
A

s
d
P
p
(
u
o
R
N
s
©

K

1

d
o
m
t
e
r
t
d

K
T

0
d

Available online at www.sciencedirect.com

Talanta 75 (2008) 1307–1314

Electrocatalytic oxidation of NADH at gold nanoparticles loaded
poly(3,4-ethylenedioxythiophene)–poly(styrene sulfonic acid)

film modified electrode and integration of alcohol
dehydrogenase for alcohol sensing

K.M. Manesh a, P. Santhosh a, A. Gopalan a,b, K.P. Lee a,b,∗
a Department of Chemistry Graduate School, Kyungpook National University, Daegu 702-701, South Korea

b Nano Practical Application Center, Daegu 704-230, South Korea

Received 28 October 2007; received in revised form 20 January 2008; accepted 21 January 2008
Available online 2 February 2008

bstract

A new modified electrode is fabricated by dispersing gold nanoparticles onto the matrix of poly(3,4-ethylenedioxythiophene)–poly(styrene
ulfonic acid), PEDOT–PSS. The electrocatalytic activity of the PEDOT–PSS-Aunano electrode towards the oxidation of �-nicotinamide adenine
inucleotide (NADH) is investigated. A substantial decrease in the overpotential (>0.7 V) has been observed for the oxidation of NADH at the
EDOT–PSS-Aunano electrode in comparison to the potential at PEDOT–PSS electrode. The Au nanoparticles dispersed in the PEDOT–PSS matrix
revents the fouling of electrode surface by the oxidation products of NADH and augments the oxidation of NADH at a less positive potential
+0.04 V vs. SCE). The electrode shows high sensitivity to the electrocatalytic oxidation of NADH. Further, the presence of ascorbic acid and
ric acid does not interfere during the detection of NADH. Important practical advantages such as stability of the electrode (retains ∼95% of its
riginal activity after 20 days), reproducibility of the measurements (R.S.D.: 2.8%; n = 5), selectivity and wide linear dynamic range (1–80 �M;

2 = 0.996) are achieved at PEDOT–PSS-Aunano electrode. The ability of PEDOT–PSS-Aunano electrode to promote the electron transfer between
ADH and the electrode makes us to fabricate a biocompatible dehydrogenase-based biosensor for the measurement of ethanol. The biosensor

howed high sensitivity to ethanol with rapid detection, good reproducibility and excellent stability.
2008 Elsevier B.V. All rights reserved.
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. Introduction

The electrochemical detection of �-nicotinamide adenine
inucleotide (NADH) is of considerable interest since a number
f dehydrogenases require NADH as a cofactor for the enzy-
atic reaction. NADH is the terminal electron donor moiety in

he mitochondrial electron transport chain [1]. However, direct
lectrochemical oxidation of NADH at a bare platinum electrode

equires a high (>1 V) overpotential. The high overpotential for
he oxidation of NADH results in interferences from easily oxi-
izable species present in the real samples. The overpotential for
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ADH oxidation could be reduced by using a mediator. Also,
lectrode fouling is one of the main concerns as radical interme-
iates are generated during the one-electron oxidation of NADH.
he subsequent polymerization products also foul the electrode

2]. Hence, considerable efforts have been devoted to modify
he electrode surface with an adequate material to diminish the
verpotential for the oxidation of NADH and to minimize the
urface passivation effects.

Various methodologies have been adopted to immobilize the
ediator on the surface of electrode [3–6]. Different types of
odification were performed on the surface of the electrode to
aintain satisfactory operational time for the mediator in the
lectrode [7]. The electrodes modified with carbon nanotubes
ere used for the oxidation of NADH [8–13]. For instance, a
ybrid thin film from multi-wall carbon nanotubes dispersed
n nafion with electrochemically generated redox mediator was

mailto:kplee@knu.ac.kr
dx.doi.org/10.1016/j.talanta.2008.01.038


1 lanta

d
t
t
o
n
m
a
c
d

f
o
w
l
t
R
o
3
s
a
s
d
p

e
i
w
r
T
e
P
fi
c
n
g
t
p

f
c
d
i
N
F
a
m

2

2

s
0
a
B
d

d
(
D
A
a

2

i
M
c
o
t
I
d

c
H
s
a
r
P
s

2

E
t
a
t
m
u
c
g
t
c
i
I
s
t
f
1
m
q
d
e
(
e

2

308 K.M. Manesh et al. / Ta

eveloped for the sensitive detection of NADH [14]. However,
he stability of the modifications limits the reproducibility and
he operational lifetime of such modified electrodes. On the
ther hand, modified electrodes were also fabricated with CdS
anoparticles [15], nanostructured TiO2 [16], boron-doped dia-
ond [17], exfoliated graphite [18], single crystal gold [19]

nd conducting polymer nanotubules [20] for the electrochemi-
al detection of NADH. However, the selective electrochemical
etection of NADH is still a challenging task.

