
A

m
i
a
c
t
p
i
w
©

K

1

f
i
t
t
o
p
r
d
r
a
f
d
o
n
[

0
d

Available online at www.sciencedirect.com

Talanta 74 (2008) 1505–1510

An alcohol oxidase biosensor using PNR redox
mediator at carbon film electrodes

Madalina M. Barsan, Christopher M.A. Brett ∗
Departamento de Quı́mica, Universidade de Coimbra, 3004-535 Coimbra, Portugal

Received 30 May 2007; received in revised form 27 September 2007; accepted 28 September 2007
Available online 2 October 2007

bstract

A new amperometric biosensor for ethanol monitoring has been developed and optimised. The biosensor uses poly(neutral red) (PNR), as redox
ediator, which is electropolymerised on carbon film electrodes and alcohol oxidase (AlcOx) from Hansenula polymorpha as recognition element,

mmobilised by cross-linking with glutaraldehyde (GA) in the presence of bovine serum albumin (BSA) as carrier protein. Optimisation of variables
ffecting the system was performed and, for chronoamperometric measurements, a potential of −0.300 V versus saturated calomel electrode was
hosen in 0.1 M sodium phosphate buffer saline at pH 7.5. The optimised biosensor showed a good sensitivity of 171.8 ± 14.8 nA mM−1 and
he corresponding detection limit (signal-to-noise-ratio = 3) of 29.7 ± 1.5 �M. Stability studies showed a good preservation of the bioanalytical

roperties of the sensor, 57.6% of its initial sensitivity remaining after 3 weeks (the sensor was used two to three times per week). No significant
nterferences were found from compounds usually present in wine. The biosensor was used for the determination of ethanol in Portuguese red and
hite wines.
2007 Elsevier B.V. All rights reserved.
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. Introduction

The determination of ethanol is important in food technology,
ermentation and wine industries as well as in clinical chem-
stry: blood, serum and urine analysis. It is thus of much interest
o develop fast and accurate procedures for ethanol determina-
ion. A variety of methods and strategies for the determination
f this analyte has been reported, including gas chromatogra-
hy [1], liquid chromatography with biosensor detection [2],
efractometry [3] and spectrophotometry, both based on NADH
etection. These methods, routinely used in industry, are slow,
elatively expensive and need well-trained operators. Biosensors
re versatile analytical tools, offering an attractive alternative
or ethanol determination. For this purpose, a large variety of
ifferent biosensors have been proposed, using mainly alcohol

xidase (AlcOx) [4–6], NAD+-dependent alcohol dehydroge-
ase (AlcDh) [7–9] or PQQ-containing alcohol dehydrogenase
10].

∗ Corresponding author. Tel.: +351 239 835295; fax: +351 239 835295.
E-mail address: brett@ci.uc.pt (C.M.A. Brett).
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thanol determination

Alcohol oxidase is the key enzyme for methanol metabolism
n metylotrophic yeast species, including Pichia pastoris,
ansenula polymorpha and Candida boidinii. The enzyme

atalyses the first step of methanol catabolism, namely its oxida-
ion to formaldehyde with concomitant production of hydrogen
eroxide. In vivo, the protein is compartmentalized into special
ell organelles, termed peroxisomes [11]. It is a homooctameric
avoprotein consisting of eight identical subunits, each con-

aining flavin adenine dinucleotide (FAD) as a prosthetic group
12]. Considering this, alcohol oxidase-based biosensors have
n advantage when compared with those that use alcohol dehy-
rogenase as biorecognition element, because the latter need the
ofactor to be added to the sample or to be immobilised on the
ensor surface. Since AlcOx enzyme enzymatically converts all
rimary alcohols and formaldehyde [13] it exhibits a lack of
electivity to ethanol. However, this should not be a problem
n the use of such a biosensor for analysis of ethanol in natural
amples such as wine, since ethanol is present in much higher

oncentrations. The main problem of AlcOx-based biosensors
s their limited stability. For this reason, Gibson et al. conducted
everal stabilisation studies of AlcOx in the dry state using a
ombination of polyelectrolytes and sugar derivatives [14–16].

