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Rapid detection of alcohol is important in clinical diagnosis and fermentation industry. An octameric alcohol
oxidase (AOx) (Mr 675 kDa) from Pichia pastoris, immobilized on multiwalled carbon nanotubes—Nafion®
(MWCNT-Nf) matrix and encapsulated with polyethylenimine (PEI) on gold electrode (AuE), showed a redox
peak at 0.21 V (vs. Ag/AgCl electrode at pH 7.5) for oxidation of alcohol. The electron transfer rate constant and
surface coverage of the immobilized AOxwere 1.69±0.15 s−1 and 2.43×10−12 mol cm−2, respectively. Studies
on response and kinetics of Au-MWCNT‐Nf‐AOx-PEI bioelectrodes for alcohol showed a linear response in the
range of 8 μM–42 μM, response time of 55 s for steady state current, and detection limit of 5 μM. The
bioelectrode retains ~90% of the original response even after four weeks when stored in potassium phosphate
buffer pH 7.5 at 4 °C. The fabricated bioelectrode was found to exclude interference caused by the common
electroactive species such as ascorbic acid, uric acid, lactic acid, glucose and urea. The bioelectrode also showed
reliable response characteristics in blood serum samples. The findings of the investigation have established the
direct electrochemistry of the AOx protein and its potential biosensor application for quantitative detection of
alcohol in blood serum.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The detection and quantification of alcohols with high sensitivity,
selectivity and accuracy are required in many different areas, such as,
clinical and forensic analysis, food, beverage, and pulp industries [1].
Many analytical methods based on chemical, chromatographic, and
spectroscopic principles have been developed for the determination
of ethanol. Although, a few of these methods are reliable, they are
complex, time consuming and require prior separation processes,
expensive instrumentation and trained operators. Such disadvantages
could be overcome by using biosensor devices incorporating the en-
zymes as bio-recognition elements [2]. Biosensors reported so far
for quantitative detection of alcohol are yet to develop properly for
commercial applications. Alcohol biosensors described in the litera-
ture are largely based on alcohol dehydrogenase (ADH) [3], which
normally require the presence of co-factor nicotinamide adenine di-
nucleotide (NAD+) [4–7]. The major constrain for developing ADH
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based alcohol biosensor is the need of supplementing the co-factor
(NAD+) to the reaction medium [8]. Although there is a continuous
effort to regenerate the co-factor in the reaction system to sustain
the catalytic activity of ADH, efficient cofactor regenerating system
for biosensor application of ADH is yet to develop properly. Alcohol ox-
idase (AOx) (EC 1.1.3.13) as bio-recognition element for sensing alcohol
has stimulated interest since the last decade [1]. Some potential advan-
tages of AOx based bio-recognition system are identified among which
the irreversible catalytic oxidation of alcohols and the avidly bound
flavin-based co-factor to the redox center of the enzyme are pertinent
to the biosensor applications. Moreover, the knowledge on molecular
and functional characteristics of this unexplored group of redox en-
zymes is rapidly growing since recent past. AOx catalyzes the oxidation
of alcohols usingmolecular oxygen as the electron acceptor and produc-
ing corresponding carbonyl compound andhydrogen peroxide in the re-
action medium. The reaction may be followed by measuring O2 or H2O2

concentration using optical or electrochemical detections [1,8–16]. The
oxygen-based detection, however, has practical inconveniences and
limitations such as, poor response, low accuracy and reproducibility,
and high background signal that may raise the minimum detection
level of the substrate alcohol [17]. Nevertheless, H2O2 based sensor has
the advantages of the relative ease of manufacturing and the possibility
of constructing them in small sizes, the high potential (~600 mV) neces-
sary to oxidize H2O2 poses a problem of electrochemical interference
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due to the presence of reducing compounds (e.g. ascorbic acid, uric acid,
bilirubin and acetaminophen), particularly in blood serum sample.
Moreover, the response of the H2O2 based sensor is slow. The second
generation AOx based amperometric biosensors using electron trans-
port mediator that shuttles electrons between the redox center of the
enzyme and the electrode are also not known so far since no suitable
mediator has yet been found for AOx.