Gold nanoparticles display unparalleled catalytic activity
or a number of reactions [21–24] that include oxidation
f carbon monoxide [25]. Au nanoparticles have also been
idely used to construct biosensors due to their excel-

ent ability to immobilize biomolecules and at the same
ime retain the biocatalytic activities of those biomolecules.
ecently, electrodes based on Au nanoparticles self-assembled
n a thiol-terminated, sol–gel-derived silicate network from
-(mercaptopropyl) trimethoxysilane were developed for the
elective and sensitive detection of NADH [26], glucose [27]
nd l-lactate [28]. Many kinds of biosensors, such as enzyme
ensor [29–31], immunosensor [32] and DNA sensor [33] were
eveloped based on Au nanoparticles to obtain better analytical
erformances.

Poly(3,4-ethylenedioxythiophene), PEDOT doped with an
xcess of poly(styrene sulfonic acid) (PSS) has been attract-
ng interest due to its film forming properties, high stability in
ater as well as in air and high conductivity. PSS plays the dual

ole of charge balancing and stabilizing the aqueous dispersion.
he matrix of PEDOT–PSS is highly porous that facilitates the
lectrochemical redox reactions [34]. Further, the solubility of
EDOT–PSS in organic solvent is adequate enough to form thin
lms by many kinds of conventional techniques, such as solvent-
asting, spin-casting and dip-coating methods. The presence of
egatively charged electrolyte ions in PEDOT–PSS provides
ood redox activity even in neutral medium. This is attributed
o the effective doping (protonation) of PEDOT by the trapped
olyelectrolyte ions over abroad range of pHs.

In the present investigation, an electrocatalytic electrode was
abricated by dispersing Au nanoparticles onto PEDOT–PSS
oated indium-doped tin oxide glass (ITO) plate and used for the
etection of NADH. The PEDOT–PSS-Aunano electrode exhib-
ted excellent electrocatalytic activity towards the oxidation of
ADH at a low potential in the phosphate buffer, PBS (pH 7.2).
urther, an ethanol biosensor was developed by immobilizing
lcohol dehydrogenase enzyme into the PEDOT–PSS-Aunano
atrix. The results are presented herein and discussed.

. Experimental

.1. Chemicals

PEDOT–PSS was obtained from Sigma–Aldrich (1.3 wt.%
uspension in water; a composition of 0.5 wt.% PEDOT and

.8 wt.% PSS). Sulfuric acid, auric acid, ascorbic acid and uric
cid of analytical grade from Aldrich were used as received.
aker’s yeast alcohol dehydrogenase (alcohol: NAD+ oxi-
oreductase, E. C. 1.1.1.1) (ADH), �-nicotinamide adenine

w
I
s

75 (2008) 1307–1314

inucleotide (NADH) and �-nicotinamide adenine dinucleotide
reduced form, NAD+) were obtained from Sigma chemicals.
ouble-distilled water was used throughout the experiments.
queous solutions of NADH were prepared in PBS (pH 7.2),

fresh at the time of experiments.

.2. Fabrication of PEDOT–PSS-Aunano electrode

PEDOT–PSS matrix electrode was prepared by spin coat-
ng (2000 rpm for 1 min) on ITO substrate using SPIN-1200,

IDAS spin coater system. A very thin film of PEDOT–PSS was
asted over a cleaned ITO electrode (1.0 sq. cm). Conductivity
f the PEDOT–PSS coated ITO was found to be 5 mS cm−1 and
he average particle size was −200 nm. Before each experiment,
TO coated glass was cleaned in an ultrasonic bath using double
istilled water and acetone, then dried with a dry nitrogen flow.

Au particles were electrochemically deposited onto spin
asted PEDOT–PSS electrode from 0.5 M H2SO4 solution of
AuCl4 (2.0 × 10−4 M) by employing a repetitive potential

can from 1.1 to 0.0 V (vs. SCE) at a scan rate of 50 mV s−1

nd thus, the PEDOT–PSS-Aunano modified electrode was fab-
icated. Before subjecting to electrochemical experiments, the
EDOT–PSS-Aunano modified electrode was washed exten-
ively with distilled water.

.3. Electrochemical measurements

Electrochemical measurements were done with EG & G PAR
lectrochemical Analyzer in a standard 10 mL cell containing

he modified electrode, a SCE reference electrode and a Pt wire
uxiliary electrode. Prior to all electrochemical measurements,
he solutions were purged with nitrogen for 10 min. The ampero-

etric response of PEDOT–PSS-Aunano electrode was recorded
nder steady-state conditions in the PBS (pH 7.2) by applying a
onstant potential (+0.04 V) to the working electrode. The back-
round response at PEDOT–PSS-Aunano electrode was allowed
o decay to a steady-state under stirring. When the background
urrent became stable, the aliquot amount of the analyte was
njected into the electrolytic cell, and its response was measured.
n the case of square wave voltammetry, a 10 mL aliquot of buffer
olution with NADH of a definite concentration was placed in
he voltammetric cell and the solution was purged with nitrogen
or 10 min. Then, a potential scan was initiated at a scan rate of
0 mV s−1 and the resulting voltammogram was recorded. Opti-
um conditions (pulse amplitude, frequency, step potential and

uiet time) were established by measuring the peak currents in
ependence on all parameters. The electrochemical sensing of
thanol was carried out in PBS (pH 7.2) in the presence of NAD+

0.2 mM) with ADH (7 U mL−1) using the PEDOT–PSS-Aunano
lectrode.

