towards the development of a
anthine biosensor based on zinc oxide nanoparticles–polypyrrole
omposite (ZnO-NPs–PPy). We report here in the construction of a
mperometric novel xanthine biosensor by immobilizating com-
ercial XOD on ZnO-NPs–PPy composite film electrodeposited

nto Pt electrode and its application.

. Materials and methods

.1. Materials

Xanthine oxidase (XOD) (E.C.1.1.3.2) from buttermilk
0.15 U/mg), xanthine from SRL, Mumbai and Pyrrole from
luka, Mumbai were used. Pyrrole was stored below 5 ◦C in dark.
ll other chemicals were of AR grade.

.2. Assay of xanthine oxidase

The assay of xanthine was carried out in a test tube as described
y Westerfield et al. (1959) with modification and based on oxida-
ion of xanthine to uric acid by xanthine oxidase. Assay mixture
ontained 1.8 ml of 50 mM sodium phosphate buffer (pH 7.0),
.1 ml xanthine (0.15 mM) and 0.1 ml xanthine oxidase (0.15 U/mg).
ncrease in absorbance at 290 nm was read against blank in a UV
pectrophotometer (Schimadzu, 1700). The activity was calculated
s follows:

nits/ml = �A/ min ×1000 × 3 ml × dilution

1.22 × 104 × 0.1 ml

xtinction Coeff. of uric acid = 1.22 × 104 cm−1

.3. Instruments

Autolab potentiostat/galvanostat (Eco Chemie, Netherlands)
as used for amperometric measurements as well as electrochemi-

al impedance spectroscopic measurements (0.01–105 Hz). A three

lectrode cell with XOD/ZnO-NPs–PPy/Pt electrode as the work-
ng electrode, Ag/AgCl electrode with saturated KCl as a reference
lectrode and platinum (Pt) wire as the counter electrode were
sed. UV–visible spectra from in UV–visible spectrophotometer
Make: Shimadzu, Model 160 A) and the FTIR spectra from FTIR
Scheme 1. Schematic representation of chemical reactions involved in fabrication
of XOD/ZnO-NPs–PPy/Pt.

spectrophotometer (Thermo Scientific, USA) were recorded. The
morphological studies were carried out with scanning electron
microscope (SEM) (Model Joel JSM-6510, Japan) at Department of
Chemistry, M.D. University, Rohtak, powder X-ray diffraction (XRD)
experiments were conducted on a X-ray diffractometer (Make:
Rigaku, D/Max2550, Tokyo, Japan) at Department of Physics, G.J.
University, Hisar, collecting data in steps of 2-theta from 20 to 70 (2-
theta). The database of the Joint Committee on Powder Diffraction
Standards (JCPDS) was used for phase identification.

2.4. Construction of XOD/ZnO-NPs–PPy/Pt electrode

2.4.1. Preparation of ZnO-NPs
ZnO-NPs were prepared as described (Moghaddam et al., 2009)

using a 0.45 M aqueous solution of zinc nitrate (Zn(NO3)2·4H2O)
and 0.9 M aqueous solution of sodium hydroxide (NaOH). NaOH
(100 ml) solution was heated at 55 ◦C. Zinc nitrate solution (50 ml)
solution was added drop wise (slowly for 40 min) to the heated
NaOH solution under high speed stirring. The beaker was sealed
during this process for 2 h. The precipitated ZnO-NPs were cleaned
with deionized water and ethanol, dried in air at 60 ◦C.

2.4.2. Electropolymerization of PPy on Pt electrode with ZnO-NPs
The surface of the Pt electrode (1.85 cm × 1 mm) was manually

polished successively by 0.05 �M of alumina slurry on a polishing
cloth, followed by a thorough distilled water rinsing. The elec-
trode was then successively sonicated in ethanol and distilled
water to remove the adsorbed particles. To electropolymerized pyr-
role, 50 mg ZnO-NPs were added in 100 mM NaClO4 (10 ml) and
30 mM pyrrole (4 ml). The polymerization of pyrrole was carried
out by applying potentials to Pt working electrode at 100 mV/s. For
control, a pure pyrrole was also polymerized under the similar con-
ditions as mentioned above, but no ZnO-NPs were added in the
polymerization electrolyte. The electropolymerization of pyrrole
was studied by SEM.