We report here an amperometric biosensor using direct electro-
chemistry of the large multimeric AOx from Pichia pastoris immobilized
in a nano-composite matrix on the surface of gold (Au) electrode.
Multiwalled carbon nanotubes (MWCNT), which have been used for
fabricating bioelectrodes of many small enzymes [18,19] due to its
good electrical conductivity, high mechanical strength, and antifouling
property [20], were dispersed on the surface of the electrode using hy-
drophobic polymer chain of Nafion (Nf) [21]. Polyethylenimine (PEI),
a polycationic polymer, was used to stabilize the AOx immobilized on
the nano-matrix coated on an Au electrode [22]. The fabricated AOx
bioelectrode has been characterized and detailed account on the re-
sponse of the bioelectrode for the substrate alcohol is presented here.
2. Experimental

2.1. Chemicals and reagents

AOx from P. pastoris (21 U/mg protein),multiwalled carbon nanotube
(MWCNT, size OD 10–15 nm, ID 2–6 nm, length 0.1–10 μm), Nafion117
(Nf) (5% w/v in isopropanol), polyethylenimine (PEI) (50% w/v in water
solution), ABTS [2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)],
and horseradish peroxidase (HRP) were bought from Sigma-Aldrich
(USA). Hydrogen peroxide (H2O2) 50% and Ethanol 99.9% was purchased
fromMerck. All other chemicals were of analytical grade and used as re-
ceived without purification. AOx (1 mg ml−1) was freshly prepared in
potassium phosphate buffer solution (KPBS) (50 mM, pH 7.5).
2.2. Fabrication of the bioelectrode

A gold electrode (AuE) (diameter,1 mm) was cleaned first by
polishing with alumina slurry, then washed ultrasonically with 70%
ethanol and water separately for 5 min each and finally allowed to
dry under clean air at room temperature. A total of 3 mg MWCNTs
were dispersed in 300 μl of 5% Nf and sonicated for 20 min to obtain
a stable homogeneous suspension. Five microliters of the MWCNT-Nf
solution was dropped onto the AuE and then allowed to dry under
clean air and room temperature. Once dried, 5 μl of AOx solution
from the stock solution was dropped above the MWCNT-Nf layer,
dried and covered with 5 μl of 10% (v/v) PEI solution. The fabricated
bioelectrode was again dried under clean air at room temperature
and stored in KPBS at 4 °C when not in use.
2.3. Apparatus and measurements

Cyclic voltammetry (CV)was performedwith a potentiostat (Autolab
PGSTAT 1212, Eco Chemie, Netherland). Themeasurementwas done in a
three-electrode system containing platinum rod as counter electrode,
Ag/AgCl (saturated KCl) as reference electrode, and AuE or modified
AuE as theworking electrode. All potentialsweremeasured and reported
relative to the Ag/AgCl reference electrode. During the CV measure-
ments, the electrolyte solution was constantly purged with high purity
argon gas to maintain an anaerobic environment in the cell during the
measurement process. All experimentswere performed at room temper-
ature. The images of the morphological characteristics on the
bioelectrode were obtained on a field emission scanning electronmicro-
scope (FESEM) (Zeiss), with EHT 1.00 kV.
3. Results and discussion

3.1. Morphological characterization of the bioelectrode

The surface morphology of bare Au, Au-MWCNT-Nf, Au-MWCNT-
Nf-AOx and Au-MWCNT‐Nf‐AOx-PEI bioelectrodes was investigated
using FESEM. As shown in Fig. 1, AuE shows homogenous surface
(Fig. 1A), and the Au-MWCNT-Nf electrode shows uniform distribution
of MWCNTs on the electrode surface (Fig. 1B) with porous morphology
clearly visible from the image taken at higher magnification (inset
Fig. 1B). When AOx was added on this MWCNT-Nf film, the thread like
structure of MWCNT and porosity of the film disappeared (Fig. 1C), indi-
cating the immobilization of AOx molecules on the MWCNT-Nf film.
Subsequently, when a layer of PEI was applied on the film to fabricate
Au-MWCNT-Nf-AOX-PEI bioelectrode, the surface morphology changed
to even form with an array of black dots in white patches distributed
throughout the surface (Fig. 1D). The immobilization of enzymes on
the electrode surface occurred under the influence of electrostatic inter-
action between the negatively charged underneath MWCNT-Nf layer
with adsorbed AOx and positively charged overlaying PEI layer. The neg-
ative charges on MWCNT and the sulphonated polymer, Nf are well de-
scribed. TheAOx (pI 4.3) bears negative charge under theworking buffer
pH value of 7.5 used in this investigation. The formation of the nearly
uniform array of black dots upon encapsulation of theAOxwith PEI is in-
teresting. The probable reason being attributed to the reorientation of
the negatively charged MWCNTs in the composite matrix to the arrays
upon its interaction with the positively charged PEI. However, the role
of AOx in the reorientation of the MWCNTs is not clearly known.