.4. Characterization
The surface topography of PEDOT–PSS-Aunano electrode
as examined using atomic force microscopy, AFM (Digital

nstruments; Nanoscope Multimode) in the tapping mode with
ilicon nitride tip (tip height: 4 �m and the tip radius is of 15 nm).
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layer (the peak at ∼1.0 V in Fig. 3 and using a reported value
of 400 �C cm−2 [38–40], Agsa is the geometric surface area
(Agsa = 0.0707 cm2) and W (in �g cm−2) is the amount of Au
loading. The real and specific surface areas were estimated to
ig. 1. AFM image of Au nanoparticles deposited on PEDOT–PSS spin coated
TO glass plate.

-ray diffraction pattern of the sample was collected by employ-
ng a D8-Advanced Bruker AXS diffractometer using Cu K�
adiation.

. Results and discussion

.1. Fabrication and morphology of PEDOT–PSS-Aunano

odified electrode

The PEDOT–PSS-Aunano modified electrode was fabricated
y two steps. Firstly, film of PEDOT–PSS was formed on the
urface of ITO glass plate through spin coating. Subsequently,
u nanoparticles were deposited by the reduction of HAuCl4

rom an electrolyte solution consisting of HAuCl4. In the typ-
cal fabrication of modified electrode, Au nanoparticles were
eposited onto PEDOT–PSS coated ITO electrode from 0.5 M
2SO4 solution containing HAuCl4 (2.0 × 10−4 M) by apply-

ng a repetitive potential scan from 1.1 to 0.0 V (vs. SCE) at a
can rate of 50 mV s−1 as described in the literature [25]. Cyclic
oltammogram (CV) shows two cathodic peaks at ∼0.75 and
0.53 V (vs. SCE). The peak at 0.53 V represents the reduc-

ion of solution bound AuIII to Au◦ and the wave at 0.75 V is
ttributed to the reduction of adsorbed AuCl4− ions to Au◦ [25].

The surface topography of PEDOT–PSS-Aunano electrode
as analyzed through atomic force microscope (AFM). Fig. 1

hows the AFM image of PEDOT–PSS-Aunano electrode. A rel-
tively high-coverage of ordered monolayer of Au nanoparticles
ithout agglomeration was found on the surface of PEDOT–PSS
ith an average size of Au as 10–15 nm. Further, it can be seen

hat Au nanoparticles were homogenously distributed onto the
urface of the modified electrode. PEDOT–PSS with its network
tructure acts as a three-dimensional, random and electronically
onducting background (micro-reactor) and provides the matrix

or the distribution of Au nanoparticles [35].

Crystalline structure and size of the Au nanoparticles present
n PEDOT–PSS-Aunano were examined by XRD analysis
Fig. 2). Peaks observed around 38.0◦, 47.9◦, 64.1◦ and 76.1◦ F

5

Fig. 2. XRD spectrum of PEDOT–PSS-Aunano.

re attributed to (1 1 1), (2 0 0), (2 2 0) and (3 1 1) facets of the
cc crystal structure of Au [20]. From the full width measured
t the half-maximum of the peak at 2θ = 38◦, the average crys-
allite size of the Au particles was evaluated to be ∼10 nm using
cherer’s equation [36].

Real surface area, rugosity factor, specific surface area and
he amount of Au nanoparticles deposited on the PEDOT–PSS-
unano were determined. Fig. 3 shows the CV recorded at
EDOT–PSS-Aunano in aq. 1 M H2SO4 solution at a scan rate
f 50 mV s−1. A clear oxidation peak around 1.48 V and a sharp
eduction peak at 1.0 V are observed, due to the reduction of
he surface oxide monolayer on Au nanoparticles [37]. The spe-
ific surface area, S (cm2 �g−1) of the catalyst particles was
alculated by using the relation,

= 100Arsa

WAgsa

here Arsa is the real surface area (as estimated from the charge
onsumed for the reduction process of the surface oxide mono-
ig. 3. CV of PEDOT–PSS-Aunano in aq. 1 M H2SO4 solution; scan rate:
0 mV s−1.
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e 1.52 cm−2 and 28.23 cm2 �g−1, respectively. The rugosity
actor is the ratio of Arsa to Agsa, assuming spherical particles of
imilar radius and found to be 19.56. The amount of Au nanopar-
icles deposited onto the PEDOT–PSS-Aunano was determined
41] by using the charge (Qdep) (obtained through graphical inte-
ration of cyclic voltammetric curves) utilized for the deposition
f Au nanoparticles and was found to be 88 �g cm−2.