2.4.3. Immobilization of XOD onto ZnO-NPs/PPy/Pt electrode
The proposed mechanism for preparation of ZnO-NPs/PPy/Pt

electrode and immobilization of XOD onto this electrode is shown
in Scheme 1. ZnO-NPs/PPy/Pt electrode was dipped into 10 �l solu-
tion of freshly prepared XOD containing 0.1 U and kept undisturbed

for about 12 h at 4 ◦C. Finally, the electrode was immersed into
0.05 M sodium phosphate buffer (PBS) (pH 7.0) to wash out any
unbound XOD from the electrode, surface. To measure activity
of enzyme electrode a solution of 0.15 mM xanthine (0.1 ml) was
added to 3 ml PBS (pH 7.0). The XOD/ZnO-NPs/PPy/Pt electrode
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Fig. 1. (A) UV spectrum of ZnO-NPs, (B) transmission electron microscopic (TEM

as immersed into this solution and incubated for 5 min at 25 ◦C.
he electrode was taken out and the absorbance of the solution
as noticed at 290 nm in a double beam UV spectrophotometer

o measure the concentration of product. The fabricated electrode
as characterized by SEM, Fourier transforms infrared (FTIR) spec-

roscopy and electrochemical impedance spectra (EIS). Enzyme
lectrode was stored at 4 ◦C when not in use.

.5. Cyclic voltammetric measurement and testing of xanthine
iosensor

Cyclic voltammogram (CV) of XOD/ZnO-NPs/PPy/Pt electrode
as recorded in potentiostat–galvanostat from −0.2 to 0.8 V vs.
g/AgCl as reference and Pt wire as counter electrode in a 15 ml

0.05 M) sodium phosphate buffer (pH 7.0) containing 0.15 mM
anthine (0.5 ml). The maximum response was observed at 0.38 V
nd hence subsequent amperometric studies were carried out at
his voltage. For further amperometric studies, three electrodes
ere connected to a potentiostat/galvanostat and then immersed

nto 25 ml 0.05 M sodium phosphate buffer (pH 7.0) in a 50 ml
eaker. The reaction was started by adding xanthine solution of
ifferent concentration in reaction mixture and the current (A)
enerated was recorded at 0.38 V.

.6. Optimization of xanthine biosensor
The experimental conditions affecting the biosensor response
ere studied in terms of effect of pH, incubation temperature, time

nd substrate (xanthine) concentration. To determine optimum pH,
he pH was varied from 3.0 to 8.0 at an interval of 0.5. Similarly opti-
ges, of ZnO-NPs and (C) X-ray diffraction (XRD) pattern of taken from ZnO-NPs.

mum temperature was studied by incubating the reaction mixture
at different temperature (20–50 ◦C) and time (1–40 s). The effect of
xanthine concentration on biosensor response was determined by
varying the concentration of xanthine from 0.8 �M to 200 �M.

2.7. Xanthine determination in fish meat

Labeo fish was purchased from a local market. Fish was chopped
and homogenized in (5 ml 0.5 M HClO4) until a fine paste was
obtained for the precipitation of proteins in the sample. The dena-
tured samples were mechanically stirred for 10 min and then
centrifuged at 4000 rpm for 5 min. The supernatant was collected
and its pH was adjusted to 7.0 with NaOH. The supernatant (fish
meat extract) was diluted 10 times. Then these denatured sample
solutions were divided into two parts. One part was used imme-
diately and other was stored at room temperature. To determine
xanthine content in fish sample, same procedure was used as
described for sensor’s response measurement under the optimal
working conditions except that xanthine was replaced by the sam-
ple. The xanthine content was extrapolated from standard curve
between xanthine concentrations vs. current (mA) prepared under
optimal working conditions.
2.8. Evaluation

The performance of this biosensor was evaluated for linearity,
analytical recovery and detection limit.
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ig. 2. Cyclic voltammogram for electrochemical deposition of (A) (a) Pt electrod
Ps–PPy/Pt electrode a with xanthine b without xanthine phosphate buffer 50 mM
H 7.0, xanthine (0.8–200 �M), (D) cyclic voltammetry of amperometric response
00 �M) using phosphate buffer (50 mM, pH 7.0).

. Results and discussion

.1. Characterization of ZnO-NPs

The characterization of nanoparticles was carried out by UV
pectrophotometric spectra (Fig. 1A) and transmission electron
icroscopy (TEM) images (Fig. 1B). The structure of ZnO-
Ps was also characterized by XRD (Fig. 1C). All peaks were
onsistent with the peaks of ZnO nanoparticles with high crys-
allinity.