3.2. Electrochemical characterization of the bioelectrodes

CV was carried out to identify the redox potentials of the fabricat-
ed working bioelectrodes (Fig. 2) in a solution of argon-saturated
KPBS (pH 7.5) at a scan rate of 50 mV s−1. No clear redox peaks
were observed for the bare AuE-Nf and AuE-MWCNT-Nf suggesting
that both the MWCNT and Nf are electro-inactive in this potential
window. Following the immobilization of AOx in the MWCNT-Nf
film the generated bioelectrode AuE-MWCNT-Nf-AOx displayed a
pair of clear redox peaks. However, the bioelectrode AuE-Nf-AOx-
PEI (Supplementary Fig. 1) showed no clear redox peak and the CV
response of the MWCNT void bioelectrode was almost similar with
Au-Nf, which infers that MWCNTs play an important role in facilitating
the electron exchange between the redox center of AOx and AuE.
When PEI was layered on the AuE-MWCNT-Nf-AOx electrode the
redox peak current of the generated bioelectrode AuE-MWCNT-Nf-
AOx‐PEI was increased further. The formal potential of the redox couple
at the bioelectrode AuE-MWCNT-Nf-AOx-PEI calculated from the aver-
age value of anodic and cathodic peak potentials [(Epa+Epc)/2] was
0.21 V. The formal potential confirmed from the triplicate studies was
0.21±0.003. The separation of the peak potentials (ΔEp) was 60 mV.
The anodic peak current is nearly equal to the cathodic peak current.
Therefore, a direct electrochemical reaction of quasi-reversible is as-
cribed to AOx immobilized on MWCNT-Nf-AOx-PEI. The potential of
0.21 V is attributed to the redox potential of FAD/FADH2 system.
Protein-bound flavins exhibit wide range of redox potentials since the
redox potential of flavo-oxidases is strongly modulated by the cofactor
environment [23,24]. The redox potential of AOx was further confirmed
by the increased current response at the potential with the addition of
substrate alcohol. From the above findings it may be suggested that
the nanometric MWCNT may be easily accessed to the multimeric AOx
protein molecules, as a result of which the distance between the elec-
trode and the redox center of AOx was decreased and promoted the
electron exchange between them similar to other enzyme nanomaterial
integrated system [25]. The increase in redox current at 0.21 V of the PEI
modified bioelectrode AuE-MWCNT-Nf-AOx‐PEI is attributed to the
electrostatic effect of PEI on stabilizing the AOx in the electrode, which



Fig. 1. FESEM images of (A) AuE (30 KX), (B) Au-MWCNT-Nf (27.66 KX) with inset at 153 KX, (C) Au-MWCNT-Nf-AOx (21.88 KX) and (D) AuMWCNT-NF-AOx-PEI (29.43KX) with
EHT 1.00 kV.

Fig. 2. CV of AuE‐Nf ( ), AuE-MWCNT-Nf ( ), AuE-MWCNT-Nf-AOx ( ),
AuE-MWCNT-Nf-AOx-PEI ( ) and AuE-MWCNT-Nf-AOx-PEI ( ) with 33 μM
ethanol in an argon gas purged solution of 0.1 M KPBS (pH 7.5) at a scan rate of
50 mV s−1.
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enhanced the interaction between the electroactive center of the AOx
proteins with the MWCNTs. The interaction further facilitated the elec-
tron transfer from the redox center of the enzyme to the electrode
surface.

The electrochemical behavior of the constructed bioelectrode was
characterized by CV at different scan rates (v) (Fig. 3A). The anodic
(Ipa) and cathodic (Ipc) peak currents versus scan rate plots, shown in
Fig. 3B, exhibit a linear relationship with a correlation coefficient of
0.9734 and 0.9877, respectively which infers that the redox reaction of
AOx is a surface-controlled process, not a diffusion controlled process.
The values of anodic and cathodic peak potentials were plotted against
the logarithm of the scan rates as shown in Fig. 3(C). The irreversible
electrochemistry (i.e., peak separation >200/n mV taking n=1)
occurred when the scan rate exceeded 0.7 V s−1. The electron transfer
coefficient (α) and heterogeneous electron transfer rate constant (ks)
for diffusionless thin-layer voltammetry were determined from empiri-
cally fitted Laviron Eq. [26]. The anodic (Epa) and cathodic (Epc) peak
potential at various scan rates are expressed as Eqs. (1) and (2):