.2. Voltammetric studies on NADH oxidation

.2.1. Cyclic voltammetry

Fig. 4 compares the CVs for 1 mM NADH in PBS (pH 7.2)

ecorded at ITO/PEDOT–PSS and ITO/PEDOT–PSS-Aunano
lectrodes, respectively, at a scan rate of 50 mV s−1. Oxidation
f NADH (1 mM) occurs at PEDOT–PSS and PEDOT–PSS-

ig. 4. (a) CVs recorded at PEDOT–PSS-Aunano and PEDOT–PSS (inset) elec-
rodes in the presence of 1 mM NADH in PBS (pH 7.2); scan rate: 50 mV s−1

b) CVs of PEDOT–PSS-Aunano electrode in the presence 0.8 (a), 1.0 (b), 1.2
c) and 1.4 (d) mM NADH in PBS (pH 7.2); scan rate: 50 mV s−1. Inset shows
he plot of scan rate with peak current.
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unano electrodes with an oxidation peak current at 0.2 V
Fig. 4a-inset) and 0.04 V (Fig. 4a) (vs. SCE), respectively.

large negative shift in the oxidation potential was noticed
t PEDOT–PSS-Aunano electrode. Unlike at the PEDOT–PSS
odified ITO electrode (Fig. 4a-inset), a stable oxidation peak,
ithout change in position in the subsequent sweep of poten-

ials was noticed for PEDOT–PSS-Aunano electrode (Fig. 4a).
his observation informs that the electrode is not influenced by

ouling effect of the oxidation products. The large decrease in
he overpotential for the oxidation of NADH at a PEDOT–PSS-
unano electrode is ascribed to the high specific surface area
rovided by the Au nanoparticles and the synergistic effects
etween the dispersed Au nanoparticles and the PEDOT–PSS
atrix, which facilitates direct electron transfer between NADH

nd the electrode surface. Furthermore, a higher current was
oticed at the PEDOT–PSS-Aunano electrode in comparison to
EDOT–PSS modified electrode. The magnitude of the oxida-

ion peak current is proportional to the concentration of NADH
Fig. 4b)—a factor which is important for the development of
biosensor. The interesting aspect is that oxidation of NADH

t PEDOT–PSS-Aunano electrode occurs with a low positive
otential without having an additional redox mediator.

In general, the formal potential of the NADH/NAD+ cou-
le in neutral pH at 25 ◦C is estimated to be −0.56 V vs.
CE, and an over potential of >1.0 V is often required for

he direct oxidation of NADH at the bare electrode. However,
n the present study, oxidation of NADH occurs with a large
ecrease in the overpotential (>0.70 V) at PEDOT–PSS-Aunano
lectrode. On comparative literature, oxidation potential of
0.075 V for NADH was reported at an electrode modified with

olyaniline-doped mercaptosuccinic-acid-capped Au nanopar-
icles [42]. In another study, oxidation of NADH has been
eported around 0.07 V at the Au nanoparticles self-assembled 3-
ercaptopropyltrimethoxy silane modified gold electrode [43].
The scan rate dependence of the voltammetric response at

he PEDOT–PSS-Aunano electrode was explored. The peak cur-
ent for the oxidation of NADH increases linearly (R2 = 0.995)
ith the square root of scan rate between 10 and 200 mV s−1

Fig. 4b-inset), suggesting that the overall oxidation of NADH
t the electrode is controlled by the diffusion of NADH in solu-
ion. Further, the oxidation peak potential shifts towards positive
otentials with increasing scan rates informing the electrochem-
cal irreversibility of the electrochemical process. The diffusion
oefficient (D) was determined by the equation;

= (2.99 × 105)ACoD
1/2�1/2n(�na)1/2

here n is the number of electrons involved for the oxidation
f NADH, which is 2 (as determined from Tafel slope), Co is
he bulk concentration, A is the electrode area, ν is the scan rate,
ith values for α and na which are 0.48 and 1, respectively. The
value was found to be 2.98 × 10−6 cm2 s−1.

.2.2. Square wave voltammetry

The voltammetric response of NADH at the PEDOT–PSS-

unano electrode was studied by square wave voltammetry since
his technique could provide a better resolution and signal-
o-noise ratio. The influence of square wave voltammetric
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Fig. 6. Amperometric response of PEDOT–PSS-Aunano electrode for the oxi-
dation of NADH at +0.04 V in PBS (pH 7.2). Each addition increased the
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ig. 5. SWVs of NADH on PEDOT–PSS-Aunano electrode at different concen-
rations of NADH: (a) 0, (b) 10, (c) 15, (d) 20, (e) 25, (f) 30, (g) 40, (h) 45, (i)
0, (j) 55, (k) 57.5, (l) 60, (m) 65, (n) 70, (o) 75 and (p) 80 �M in PBS (pH 7.2).

arameters on the analytical signal was monitored to under-
tand the kinetics of NADH oxidation, as well as to optimize the
arameters for analytical application. Square wave voltammo-
rams (SWVs) were recorded by changing the pulse amplitude
�U), frequency (f) and step potential in the range 10–100 mV,
0–100 Hz and 1–10 mV, respectively. Conditions such as
.0 �M, pH 7.2, t = 3 s, step potential = 3 mV gave optimized
esponse to oxidation of NADH. SWVs of PEDOT–PSS-Aunano
lectrode (condition: t = 3 s, step potential = 3 mV, f = 90 Hz, and
U = 50 mV) recorded for different concentration of NADH and

he SWVs are shown in Fig. 5. A peak corresponding to the oxi-
ation of NADH was observed at 0.04 V and the peak intensity
as found to increase with concentration of NADH. Fig. 5 (inset)
epicts the typical calibration curve by plotting the peak current,
cat at 0.04 V, with the concentration of NADH. The Icat linearly
ncreases with concentration of NADH in the range of 1–80 �M
Fig. 5-inset). The linear regression equation is y = 0.958x, with
correlation coefficient of 0.996. A detection limit of 0.1 �M
as calculated as the NADH concentration from the signal to

he blank signal yB (intercept) for three standard deviations of
-residuals sy/x [44]. The experimentally determined detection
imit is in close agreement with the calculated detection limit.