.2. Construction of XOD/ZnO-NPs/PPy/Pt electrode

A method is described for construction of an electrochemi-
al xanthine biosensor using xanthine oxidase (XOD) immobilized
nto ZnO-NPs polypyrrole (PPy) composite film electrodeposited
n the surface of a Pt wire through physiosorption to use it as
orking electrode along with Ag/AgCl as reference and Pt wire as

uxillary electrode. The Scheme 1 summarizes reaction involved
n fabrication of the xanthine biosensor based on immobilization
f XOD onto ZnO-NPs/PPy/Pt electrode. The ZnO-NPs/PPy/Pt elec-
rode potential peaks were not modified during cycling between
0.2 and +0.8 V. This explains that the structural properties of
eposit film were electrochemically stable. The composite mate-
ial had the same electrochemical behavior as observed for the
Py. Fig. 2A shows the cyclic voltammogram (CVs) recorded in a

olution of 30 mM pyrrole in 100 mM NaClO4, on a Pt substrate elec-
rode and also with ZnO-NPs, dispersed in electrolyte solution to
ompares the influence of ZnO-NPs in the electropolymerization of
yrrole which indicates that the addition of ZnO NPs significantly

ncrease the recorded currents at the same applied potentials. It
PPy/Pt electrode, (c) ZnO-NPs–PPy/Pt electrode in 30 mM NaClO4, (B) XOD/ZnO-
7.0, 0.16 mM xanthine, (C) linear sweep voltammetry in phosphate buffer 50 mM,
s of as a function of XOD/ZnO-NPs–PPy/Pt electrode in concentration from (0.8 to

can be concluded that electropolymerization of PPy/ZnO NPs com-
posite layers is easier than the pure PPy layers because ZnO NPs
exhibit interesting properties including high catalytic efficiency
and strong adsorption ability (Kumar and Chen, 2008; Moghaddam
et al., 2009).

In Fig. 2B XOD/ZnO-NPs/PPy/Pt electrode and its cyclic voltam-
mogram has taken in presence of xanthine (a) and absence of
xanthine (b). The oxidation peak seen at 0.38 V corresponding to
the oxidation of H2O2 arisen due to the enzymatic reaction between
xanthine oxidase and xanthine (Fig. 2B). The increase in the value
of the oxidation current with increase in xanthine concentration
resulted due to the increased concentration of H2O2 during enzy-
matic reaction. The cyclic voltammogram corresponding to the
modified electrode is shown in Fig. 2C of amperometric response
studies of as a function of XOD/ZnO-NPs–PPy/Pt electrode in con-
centration from (0.8–200 �M) using phosphate buffer (50 mM, pH
7.0). The electrochemical reactions involved in response measure-
ment of xanthine biosensor are given below

Xanthine + O2 + H2O
XOD on hybrid film−→ Uric acid + H2O2

H2O2
0.38 V−→ 2H+ + 2e− + O2

2e−ZnO-NPs−PPy−→ Pt electrode
3.3. Surface characterization by SEM

The surface morphologies of PPy/Pt electrode, ZnO-NPs–PPy/Pt
electrode and XOD/ZnO-NPs/PPy/Pt electrode were studied by SEM
(Fig. 3). PPy/Pt electrode showed homogenous surface (Fig. 3a),
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Fig. 3. SEM images of (A) PPy/Pt electrode, (B) ZnO-NP

hereas the ZnO-NPs/PPy/Pt electrode has uniform granular
orous morphology attributed to the homogeneous dispersion of
nO nanoparticles in PPy (Fig. 3b) network. On immobilization of
OD, the globular structural morphology of ZnO-NPs/PPy changes

nto the regular form due to the electrostatic interaction between
nO-NPs/PPy with XOD (Fig. 3c).

.4. FTIR spectra

Fig. 4(i) shows FTIR spectrum of pure KBr. Fig. 4(ii) shows FTIR
pectrum of ZnO with a characteristic IR peak being observed
t 412 cm−1, FTIR spectrum of PPy/ZnO composite on Pt elec-
rode, exhibits absorption peaks at 1547 and 1343.93 cm−1 for
ypical pyrrole ring vibration and that of C–H in plane vibra-
ion peaks at 1294, 1045 cm−1. Fig. 4(iii) shows a broad peak
t 1164 cm−1 which is assigned as N–C stretching band and

ands observed at 763, 500 cm−1 for the presence of polymer-

zed pyrrole and that of metal oxide band at 444 cm−1 and
625.88 cm−1 due to the addition of carbonyl and amino groups
onfirming the binding of xanthine oxidase with the ZnO-NPs/PPy
atrix.
/Pt electrode and (C) XOD/ZnO-NPs–PPy/Pt electrode.

3.5. Electrochemical impedance measurements

Fig. 5 shows electrochemical impedance spectra (EIS) of (a) Pt
electrode (b) ZnO-NPs–PPy/Pt electrode (c) PPy/Pt electrode and (d)
XOD/ZnO-NPs/PPy/Pt electrode, respectively. The charge transfer
process in XOD/ZnO-NPs/PPy/Pt electrode was studied by monitor-
ing charge transfer resistance (RCT) at the electrode and electrolyte
interface. The value of the electron transfer resistance (semicircle
diameter) (RCT) depends on the dielectric and insulating features at
the electrode/electrolyte interface. The RCT values for Pt electrode,
ZnO-NPs/PPy/Pt, PPy/Pt, and XOD/ZnO-NPs/PPy/Pt electrodes were
0.8912, 1.412, 1.5320 and 9.645, respectively. The increased RCT
value of XOD/ZnO-NPs/PPy/Pt electrode was due to the immobi-
lization of XOD onto ZnO-NPs/PPy/Pt surface. The electron transfer
via redox couple was hindered by the presence of xanthine oxidase
on the electrode surface.
3.6. 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
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Fig. 4. FTIR spectra of (i) KBr, (ii) ZnO-NPs–