mailto:brett@ci.uc.pt
dx.doi.org/10.1016/j.talanta.2007.09.027
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In this work the development of a novel AlcOx biosensor
ased on carbon film electrodes made from electrical resis-
ors is reported [17], these electrodes having been previously
haracterized for use in electroanalysis [18,19]. In previous
ork, carbon film electrodes were used as substrates for vari-
us biosensor assembly constructions, using as redox mediators
errocene, hexacyanoferrates and polymerized phenazine dyes
20–27]. In the latter case, the biosensor assembly was prepared
y immobilising the enzyme by cross-linking with glutaralde-
yde in the presence of bovine serum albumin on the top of
oly(neutral red) (PNR) modified carbon film electrodes. Neu-
ral red was found to be a convenient artificial enzyme substrate
nd has been recently used as a starting material for the prepa-
ation of electropolymerised films of PNR that can function
s redox mediators in biosensors [20]. The chemical structure
f NR, with an amino functionality located on heteroaromatic
henazine ring, makes it amenable to electropolymerisation.
he monomer can be polymerized from neutral aqueous solu-

ions producing stable redox-active layers [28,29]. The main
dvantage of this new biosensor is the fact that PNR can medi-
te the enzymatic reaction catalyzed by AlcOx, since a lot of
revious attempts to mediate this enzyme have failed [5–8].
t is well known that AlcOx is incompatible with most free-
iffusing mediators, which makes it extremely difficult to design
lectron-transfer pathways between the redox active centre of
he enzyme (the enzymatic cofactor) and the electrode, at low
otentials. In addition, the active site of the enzyme is deeply
uried within the octameric protein shell, preventing any direct
lectron transfer in the absence of a suitable redox mediator
30].

Optimisation of experimental conditions has been carried out
nd the analytical parameters for the determination of ethanol
etermined for several biosensor assemblies, which contain dif-
erent amounts of immobilised enzyme. The operational and
torage stability of the biosensor were also evaluated.

. Experimental

.1. Reagents

Alcohol oxidase (AlcOx, EC 1.1.3.13, 7.7 units/mg solid
xtracted from methylotrophic yeast Hansenula sp.), glu-
araldehyde (GA) 25% (v/v), bovine serum albumin (BSA),
-ascorbic acid and dl-lactic acid were from Sigma, Ger-
any. Ethanol, methanol, 2-propanol, dl-malic acid and citric

cid monohydrate were obtained from Merck, Germany. Neu-
ral red (65% dye content) and sodium phosphate monobasic
onohydrate were from Sigma–Aldrich, Germany. Di-sodium

ydrogenphosphate-2-hydrate, potassium hydrogenphosphate,
odium chloride and acetic acid were from Riedel-de Haën, Ger-
any. Di-potassium hydrogenphosphate-3-hydrate was from
anreac, Spain. Potassium chloride and oxalic acid was from
luka, Switzerland and tartaric acid was from JMUP, Portugal.
For electrochemical experiments, the supporting electrolyte
as sodium phosphate buffer saline (NaPBS) (0.1 M phos-
hate buffer + 0.05 M NaCl and pH 6.0, 6.5, 7.0, 7.5 and 8.0).
olymerisation of neutral red was carried out in an electrolyte

3
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omposed of 0.025 M potassium phosphate buffer solution and
.1 M KNO3 (pH 5.5).

Millipore Milli-Q nanopure water (resistivity > 18 M� cm)
as used for preparation of all solutions. Experiments were
erformed at room temperature (25 ± 1 ◦C).

.2. Apparatus

Batch experiments were performed in a three-electrode elec-
rochemical cell of volume 10 cm3, containing the enzyme

odified carbon film resistor as working electrode, a platinum
oil counter electrode and a saturated calomel electrode (SCE)
s reference.

All electrochemical measurements were performed using
computer-controlled �-Autolab Type II potentiostat–

alvanostat running with general purpose electrochemical sys-
em (GPES) for Windows Version 4.9 software (EcoChemie,
trecht, The Netherlands).
The pH measurements were carried out with a CRISON 2001

icro-pH meter at room temperature.

.3. Electrode and mediator film preparation

Carbon film cylindrical electrodes were made from carbon
lm electrical resistors (2 � resistance) of length 6 mm and
iameter 1.5 mm, as described elsewhere [18]. The exposed
eometric area was ∼0.20 cm2. Before use, the electrodes were
lectrochemically pre-treated by cycling the potential between
.0 V and +1.0 V versus SCE in 0.025 M potassium phosphate
uffer solution, pH 5.5, in order to decrease the background
urrents and to increase the potential window.