Epa ¼ Eo
′

þ 2:3RT= 1−αð ÞnF log v ð1Þ

Epc ¼ Eo
′

−2:3RT=αnF log v ð2Þ

Unlabelled image


Fig. 3. (A) CV of bioelectrode AuE-MWCNT-Nf-AOx-PEIwith increasing scan rate (mV s−1) (50, 100, 200, 300, 400, 500, 600, 700); (B) anodic (Ipa/μA) and cathodic peak current (Ipc/μA)
versus scan rate (mV s−1). Ipa/μA=(7.41×10−5±1.7×10−6) (v)/(μA.mV.s−1)+(8.09×10−4±1.89×10−4)/(μA). (R2=0.9734) and Ipc/μA=(−7.43×10−5±2.6×10−6) (v)/
(μA.mV.s−1)+(0.008±5.7×10−4)/μA. (R2=0.9877) (C) peak potential versus log (scan rate, mV s−1) in a solution of 0.1 M KPBS, pH 7.5.
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where Eo′ is the formal potential, and R, T, F, and n have their usual sig-
nificance. According to Eqs. (1) and (2), the value of α was determined
from the relationship of ΔEP with log v and found to be 0.52 (taking
n=1). The value of ks was calculated using Eq. (3) and found to be
1.69±0.15 s−1

log ksð Þ ¼ α log 1−αð Þ
þ 1−αð Þ logα– logRT=nFv–α 1−αð ÞnFΔEP=2:3RT: ð3Þ

The result suggests significant electron transfer between the AOx and
the electrode. There is however, no previous report on these kinetic con-
stants from AOx based bioelectrode for comparison in quantitative scale.
The surface coverage (Г) of AOx on the electrode surface at a scan rate of
50 mV s−1 estimated using the equation, Γ=Q/nFA [27], where Q is the
charge obtained by integrating the peak current area, n is the number of
electrons involved, F is the Faraday's constant and A is the electrode area,
was found to be 2.43×10−12 mol cm−2. The amount of this electroactive
protein is nearly 80% of the total amount of AOx deposited on the elec-
trode surface. Thismay be suggested that only those proteinswith a suit-
able orientation and close contactwith theMWCNTs in the inner layers of
the film can exchange electrons with the gold electrode. Theoretically,
the maximum possible electrode surface coverage with a monolayer of
the AOx protein calculated from the molecular dimension of AOx [28]
was 1.25×10−4 mol cm−2. Comparing this theoretical value with the
one reported by us it may be inferred that there is scope for optimizing
the concentration of electroactiveAOxmolecules on the electrode surface
by increasing the enzyme loading on the nanomatrix.
3.3. Response characteristics of the bioelectrode

The response of the bioelectrode was studied at various pH (6–8)
values of the KPBS at equal concentration of alcohol (8 μM) and identi-
fied pH 7.5 as optimum for the response. It is known that the stability
of AOx decreases when the pH is deviated from the physiological pH
[29]. The optimum pH value for the biocatalytic reaction of the AOx
was also 7.5 which conformed to other reports [30]. The pH effect on
the alcohol biosensor observed here also conformed to other findings
[31].

Initially we investigated the cyclic voltammetric response of AOx on
the AuE-MWCNT-Nf-AOx-PEI in air saturated condition containing alco-
hol with increasing concentrations at a scan rate of 50 mV s–1 (Fig. 4).
Similar pair of redox peaks as observed in the presence of argon purged
solution was observed. However, as compared to the anodic peak cur-
rent an increase in cathodic peak current at 0.15 V was observed in
the air saturated solution. This is because the electrochemically formed



Fig. 4. CVof bioelectrodeAu-MWCNT-Nf-AOx-PEI in thepresence of oxygen saturatedbuffer
(0.1 M KPBS pH 7.5) with increasing ethanol concentration (μM). (a) 0, (b) 8, (c) 33, and
(d) 42 at a scan rate of 50 mV s−1.

Fig. 5. (A) Chronoamperometric current responses of the AuE-MWCNT-Nf-AOx-PEI
bioelectrode for successive addition of alcohol (μM). (a) 8, (b) 10, (c) 13, (d) 16, (e) 18,
(f) 21, (g) 25, (h) 28, (i) 31, (j) 35, (k) 37, (l) 39, and (m) 42. (B) The response curve of
the bioelectrode with increasing ethanol concentration in argon purged solution of 0.1 M
KPBS, pH 7.5. I/μA=(0.001±2.8×10−5) [Ethanol]/μA μM−1+(0.0052±7.7×10−4)/μA
(R2=0.9909). The operating potential was 0.27 V (vs. Ag/AgCl electrode).

Table 1
Response characteristics of the bioelectrode.

Linear range 8 μM–42 μM
DL 5 μM
Sensitivity 3±0.08 μA mM−1

SD limit 4.94×10−3±0.08×10−2 μA
Response time 55 s

23M. Das, P. Goswami / Bioelectrochemistry 89 (2013) 19–25
AOx (FADH2) catalyzed the reduction of dissolved oxygen in the solu-
tion. A parallel increase in broad oxidation peak between +0.65 V and
+0.7 V occurred due to the electrocatalytic oxidation of H2O2 produced
by the biocatalytic oxidation of alcohol in oxygen containing electrolyte
solution. These results infer that the AOx layered on the electrode film
retains its bioactivity.