.3. Constant potential amperometry

The voltammetric results detailed above suggest that the
EDOT–PSS-Aunano electrode facilitates a stable and low
otential amperometric detection of NADH. Further, the sen-
itivity was examined by recording the amperometric response
f oxidation of NADH at PEDOT–PSS-Aunano electrode in a
tirred solution, but with smaller addition of NADH over the

oncentration range of 0.1 to 2.2 �M. Fig. 6 shows an amper-
metric trace recorded at the PEDOT–PSS-Aunano electrode
E = +0.04 V) during the successive addition of NADH aliquots
nto a stirred PBS (pH 7.2). The PEDOT–PSS-Aunano electrode

3

e

oncentration of NADH by 0.1 �M. (i) Plot of [NADH] vs. catalytic peak cur-
ent; (ii) Stability of the current response of 1 �M NADH at PEDOT–PSS-Aunano

lectrode at the applied potential of +0.04 V in PBS (pH 7.2).

esponds effectively to the NADH spikes, yielding steady-state
ignals within 2 s. Fig. 6(i) shows a calibration curve for the
ADH. The calibration plot over the concentration range of
.1–2.2 �M has a slope of 88 ± 2 mA M−1 cm−2 with a correla-
ion coefficient R2 = 0.9981. The electrocatalytic behavior was
ighly reproducible, as reflected by a relative standard deviation
f 1.2% estimated from the slopes of the calibration plots for six
reshly prepared samples at PEDOT–PSS-Aunano electrode.

Besides good sensitivity and linearity for the detection of
ADH, an extremely attractive feature of the PEDOT–PSS-
unano electrode is the stable amperometric NADH response.
ig. 6(ii) shows the amperometric responses of 1 �M NADH
t PEDOT–PSS-Aunano electrode recorded over a continuous
eriod of 35 min, when the potential was held at +0.04 V.
t is clear that the current response to NADH oxidation at
EDOT–PSS-Aunano electrode is stable over the entire period.
owever, it must be noted that a decaying of current signal up to
8.2% was observed at PEDOT–PSS modified electrode (figure
ot shown). For the PEDOT–PSS modified electrode, surface
assivation by the radical intermediates may limit the stability
nd cause the loss of analytical sensitivity and reproducibility
ver the operational time. On the other hand, the formation of
adical intermediates and subsequent reaction at PEDOT–PSS-
unano electrode are minimum, probably due to the lower
xidation potential (0.04 V). Hence, PEDOT–PSS-Aunano elec-
rode is free from the fouling effect by the oxidation products.
hese results demonstrated that PEDOT–PSS-Aunano electrode
reatly minimizes the surface passivation effects which gener-
lly give hindrance to amperometric detection of NADH.
.4. Influence of interferences

Ascorbic acid (AA) and uric acid (UA) generally interfer-
nce with the electrochemical determination of NADH, since
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at PEDOT–PSS-Au electrode. The study of pH influence
ig. 7. Amperometric responses of PEDOT–PSS-Aunano electrode to NADH,
A and AA (each of 1 mM concentration) at +0.04 V in PBS (pH 7.2).

A and/or UA are/is commonly oxidized at potentials nearer to
xidation potential of NADH. Hence, cyclic voltammetry exper-
ments were performed to examine the influence of UA and AA
n the oxidation of NADH at PEDOT–PSS-Aunano electrode. A
road anodic peak at 0.185 V and a shoulder around 0.04 V were
bserved for the oxidation of AA and NADH, respectively. On
he other hand, two well defined oxidation peaks, one at 0.038 V
nd another at 0.256 V, due to the oxidation of NADH and UA,
espectively, were observed at PEDOT–PSS-Aunano in the PBS
pH 7.2) containing NADH and UA of equal concentration. In
rder to authenticate the influence of AA or UA on the oxida-

ion of NADH, amperometric measurements were made at the
EDOT–PSS-Aunano electrode with the intermittent addition of
ADH, AA and UA at equal concentrations. Fig. 7 represents the

w
r
7

Fig. 8. Current responses at PEDOT–PSS-Aunano electrode as a function of
75 (2008) 1307–1314

mperometric response for NADH, AA and UA of 1 mM con-
entration at the PEDOT–PSS-Aunano electrode in PBS (pH 7.2).
well-defined NADH response was observed at the potential of

0.04 V. The subsequent injection of AA and UA did not show
ny additional signal or disturb the current response indicating
he absence of interference in the signal.