The preparation of poly(neutral red) films was carried out by
yclic voltammetry from a solution containing 1 mM monomer
ye in 0.025 M KPB + 0.1 M KNO3, pH 5.5. The potential was
ycled from −1.0 to 1.0 V versus SCE at a scan rate of 50 mV s−1

or 15 cycles [24–26].
Alcohol oxidase was immobilised using cross-linking with

lutaraldehyde (GA). Three different enzyme solutions were
repared, by mixing the enzyme together with BSA in 0.1 M
aPBS, pH 7.0 and the concentrations were: 1% AlcOx + 4%
SA, 3% AlcOx + 4% BSA and 5% AlcOx + 10% BSA. A vol-
me of 10 �l of enzyme solution was then mixed with 5 �l GA
2.5%, v/v diluted in water). Of this mixture, 10 �l was dropped
nto the electrode surface and left to dry at room temperature
uring 1 h.

All biosensors were tested in a batch cell. Amperometric
easurements were performed at fixed potential, after stabil-

sation of the current baseline, with injection of alcohol into
.1 M NaPBS solution in which the biosensor was immersed.
xperiments were done under continuous stirring conditions.

. Results and discussion
.1. Optimisation of the PNR/AlcOx biosensor

The optimisation of variables affecting the AlcOx-based
iosensor system, prepared as described in Section 2, was per-
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ig. 1. Dependence of PNR/AlcOx biosensor response on applied potential;
easurements performed in 0.1 M NaPBS and pH 7.0.

ormed with respect to applied potential and with respect to
uffer pH.

The effect of applied potential on the amperometric response
f the PNR/AlcOx modified electrode as a function of alcohol
oncentration was studied using an enzyme solution containing
% AlcOx and 10% BSA for biosensor construction. Experi-
ents were done by injection of 0.40 mM ethanol after baseline

tabilisation for each applied potential. The results obtained are
resented in Fig. 1 and show that at, all applied potentials, oxida-
ion processes occur at the electrode. This can be explained by a
irect electronic communication between PNR and the enzyme
ofactor, flavine adenine dinucleotide, so that the reduced form
f the redox active prosthetic group of the AlcOx (FADH2),
hich is formed during the enzymatic oxidation of ethanol,

s then reoxidized at the PNR film. In this way, at the elec-
rode, the PNR mediator will be oxidized and the registered
iosensor response is an anodic change in current. The pro-
osed mechanism is presented in Scheme 1a. At −0.45 V and
0.40 V versus SCE, potentials closer to the formal potential

f the FAD/FADH2 couple (E0′
FAD/FADH2

∼= −0.45 V vs. SCE),
he biosensor response is much higher when compared with that
ecorded at more positive applied potentials. At these potentials,
t is clear that the energetics of the redox processes is facilitated.
evertheless, a potential of −0.30 V was selected as working
otential for subsequent studies with the aim of minimising
ossible interferences.

In order to prove that PNR acts as electron acceptor from
ADH2, chronoamperometry was performed at a PNR/AlcOx
iosensor at −0.3 V versus SCE, in deoxygenated buffer with
njection of deoxygenated ethanol solution, after the same
iosensor had been previously tested in the presence of oxy-
en. The biosensor characteristics were compared, and in the
bsence of oxygen the biosensor sensitivity increased by 21.6%.
his means that PNR replaces O2 as the electron shuttle. Low
xygen solubility in aqueous solutions and the difficulty associ-
ted with controlling the O2 partial pressure are disadvantages

f electrochemical biosensors based on O2 or H2O2 detec-
ion. The replacement of O2 by PNR is the main advantage of
his new reported biosensor assembly, since almost all reported
iosensors based on AlcOx function through hydrogen peroxide

o
a
g
i

cheme 1. Proposed reaction mechanism at PNR/AlcOx biosensor at
a) −0.30 V vs. SCE (b) applied potentials more negative than −0.35 V vs.
CE.

etection. By eliminating the dependence on the presence of O2,
he enzymatic reaction is facilitated which improves the sensor
erformance. As already reported [27], we assume that, in the
resence of dissolved oxygen, there is a competition between
he oxidation of FADH2 and hydrogen peroxide reduction at the
ediator film, see Scheme 1a and b. Thus, the increase of the

iosensor response in the absence of dissolved oxygen, which
s an anodic change in current, is explained by the absence of
he competing reduction reaction of H2O2, since, presumably,
n the absence of O2, no H2O2 is formed.