The amperometric response of Au-MWCNT-Nf-AOx-PEI bioelectrode
for successive step changes of alcohol concentration in KPBS at the anodic
potential of 0.27 V was measured (Fig. 5A). The magnitude of the anodic
peak current was increased linearly with increasing ethanol concentra-
tion with a correlation coefficient of 0.9909 and reached saturation at
42 μM of ethanol (Fig. 5B). The response characteristics of the
bioelectrode are summarized in Table 1.

The detection limit (DL) for the constructed biosensor was deter-
mined from the expression DL=3×SD/sensitivity (where SD is the esti-
mated standard deviation for the points used to construct the calibration
curve and sensitivity its slope). The sensitivity of our constructed
bioelectrode with the direct electrochemistry compares favorably with
AOx biosensor for hydrogen peroxide‐based detection of total content
of volatile alcohols reported recently [32].

3.4. Reproducibility, long-term stability and interference study of the
bioelectrode

The operational stability of the fabricated bioelectrodes was inves-
tigated from sixteen successive measurements with 42 μM alcohol
(which was the highest response in the linear range) during a period
of 4 h. It was observed that the current response was steady till the
last measurement following which the response declined. The results
indicate that the activity of the constructed bioelectrode was quite sta-
ble during the period. The fabrication reproducibility of the bioelectrode
was estimated from the response to various alcohol concentrations at
three bioelectrodes prepared by similar procedure. The results showed
acceptable reproducibilitywith a relative SD of ~2% for the bioelectrode.
The storage stability of the bioelectrodewas checked by carrying out re-
sponse measurements at a regular interval of three days. It was found
that the bioelectrode retains about 90% of the original response even
after four weeks when stored in KPBS (pH 7.5) at 4 °C.

To study the selectivity of the alcohol biosensor to alcohol, the effect
of some potential interfering agents present in real samples namely,
ascorbic acid, lactic acid, glucose, urea and uric acid, on biosensor re-
sponse was studied. Biosensor response was examined by exposing it
separately to these interferents, each present with 8 μM alcohol solu-
tions in 1:1 ratio. The selectivity coefficient (SC) of the biosensor for
each interferent was estimated with respect to the response of the bio-
sensor obtained when it is subjected to only alcohol using the formula,
SC=Ic+1/Ic, where Ic+1 and Ic [33] are biosensor responses for alcohol
(8 μM) in the presence and absence of each interferent, respectively. It
was found that the contribution of these compounds to the biosensor
response is b5% implying no significant interference. The actual level
of these interferents in blood serum is usually known to be very low
as compared to the concentration used in this study. The optimum
selectivity of the bioelectrode towards alcohol may be attributed to
two factors. Firstly, the anodic potential chosen is 0.27 V. At such a
low potential, the contribution of many interferents towards current
response may get substantially minimized. Nafion polymer acts as a se-
lective barrier for the restricted access of many interferents to the elec-
trode surface by electrostatic repulsion [21]. This study implies that the
biosensor could be used in the physiological conditions without any
significant interference from the substances present in the body fluids.
The practical usability of the fabricated bioelectrode was evaluated by
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image of Fig.�5


Table 2
Comparison on performances of various AOx-based biosensors.

Biosensor configuration Detection
approach

Operational stability Linearity
(μM)

Reference

Carbon paste matrix/AOx-HRP-osmium
(FIA)

Hydrogen peroxide 10% of sensitivity lost after 270 injections carried out in 9 h 250–
2000

Vijayakumar et al.
[8]

Pt/AOx-poly(carbamyl) sulfonate
hydrogel (Batch)

Hydrogen peroxide
and oxygen

32% of sensitivity lost after 12 measurements carried out in 12 h, and 40%
of sensitivity lost after 18 days

10–3000 Patel et al. [9]

Pt/polyvinylferrocenium matrix-AOx

(Batch)
Hydrogen peroxide 98% of sensitivity lost after 36 days (132 measurements) Up to

3000
Gulce et al. [10]

Carbon paste matrix‐(graphite-Teflon)/AOx-
HRP-ferrocene (FIA)

Hydrogen peroxide No loss after 15 days (3 measurements/day) 10–750 De Prada et al.
[14]

Au/PPYox/AOx-glutaraldehyde-BSA
(FIA)

Hydrogen peroxide No loss after 90 injections carried out in 3 h, 5% of sensitivity lost after 6 h
online cont. monitoring