.5. Development of ethanol biosensor

To validate the usefulness of the described electrocatalytic
ystem, an ethanol biosensor was developed. The biosensor
as prepared by incorporating a model enzyme, alcoholde-
ydrogenase (ADH), into the PEDOT–PSS-Aunano electrode.
u nanoparticles are convenient scaffold for enzyme immobi-

ization and have been used previously for the immobilization
f other dehydrogenases in enzymatic reactors [26,45]. In
eneral, dehydrogenase requires NAD+ as a cofactor for enzy-
atic reaction due to the fact that NAD+ can be reduced to
ADH simultaneously with oxidation of analyte. In the present

tudy, alcohol dehydrogenase enzyme catalyzes the oxidation
f ethanol, and simultaneously the cofactor NAD+ gets reduced
o NADH. The enzymatically formed NADH undergoes elec-
rochemical oxidation to NAD+ at the PEDOT–PSS-Aunano
lectrode. Thus, NADH produced at the PEDOT–PSS-Aunano
lectrode can be quantitatively correlated to the amount of
thanol.

It is known that in the dehydrogenase-based amperomet-
ic biosensor, pH, concentration of the enzyme and cofactor
nfluence the response of biosensor. Hence, experiments were
erformed in order to study the influence of pH, ADH (enzyme)
nd NAD+ (cofactor) concentration on the current response
nano
as conducted in the range of 6.0–9.0 (Fig. 8(i)). The current

esponse increased almost linearly from 6.0 to 7.2 and at pH
.2, the largest response was observed and the current response

pH (i), ADH (ii) and NAD+ (iii); potential: +0.04 V, [ethanol]: 10 �M.
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Fig. 9. (a) SWVs recorded at PEDOT–PSS-Aunano electrode in PBS (pH 7.2)
for the different concentration of ethanol in the presence of NAD+ (0.2 mM),
[ethanol]: (a) 10, (b) 20, (c) 30, (d) 40, (e) 50, (f) 55, (g) 60, (h) 65, (i) 70 and (j)
75 �M (b) Amperometric responses of PEDOT–PSS-Aunano electrode to succes-
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ecreases appreciably in the alkaline pHs. The unstable nature
f NAD+ in alkaline solution is the reason for the decrease in
urrent response. Hence, pH 7.2 buffer was used in all experi-
ents.
The current response of the PEDOT–PSS-Aunano electrode

as studied by varying the amount of ADH used for the fabri-
ation of modified electrode. Seven electrodes were prepared
ith different amount of ADH in the range between 1 and
5 U mL−1, while the amount of other components were kept
onstant. It can be seen from Fig. 8(ii) that the current response
t PEDOT–PSS-Aunano electrode was dependent on the amount
f enzyme incorporated into the electrode. An increase in the cur-
ent was observed up to 7 U mL−1, while no significant increase
n the response current was observed for higher loading of the
nzyme. Experiments were also performed to study the influence
f NAD+ concentration. Fig. 8(iii) shows the current response
s. concentration of NAD+ recorded at the PEDOT–PSS-Aunano
lectrode in PBS (pH 7.2) containing 10 �M ethanol. A largest
esponse current was observed at PEDOT–PSS-Aunano electrode
ith the [NAD+] = 0.2 mM (Fig. 8(iii)). As the concentration
ept increasing, the current response increases faintly. The
ncrease in response is due to the higher conversion efficiency
ith higher concentration of NAD+ in the enzyme-catalyzed

eaction. Nevertheless, by considering the high cost of cofactor,
AD+, 0.2 mM was kept as optimum.

After being optimized the conditions, square wave voltam-
ograms were recorded (t = 3 s, step potential = 3 mV, f = 90 Hz,

nd �U = 50 mV) for the different concentration of ethanol
t PEDOT–PSS-Aunano electrode (Fig. 9a). A voltammetric
eak at 0.04 V was observed upon the addition of ethanol
nd the peak corresponds to the oxidation of NADH at the
EDOT–PSS-Aunano electrode. It is to be noted that the peak
.04 V did not appear in the absence of either ethanol or the
o-factor, NAD+. This observation clearly supports that the
eak observed at 0.04 V is due to the oxidation of enzymat-
cally produced NADH. Fig. 9a also informs that the peak
urrent at 0.04 V increases with increasing the concentration of
thanol.

A steady-state amperometric response of the PEDOT–PSS-
unano electrode to the addition of ethanol aliquots to a

tirred PBS (pH 7.2) is shown in Fig. 9b. Upon addition
f an aliquot of ethanol, the current increased steeply to
7% of the stable value within 5 s, indicating a fast response
t the electrode. A calibration plot was drawn between the
esponse current and the concentration of ethanol (1–100 �M)
Fig. 9b-bottom inset). The calibration plot is found to be
inear (R2 = 0.9995). It is interesting to note that the sensitiv-
ty toward ethanol (97 mA M−1 cm−2) is comparable to the
ensitivity to NADH (95 mA M−1 cm−2), and this is an indica-
ion of efficient signal transduction at the PEDOT–PSS-Aunano
iosensor. A plateau current was observed while increasing the
oncentration of ethanol beyond 75 �M showing the charac-
eristics of the Michaelis–Menten kinetics [46]. The apparent
ichaelis–Menten constant (KM) was estimated from the slope
nd intercept values of the plot of the reciprocals of the steady-
tate current vs. ethanol concentration (Fig. 9b-top inset) and a
alue of KM = 13 mM L−1 was obtained.

t

A
i

ive additions of 5 �M ethanol in PBS (pH 7.2) at +0.04 V. Inset (bottom) shows
he calibration plot of the concentration of ethanol with current at PEDOT–PSS-
unano electrode (1–100 �M); Inset (top) shows the Lineweaver–Burk plot.