A study of the influence of the pH of the 0.1 M NaPBS on
iosensor response was performed at −0.30 V versus SCE. The
uffer solution pH values were chosen in the range of 6–8, since
t is known that the pH of AlcOx extracted from Hansenula sp.
s 5.5–8.5 [31]. The results show an increase in the analytical
ignal up to pH 7.5, above which the signal decreases (Fig. 2).
lso, previous studies have shown that the highest enzyme activ-

ties and stabilities are achieved at physiological pH values
16].

In order to find the optimal amount of enzyme within the
iosensor membrane, placed on top of the PNR film, three dif-
erent enzyme solutions were used to construct the biosensor,
ontaining AlcOx in the concentrations at 1, 3 and 5%, as men-
ioned in Section 2. These biosensors were then used for the
mperometric determination of ethanol under the previously

ptimised conditions. Calibration curves are presented in Fig. 3
nd analytical data obtained from analysis of the curves are
iven in Table 1. The sensitivity continuously increased with
ncrease in enzyme concentration, by a factor of 5.4 when the
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Fig. 2. The influence of buffer pH on the PNR/AlcOx biosensor sensitivity;
measurements performed in 0.1 M NaPBS by chronoamperometry at −0.30 V
vs. SCE.
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ig. 3. Calibration curves recorded at AlcOx biosensors at −0.30 V vs. SCE in
.1 M NaPBS pH 7.5: PNR/AlcOx with (�) 1%, (�) 3% and (�) 5% AlcOx;
�) 1% AlcOx without PNR mediator.

nzyme concentration is increased from 1% to 5%. However, at

he same time, the linear range becomes smaller with an increase
n enzyme concentration and the limit of detection changes from
6 �M to 44 �M (calculated as three times the signal-to-noise

t

t

able 1
nalytical data obtained from ethanol calibration curves at AlcOx-based biosensors

nzyme (%) Linear range (mM) Sensitivity (nA mM−1) Co

0–1.0 29.2 0.9
0–0.8 84.0 0.9
0–0.6 156.3 0.9

able 2
nalytical data obtained from calibration curves at AlcOx-based biosensors (5% enz
ig. 3

liphatic alcohol Sensitivity (nA mM−1) Correlation co

ethanol 144 0.997
thanol 139 0.999
-Propanol 53 0.999
nta 74 (2008) 1505–1510

atio). Apparent Michaelis–Menten constants were calculated
rom Lineweaver–Burk plots. Since the biosensor constructed
y using 5% enzyme solution showed a much higher sensitivity,
t was chosen for performing further experiments.

A comparison of the analytical performances of the AlcOx
iosensor assembly (1% enzyme concentration), with and with-
ut PNR mediator, was done, see Fig. 3. It was observed that
sing PNR as mediator, the sensitivity increases significantly by
factor of nearly 5. Additionally, the linear range was extended

rom 0.4 mM to 0.6 mM, and the limit of detection decreased
rom 45 �M to 26 �M.

.2. Analytical properties of the PNR/AlcOx biosensor

.2.1. Reproducibility of the sensor
In order to examine the reproducibility of the biosen-

or, the amperometric response to ethanol at three different
NR/AlcOx modified electrodes was recorded under the same
xperimental conditions. The biosensors showed a linear range
p to 0.7 ± 0.1 mM (R.S.D. = 4.3%) and the corresponding
etection limit (signal-to-noise-ratio = 3) was 29.7 ± 1.5 �M
ith a R.S.D. of 5.2% (n = 3). The biosensor sensitivity was
71.8 ± 14.8 nA mM−1, and a R.S.D. of 8.6% was obtained.
he initial biosensor sensitivity is usually lower when compared
ith other reported AlcOx-based biosensors [32–34]; neverthe-