Not
reported

Carelli et al. [12]

Chitosan/AOx-eggshell membrane
(Batch)

Oxygen No loss after 20 measurements carried out in 8 h, 13.4% of sensitivity
lost after 3 months

60–800 Wen et al. [31]

Carbon film electrode MWCNT/AOx Hydrogen peroxide A decrease of 70% of the initial sensitivity value after 3 weeks 1400 Gouveia-Caridade
et al. [35]

Au-MWCNT-Nf-AOx-PEI Direct
electrochemistry

No loss after 16 measurements carried out in 4 h, it retains about 90% of
the original response after 4 weeks when stored in KPBS

8–42 Present work
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determining the alcohol content in human serum samples. The alcohol
content in the four serum samples supplemented with alcohol was first
estimated by measuring the production of H2O2 using a coupled
AOx-peroxidase reaction with ABTS (ε405=36.8 mM−1 cm−1) in KPBS
buffer, pH 7.5 [34]. Then, the same samples were analyzed electrochem-
ically with the bioelectrode at 0.27 V after diluting the samples suitably
with KPBS buffer to make the concentrations fall in the linear range of
the bioelectrode. The data were compared by using paired t-test (Sigma
12). These results showed a reasonable agreement (P=0.045) between
both methods of analysis.

One of themajor focuses of theAOx based biosensor is to prolong the
functional activity of this complex multimeric enzyme on the electrode
surface. Many AOx based first generation biosensors using hydrogen
peroxide or oxygen based detection showed varying operational stabili-
ty [8–16].While the requirement of high over potential for the operation
offirst generation biosensors stands a stumbling block for developing in-
terference free detection system, Gouveia-Caridade et al. [35] developed
a H2O2 detection-based alcohol biosensor in which AOx and BSA were
cross linked with glutaraldehyde and attached to the solid MWCNT on
the carbon film electrode. The authors have reported significant increase
in the sensitivity of the biosensor, while they reported its limitations on
the reproducibility and poor operational stability. A comparative analy-
sis, as shown in Table 2, infers that the method of fabrication of the
bioelectrode is critical and linked to the stability and response mecha-
nism of the biosensors. The electrostatic interaction principle exploited
by us for the adsorption‐based physical immobilization of the enzyme
on the electrode surface provides the significant operational stability
and the reproducibility on the response of the biosensors. Further, the
interaction facilitates the electrical communication between the AOx
with the electrode as evident from the clear CV response peak at com-
paratively low over potential of 0.21 V. Although the linear response
range obtained by us is comparatively narrow the minimum detection
limit in the linear range was superior to other reports mentioned above.

4. Conclusion

The direct electrochemistry of a multimeric alcohol oxidase (AOx)
physically immobilized by encapsulating with PEI in a MWCNT-Nf
matrix on the gold electrode surface was established for the first
time. Direct electron transfer facilitated by the MWCNT between the
AOx protein and the electrode was confirmed. The entrapped AOx
possesses good bioactivity and electrocatalytic activity at room tem-
perature and physiological pH. The constructed bioelectrode showed
linear response at the oxidation potential of 0.27 V for alcohol. The
values on operational and storage stability and detection limit in the
linear response range obtained by using the bioelectrode towards the
substrate alcohol were comparable to or even improved than many
reports on alcohol biosensors. The low over potential of the constructed
biosensor practically nullifies the interference caused bymany common
interfering compounds present in the samples. The findings confirmed
the potential applications of the constructed bioelectrode as third gener-
ation biosensor for detecting alcohol in real samples.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.bioelechem.2012.08.007.

Acknowledgments

Weacknowledge the financial assistance fromDBT, India to carry out
thiswork. The FESEM facility provided by CIF, IITG is duly acknowledged.

References

[1] A.M. Azevedo, D.M.F. Prazeres, J.M.S. Cabral, L.P. Fonseca, Ethanol biosensors based
on alcohol oxidase, Biosens. Bioelectron. 21 (2005) 235–247.

[2] H.B. Yildiz, L. Toppare, Biosensing approach for alcohol determination using
immobilized alcohol oxidase, Biosens. Bioelectron. 21 (2006) 2306–2310.

[3] M. Zhang, W. Gorski, Amperometric ethanol biosensors based on chitosan-
NAD+-alcohol dehydrogenase film, Electroanalytical 23 (2011) 1856–1862.

[4] C.R. Raj, S. Behera, Mediatorless voltammetric oxidation of NADH and sensing of
ethanol, Biosens. Bioelectron. 21 (2005) 949–956.