.6. Stability and reproducibility of PEDOT–PSS-Aunano

The stability of the PEDOT–PSS-Aunano electrode was
etermined for a period of operation. The performance of
EDOT–PSS-Aunano electrode for the detection of NADH was

ested in PBS (pH 7.2) for a period of 20 days. The first 2 days,
2.3% decrease of the initial over a response current signal was
oticed. After 15 days, the current response decreased by 4.8%
f initial current. After 20 days, the decrease in current signal
as 6.2% of the initial value. PEDOT–PSS-Aunano electrode

etains ∼94% of its original activity after 20 days and continued

o exhibit excellent response to NADH.

The repeatability of the current response of the PEDOT–PSS-
unano electrode was examined in the presence of 1 �M NADH

n PBS (pH 7.2). R.S.D. was found to be 2.3% for ten succes-
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ive assays. The electrode-to-electrode reproducibility was also
etermined in the presence of 1 �M NADH in PBS (pH 7.2) by
omparing the performance of five freshly prepared electrodes.
he reproducibility is revealed with a R.S.D. of 2.8%. The good

eproducibility might be due to the homogenous distribution of
u nanoparticles throughout the PEDOT–PSS matrix.
The experimental results show that Au nanoparticles dis-

ersed in the PEDOT–PSS matrix have larger specific surface
rea and good biocompatibility and suited for immobilization
f biomolecules or enzymes. PEDOT–PSS matrix provides an
fficient electron-conducting tunnel for NADH oxidation. It is
ell documented in the present study that the PEDOT–PSS-
unano electrode is an excellent electrocatalytic material for the
reparation of sensitive, reproducible and stable electrochemical
iosensors for dehydrogenase substrates.

. Conclusions

Au nanoparticles are uniformly dispersed into PEDOT–PSS
atrix and an electrocatalyst electrode was fabricated for the

etection of NADH. PEDOT–PSS-Aunano electrode provides an
nhanced electrocatalytic response to the oxidation of NADH.
he response time for NADH detection is low and the per-

ormance of the electrode is stable. Stability of the electrode,
eproducibility of the measurements, selectivity and wide lin-
ar response for NADH are in favor of fabricating an enzymatic
ensor for the determination of ethanol at PEDOT–PSS-Aunano
lectrode. A biosensor has thus been successfully assem-
led by immobilizing alcohol dehydrogenase enzyme into the
EDOT–PSS-Aunano matrix and the functioning of sensor elec-

rode is satisfactory. The present study forms a platform for
he development of modified electrodes suited for the combined
sage of electrocatalysis and electrochemical biosensing.

cknowledgments

This work was supported by the Korean Research Founda-
ion Grant ((KRF-2006-J02402). The authors acknowledge the
orea Basic Science Institute (Daegu) and Kyungpook National
niversity Center for Scientific Instrument.

eferences

[1] M. Dixon, E.C. Webb, Enzymes, Longman, London, 1979.
[2] W.J. Blaedel, R.A. Jenkins, Anal. Chem. 47 (1975) 1337.
[3] A.V. Bogachev, Y.V. Bertsova, B. Barquera, M.I. Verkhovsky, Biochem. 40

(2001) 7318.
[4] Y. Zu, R.J. Shannon, J. Hirst, J. Am. Chem. Soc. 125 (2003) 6020.

[5] A.A. Karyakin, Y.N. Ivanova, K.V. Revunova, E.E. Karyakina, Anal. Chem.

76 (2004) 2004.
[6] B.P. Simon, J. Macanas, M. Munoz, E. Fabregas, Talanta 71 (2007) 2102.
[7] N. de-los-Santos-Alvarez, M.J. Lobo-Castanon, A.J. Miranda-Ordieres,

P.T. Blanco, H.D. Abruna, Anal. Chem. 77 (2005) 2624.

[
[

75 (2008) 1307–1314

[8] L. Zhu, J. Zhai, R. Yang, C. Tian, L. Guo, Biosens. Bioelectron. 22 (2007)
2768.

[9] R. Antiochia, I. Lavagnini, F. Magno, Anal. Bioanal. Chem. 381 (2005)
1355.