ess, stability studies demonstrated a very small decrease of this
nitial sensitivity value, as will be shown. Most biosensor assem-
lies based on AlcOx consist in bi-enzyme architectures where,
ogether with the AlcOx, a peroxidase is used for hydrogen per-
xide detection at low operating potentials. Redox hydrogels are
ommonly used for this type of biosensor construction, but since
his procedure implies manual mixing of both enzymes together
ith the cross-linker, problems may appear in the optimisa-

ion procedure and reproducibility of these one-layer bi-enzyme
iosensors [35,36]. The advantages of this newly developed
iosensor assembly consist in the simplicity in the construction
ers above).
Another advantage of these new AlcOx-based biosensors is

hat they can be used for online measurements in a specially

rrelation coefficient (R2) Limit of detection (�M) K
app
M (mM)

99 35 2.0
99 44 2.4
99 26 2.1

yme concentration) for three different alcohols; experimental conditions as in

efficient (R2) Limit of detection (�M) K
app
M (mM)

53 2.0
25 2.1
22 2.2
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Table 3
Interference of some compounds, molar ratio of 2:1 interferent:ethanol, on the
response to ethanol at PNR/AlcOx biosensors

Compound Response of the biosensor in the presence of
the interferent compound

Ascorbic acid 96.7
Acetic acid 100.0
Lactic acid 106.3
Malic acid 97.5
Oxalic acid 103.7
Citric acid 97.3
Tartaric acid 96.5

Table 4
Ethanol analysis in wines

Wine Ethanol (% v/v)

Value declared by the producer Biosensor

Red wine 1 12.5 13.0 ± 0.2
R
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Fig. 4. Operational stability of two different PNR/AlcOx biosensors.

esigned cylindrical flow cell, already used for the determination
f glucose in flow analysis [26]. Thus, the sensors showed a
ufficiently good, reproducible behaviour and can be used for
easurements of ethanol.
Kinetic studies of the immobilised enzyme were also carried

ut. The apparent Michaelis–Menten constant was calculated
rom the Lineweaver–Burk plots and the value obtained was
.96 ± 0.12 mM (R.S.D. = 5.7% and n = 3).

.2.2. Selectivity of the sensor
Similar experiments were carried out for two other short chain

liphatic alcohols: methanol and 1-propanol and the analyti-
al parameters obtained were compared. Table 2 summarizes
he analytical parameters calculated from the calibration curves
ecorded for each alcohol. As expected, see [8], on increasing the
ength of aliphatic alcohol chain, the sensitivity of the biosen-
or decreases while the apparent Michaelis–Menten constant
ncreases.

.2.3. Stability of the sensor
The PNR/AlcOx biosensor was stored in 0.1 M NaPBS buffer

H 7.0, at 4◦ C when not in use. In order to check the storage
tability, a chronoamperogram of the sensor was registered after
weeks of storage in the above-mentioned buffer. The sensitivity
f the sensor decreased only by about 12% from the initial value
fter 6 weeks, which means that the enzyme layer is well attached
n the PNR modified electrode.

The operational stability of the enzyme electrode was also
ested. For this purpose, calibration curves were recorded three
imes per week: results are shown in Fig. 4. After 2 weeks of use,
iosensor sensitivity decreases by only 0.8% in the case of one
iosensor and by 33.8% in the case of the other tested biosensor.
owever, after 50 days of repeated use the sensitivity contin-
es to decrease, maintaining 21.2% and 5.4%, respectively of

he initial sensitivity. This is very promising achievement with
espect to the stability of the sensor, since it is well known
rom previous studies that AlcOx has a poor long-term stabil-
ty which was the main disadvantage of previous biosensors
6,8,32].

c

a
a
p

ed wine 2 13 13.2 ± 0.1
hite wine 12 12.3 ± 0.2

.3. Interferences

There are many easily oxidizable species present in natural
amples, the most important of which are ascorbic and tartaric
cids, in the case of wine. Since the purpose of this work was
o use the biosensors for ethanol determination in wine, a study
f interferences from compounds usually present in wine was
eeded. Several acids were examined as possible interferents
hat may affect ethanol determination in wine. The high level of
electivity towards common interferences provides the possibil-
ty to use this device in clinical, environmental and food control.
he results obtained are presented in Table 3. At the PNR/AlcOx
iosensor, at −0.3 V versus SCE, quite small anodic currents
ere registered due to the oxidation of lactic acid and oxalic

cid. The other acids are reduced at the electrode, but also small
urrents were recorded, even in the case of ascorbic and tar-
aric acids, in the presence of which the biosensor response to
thanol decreases by 3.5% and 3.3%, respectively at a 2:1 ratio
f interferent:ethanol.