[5] J. Razumiene, V. Gureviciene, V. Laurinavicius, J.V. Grazulevicius, Amperometric de-
tectionof glucose andethanol inbeverages usingflow cell and immobilised on screen
printed carbon electrode PQQ-dependent glucose or alcohol dehydrogenasers, Sens.
Actuators B 78 (2001) 243–248.

[6] K. Svensson, L. Bülow, D. Kriz, M. Krook, Investigation and evaluation of a method
for determination of ethanol with the SIRE® Biosensor P100, using alcohol dehy-
drogenase as recognition element, Biosens. Bioelectron. 21 (2005) 705–711.

[7] C.-A. Lee, Y.-C. Tsai, Preparation of multiwalled carbon nanotube-chitosan-
alcohol dehydrogenase nanobiocomposite for amperometric detection of ethanol,
Sens. Actuators B 138 (2009) 518–523.

[8] A.R. Vijayakumar, E. Csöregi, A. Heller, L. Gorton, Alcohol biosensors based on coupled
oxidase-peroxidase system, Anal. Chim. Acta 327 (1996) 223–234.

[9] N.G. Patel, S. Meier, K. Cammann, G.-C. Chemnitius, Screen-printed biosensors
using different alcohol oxidases, Sens. Actuators B 75 (2001) 101–110.

[10] H. Gulce, A. Gulce, M. Kavanoz, H. Coskun, A. Yildiz, A new amperometric enzyme
electrode for alcohol determination, Biosens. Bioelectron. 17 (2002) 517–521.

[11] L.V. Shkotova, A.P. Soldatkin, M.V. Gonchar, W. Schuhmann, S.V. Dzyadevych, Am-
perometric biosensor for ethanol detection based on alcohol oxidase immobilised
within electrochemically deposited Resydrol film, Mater. Sci. Eng. C - Biomim.
Supramol. Syst. 26 (2006) 411–414.

[12] D. Carelli, D. Centonze, A. De Giglio, M. Quinto, P.G. Zambonin, An interference-free
first generation alcohol biosensor based on a gold electrode modified by an
overoxidised non-conducting polypyrrole film, Anal. Chim. Acta 565 (2006) 27–35.

[13] M.M. Barsan, C.M.A. Brett, An alcohol oxidase biosensor using PNR redoxmediator at
carbon film electrodes, Talanta 74 (2008) 1505–1510.

[14] A.G.V. de Prada, N. Pena, M.L. Mena, A.J. Reviejo, J.M. Pingarron, Graphite/Teflon
composite bienzyme amperometric biosensors for monitoring of alcohols, Biosens.
Bioelectron. 18 (2003) 1279–1288.

[15] I.S. Alpeeva, A. Vilkanauskyte, B. Ngounou, E. Csoregi, I.Y. Sakharov, M. Gonchar,
W. Schuhmann, Bi-enzyme alcohol biosensors based on genetically engineered
alcohol oxidase and different peroxidases, Microchim. Acta 152 (2005) 21–27.

http://dx.doi.org/10.1016/j.bioelechem.2012.08.007
http://dx.doi.org/10.1016/j.bioelechem.2012.08.007


25M. Das, P. Goswami / Bioelectrochemistry 89 (2013) 19–25
[16] O. Smutok, B. Ngounou, H. Pavlishko, G. Gayda, M. Gonchar, W. Schuhmann, A
reagentless bienzyme amperometric biosensor based on alcohol oxidase/peroxidase
and an Os-complex modified electrodeposition paint, Sens. Actuators B 113 (2006)
590–598.

[17] A.W. Bott, Electrochemical methods for the determination of glucose, Curr. Sep.
17 (1998) 25–31.

[18] L. Agui, P. Yanez-Sedeno, J.M. Pingarron, Role of carbon nanotubes in electroana-
lytical chemistry: a review, Anal. Chim. Acta 622 (2008) 11–47.

[19] J.J. Gooding, Nanostructuring electrodes with carbon nanotubes: a review on
electrochemistry and applications for sensing, Electrochim. Acta 50 (2005)
3049–3060.

[20] M. Musameh, J. Wang, A. Merkoci, Y. Lin, Low-potential stable NADH detection at
carbon-nanotube-modified glassy carbon electrodes, Electrochem. Commun. 4
(2002) 743–746.

[21] J.Wang,M.Musameh, Y. Lin, Solubilization of carbon nanotubes byNafion toward the
preparation of amperometric biosensors, J. Am. Chem. Soc. 125 (2003) 2408–2409.

[22] P. Vatsyayan, S. Bordoloi, P. Goswami, Large catalase based bioelectrode for bio-
sensor application, Biophys. Chem. 153 (2010) 36–42.