btained within 4 s at pH 7 and 35 ◦C. There was a hyperbolic rela-
ionship between biosensor response and xanthine concentration
rom 0.8 �M to 200 �M, after 40 �M which it was constant. The
ineweaver–Burk plot between 1/I (mA) and 1/[xanthine] yielded
Km 13.51 �M and Imax 0.071 �A indicating increased affinity of

nzyme towards substrate (xanthine) after immobilization (Km free
anthine oxidase 0.82 × 10−2 M), which might be due to enhanced
iffusion of xanthine through composite film.

.7. Evaluation of xanthine biosensor

The following parameters were studied to evaluate the perfor-
ance of this biosensor.

.7.1. Linearity

There was a linear relationship between xanthine concentration

anging from 0.8 to 40 �M and current (A), which is better than the
arlier biosensor based on Nafion coated Pt electrode (2–18.5 �M)
Nakatani et al., 2005) but lower than that of carbon nanotube (CNT)

odified carbon paste electrode (1–100 �M) (Anik and Cubukcu,

ig. 5. Impedance spectra of (a) Pt electrode, (b) ZnO-NPs–PPy/Pt electrode, (c)
Py/Pt electrode and (d) XOD/ZnO-NPs–PPy/Pt electrode in phosphate buffer
50 mM, pH 7.0,100 mM NaClO4) containing [K3Fe(CN)6] (5 mM).
t and (iii) XOD/ZnO-NPs–PPy/Pt electrode.

2008) and comparable to modified graphite electrode coated with
gelatin (upto 40 �M) (Dimcheva et al., 2002)

3.7.2. Detection limit
The detection limit of the biosensor was 0.8 �M (S/E = 3), which

is lower than that of modified graphite electrode coated with
gelatin (4.5 �M) (Dimcheva et al., 2002), polypyrrole modified film
(400 �M) (Arslan et al., 2006) but higher than that of self-assembled
biotinylated phospholipids membrane (0.02 �M) (Rehak et al.,
1994) & CuPtCl6/Glassy carbon (0.1 �M) (Hu et al., 2000) and com-
parable to FeTPP-NPs modified glassy carbon (1 �M) (Li et al., 2008)
& modified carbon paste electrode (1 �M) (Anik and Cubukcu,
2008)

3.7.3. Xanthine in fish meat
The xanthine concentration in fish meat was determined by the

present biosensor at different storage time ranging from 1 to 18
days at room temperature. Xanthine level was increased as the stor-
age time was increased. It was double after 10th days than that on
day 1 (Supplementary Fig. 1)

3.7.4. Analytical recovery
Analytical recoveries of exogenously added xanthine (10 mg/l,

20 mg/l) in fish sample by present method were 94.2% and 95.1%,
respectively, showing the reliability of the method.

3.7.5. Precision study
In order to check the repeatability and reproducibility of the

method, the xanthine content in same fish sample was determined
five times on a single day (within batch) and again after storage
at −20 ◦C for one week (between batch). The results showed that
determinations were almost consistent and within and between
batch coefficients of variation (CV) for fish sample determination
were <5.1% and <5.34%, showing the good reproducibility and reli-

ability of the method.

3.7.6. Accuracy
To know the accuracy of present method, values of xan-

thine in fish sample were determined by enzymic colorimetric
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ethod (x) and by the present method (y). The xanthine values
btained by the present biosensor matched with enzymic colori-
etric method with a good correlation (r = 0.93, significant at 1%

evel).

.8. Long-term stability of electrode

To examine the long-term storage stabilities, the activity of
OD/ZnO-NPs/PPy/Pt electrode was tested with respect to storage

ime. After each experiment, the sensor was washed with buffer
olution and stored at 4 ◦C. Studies revealed that the electrode lost
nly 40% of its initial activity its 200 regular uses over 100 days.

. Conclusion

The use of a nanocomposite thin film of ZnO-NPs and PPy
lectrodeposited on the surface of Pt surface electrode as a
upport for immobilization of XOD has resulted into improved
erformance of xanthine biosensor with a detection limit 0.8 �M.
he granular porous morphology of ZnO-NPs–PPy provides
ery sensitive and reliable biocompatible environment for the
nzyme.

ppendix A. Supplementary data

Supplementary data associated with this article can be found, in
he online version, at doi:10.1016/j.bios.2011.01.014.
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