.4. Ethanol analysis in natural samples

The performance of the biosensor for practical applications
n the analysis of natural samples was demonstrated by per-
orming the determination of the alcohol content in red and
hite wines, estimated in terms of ethanol concentration. The

amples, as described in Section 2, required only a simple
ilution step, in order to fit the linear range of the calibration

urve.

The alcohol content of three types of wine was measured
nd is displayed in Table 4. The biosensor accuracy was
ssessed by comparison with the results given by the wine
roducers.
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. Conclusions

Alcohol oxidase from Hansenula sp. has been immobilised
y cross-linking with glutaraldehyde in the presence of bovine
erum albumin on PNR modified carbon film electrodes. After
ptimisation of experimental parameters, the biosensor has a
etection limit of 30 �M and a sensitivity of 172 nA mM−1. The
eproducibility is good as well as the operational and storage sta-
ility. All these characteristics make the PNR-mediated AlcOx
iosensor a good alternative to other determination methods for
thanol in clinical, industry and food analysis.

cknowledgements

Financial support from European Project HPRN-CT-2002-
0186 is gratefully acknowledged as well as from Fundação para
Ciência e a Tecnologia (FCT), ICEMS (Research Unit 103).
MB thanks FCT for a PhD grant (SFRH/BD/27864/2006).

eferences

[1] G. Schmitt, R. Aderjan, Blutalkohol 41 (2004) 299.
[2] H. Lieden, A.R. Vijayakumar, L. Gorton, G. Marko-Varga, J. Pharm.

Biomed. Anal. 17 (1998) 1111.
[3] A.I. Pen’kovskii, A.V. Gusighin, E.I. Federov, R.I. Volkov, M.I. Filatov,

R.A. Salina, L.A. Nikolaeva, D.D. Khamelin, V.I. Vereshchagin, Patent
Appl.: RU 2001-134083 2001 1213. CAN 141:410165 (2004).

[4] L.V. Shkotova, A.P. Soldatkin, M.V. Gonchar, W. Schuhmann, S.V. Dzyade-
vych, Mater. Sci. Eng. C 26 (2006) 411.

[5] I.S. Alpeeva, A. Vilkanauskyte, B. Ngounou, E. Csöregi, I.Y. Sakharov, M.
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[9] K. Svensson, L. Bülow, D. Kriz, M. Krook, Biosens. Bioelectron. 21 (2005)

705.

[
[

[

nta 74 (2008) 1505–1510
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1893.
27] R. Pauliukaite, M.E. Ghica, M.M. Barsan, C.M.A. Brett, J. Solid State

Electrochem. 11 (2007) 899.
28] A.A. Karyakin, E.E. Karyakina, H.L. Schmidt, Electroanalysis 11 (1999)

149.
29] A.A. Karyakin, O.A. Bobrova, E.E. Karyakina, J. Electroanal. Chem. 399

(1995) 181.
30] J. Greisler, S. Ghisla, P. Kroncek, J. Biochem. 160 (1986) 93.
31] http://www.sigmaaldrich.com/catalog/search/ProductDetail/SIGMA/A043
32] N.G. Patel, S. Meier, K. Camman, G.C. Chemnitius, Sens. Actuator B:

Chem. 75 (2001) 101.
33] H. Gülce, A. Gülce, M. Kavanoz, H. Coşkun, A. Yildiz, Biosens. Bioelec-
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(2003) 705.


	An alcohol oxidase biosensor using PNR redox mediator at carbon film electrodes
	Introduction
	Experimental
	Reagents
	Apparatus
	Electrode and mediator film preparation

	Results and discussion
	Optimisation of the PNR/AlcOx biosensor
	Analytical properties of the PNR/AlcOx biosensor
	Reproducibility of the sensor
	Selectivity of the sensor
	Stability of the sensor

	Interferences
	Ethanol analysis in natural samples

	Conclusions
	Acknowledgements
	References