10] M. Zhang, A. Smith, W. Gorski, Anal. Chem. 76 (2004) 5045.
11] M. Musameh, J. Wang, A. Merkoci, Y. Lin, Electrochem. Commun. 4

(2002) 743.
12] C.E. Banks, R.G. Compton, Analyst 9 (2005) 1232.
13] S. Chakraborty, C.R. Raj, Electrochem. Commun. 9 (2007) 1323.
14] C.R. Raj, S. Chakraborty, Biosens. Bioelectron. 22 (2006) 700.
15] W. Vastarella, R. Nicastri, Talanta 66 (2005) 627.
16] A. Curulli, F. Valentini, G. Padeletti, M. Viticoli, D. Caschera, G. Palleschi,

Sens. Actuators B 111–112 (2005) 441.
17] T.N. Rao, I. Yagi, T. Miwa, D.A. Tryk, A. Fujishima, Anal. Chem. 71

(1999) 2506.
18] P. Ramesh, S. Sampath, Anal. Chem. 72 (2000) 3369.
19] X. Xing, X. Shao, M. Liu, C. Chiun, J. Electroanal. Chem. 406 (1996)

83.
20] F. Valentini, A. Salis, A. Curulli, G. Palleschi, Anal. Chem. 76 (2004)

3244.
21] K.M. Manesh, J.H. Kim, P. Santhosh, A.I. Gopalan, K.P. Lee, H.D. Kang,

J. Nanosci. Nanotech. 7 (2007) 3365.
22] A.I. Gopalan, K.P. Lee, K.M. Manesh, P. Santhosh, J.H. Kim, J.S. Kang,

Talanta 71 (2007) 1774.
23] A.I. Gopalan, K.P. Lee, K.M. Manesh, P. Santhosh, J.H. Kim, J. Mol. Catal.

A 256 (2006) 335.
24] K.P. Lee, A.I. Gopalan, P. Santhosh, K.M. Manesh, K.H. Kim, K.S. Kim,

J. Nanosci. Nanotech. 6 (2006) 1575.
25] P. Santhosh, A. Gopalan, K.P. Lee, J. Catal. 238 (2006) 177.
26] B.K. Jena, C.R. Raj, Anal. Chem. 78 (2006) 6332.
27] B.K. Jena, C.R. Raj, Chem. Eur. J. 12 (2006) 2702.
28] B.K. Jena, C.R. Raj, Electroanal. 19 (2007) 816.
29] A. Gole, C. Dash, V. Ramakrishnan, S.R. Sainkar, A.B. Mandale, M. Rao,

M. Sastry, Langmuir 17 (2001) 1674.
30] Y. Xiao, H.X. Ju, H.Y. Chen, Anal. Chim. Acta 391 (1999) 73.
31] J. Jia, B. Wang, A. Wu, G. Cheng, Z. Li, S. Dong, Anal. Chem. 74 (2002)

2217.
32] Y. Zhou, R. Yuan, Y. Chai, D. Tang, Y. Zhang, N. Wang, X. Li, Q. Zhu,

Electrochem. Commun. 7 (2005) 355.
33] T. Niazov, V. Pavlov, Y. Xiao, R. Gill, I. Willner, Nano. Lett. 4 (2004) 1683.
34] S. Ghosh, O. Inganäs, Adv. Mater. 11 (1999) 1214.
35] S.S. Kumar, C. Sivakumar, J. Mathiyarasu, K.L. Phani, Langmuir 23 (2007)

3401.
36] L.V. Azaroff, Elements of X-ray Crystallography, McGraw-Hill, New York,

1968, pp. 549.
37] F.N. Crespilho, V. Zucolotto, C.M.A. Brett, O.N. Oliveira, F.C. Nart, J.

Phys. Chem. B 110 (2006) 17478.
38] A.A. Michri, A.G. Pshchenichikov, K.R. Burshtein, Sov. Electrochem. 8

(1972) 351.
39] S. Trasatti, O.A. Petrii, Pure Appl. Chem. 63 (1991) 711.
40] H.A. Kozlowska, B.E. Conway, A. Hamelin, L. Stoicoviciu, J. Electroanal.

Chem. 228 (1987) 429.
41] L.M. Huang, H.Z. Lin, T.C. Wen, A. Gopalan, Electrochim. Acta 52 (2006)

1058.
42] S. Tian, J. Liu, T. Zhu, W. Knoll, Chem. Commun. 21 (2003) 2738.
43] C.R. Raj, B.K. Jena, Chem. Commun. 15 (2005) 2005.
Series, PTR Prentice Hall, New York, London, 1993, pp. 119.
45] J. Wang, Analyst 4 (2005) 421.
46] K.M. Manesh, H.T. Kim, P. Santhosh, A.I. Gopalan, K.P. Lee, Biosens.

Bioelectron. 23 (2008) 771.


	Electrocatalytic oxidation of NADH at gold nanoparticles loaded poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonic acid) film modified electrode and integration of alcohol dehydrogenase for alcohol sensing
	Introduction
	Experimental
	Chemicals
	Fabrication of PEDOT-PSS-Aunano electrode
	Electrochemical measurements
	Characterization

	Results and discussion
	Fabrication and morphology of PEDOT-PSS-Aunano modified electrode
	Voltammetric studies on NADH oxidation
	Cyclic voltammetry
	Square wave voltammetry

	Constant potential amperometry
	Influence of interferences
	Development of ethanol biosensor
	Stability and reproducibility of PEDOT-PSS-Aunano

	Conclusions
	Acknowledgments
	References