[23] M.W. Fraaije, R.H.H. van den Heuvel, A. Mattevi, W.J.H. van Berkel, Covalent
flavinylation enhances the oxidative power of vanillyl-alcohol oxidase, J. Mol.
Catal. B: Enzym. 21 (2003) 43–46.

[24] F.D. Munteanu, P. Ferreira, F.J. Ruiz-Duenas, A.T. Martinez, A. Cavaco-Paulo,
Bioelectrochemical investigations of aryl-alcohol oxidase from Pleurotus eryngii,
J. Electroanal. Chem. 618 (2008) 83–86.

[25] I. Willner, R. Baron, B. Willner, Integrated nanoparticle-biomolecule systems for
biosensing and bioelectronics, Biosens. Bioelectron. 22 (2007) 1841–1852.

[26] E. Laviron, General expression of the linear potential sweep voltammogram in the
case of diffusionless electrochemical system, J. Electroanal. Chem. 101 (1979)
19–28.

[27] R.W. Murray, in: A.J. Bard (Ed.), Electroanalytical Chemistry, 7, Marcel Dekker,
New York, 1984, pp. 191–368.

[28] M. Veenhuis, W. Harder, J.P. van Dijken, F. Mayer, Substructure of crystalline per-
oxisomes in methanol-grown Hansenula polymorpha: evidence for an in vivo
crystal of alcohol oxidase, Mol. Cell. Biol. 1 (1981) 949–957.

[29] A.K. Kumar, P. Goswami, Functional characterization of alcohol oxidases from
Aspergillus terreus MTCC 6324, Appl. Microbiol. Biotechnol. 72 (2006) 906–911.

[30] S. Suye, Purification and properties of alcohol oxidase from Candida methanosorbosa
M-2003, Curr. Microbiol. 34 (2003) 374–377.

[31] G. Wen, Y. Zhang, S. Shuang, C. Dong, M.M.F. Choi, Application of a biosensor for
monitoring of ethanol, Biosens. Bioelectron. 23 (2007) 121–129.

[32] M. Hämmerle, K. Hilgert, M.A. Horn, R. Moos, Analysis of volatile alcohols in apple
juices by an electrochemical biosensor measuring in the headspace above the liquid,
Sens. Actuators B 158 (2011) 313–318.
[33] U. Saxena,M. Chakraborty, P. Goswami, Covalent immobilization of cholesterol oxidase
on self-assembled gold nanoparticles for highly sensitive amperometric detection of
cholesterol in real samples, Biosens. Bioelectron. 26 (2011) 3037–3043.

[34] J. Keesey, Biochemica Information, in: Boehringer Mannheim Biochemicals,
Indianapolis, IN1st ed., 1987, p. 58.

[35] C. Gouveia-Caridade, R. Pauliukaite, C.M.A. Brett, Development of electrochemical
oxidase biosensors based on carbon nanotube-modified carbon film electrodes
for glucose and ethanol, Electrochim. Acta 53 (2008) 6732–6739.

Madhuri Das received M.Sc. degree in Biotechnology from
Gauhati University, India in 2007 andM.Tech. in Bioelectronics
from Tezpur University in 2009. She is a PhD student at the
Centre for Energy, IIT Guwahati, India. Her research interest is
the development of novel enzyme based bioelectrode for
biosensors and biofuel cell applications.
Prof. Pranab Goswami received M.Sc. degree in Chemistry
fromGauhati University, India in 1986, MS degree in Science
& Technology, from BITS Pilani, Rajasthan and PhD degree in
Biotechnology from Gauhati University in 1992. From 1991
to 2002, he was a scientist (Scientist B to scientist E1) at
NEIST, Jorhat India. Prof. Goswami was a BOYSCAST fellow
of DST, India at University of Massachusetts Boston, USA
from1996 to 1997. In 2002, he joined IIT Guwahati as faculty
and currently working as a Professor at the same institute.
His research interest comprises the development of enzy-
matic biosensors and biofuel cells for clinical and biomedical
applications.

Unlabelled image
Unlabelled image

	Direct electrochemistry of alcohol oxidase using multiwalled carbon nanotube as electroactive matrix for biosensor application
	1. Introduction
	2. Experimental
	2.1. Chemicals and reagents
	2.2. Fabrication of the bioelectrode
	2.3. Apparatus and measurements

	3. Results and discussion
	3.1. Morphological characterization of the bioelectrode
	3.2. Electrochemical characterization of the bioelectrodes
	3.3. Response characteristics of the bioelectrode
	3.4. Reproducibility, long-term stability and interference study of the bioelectrode

	4. Conclusion
	Acknowledgments
	References


