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An amperometric biosensor for the detection of the reduced nicotinamide cofactors NADH and NADPH
was designed, based on the electrochemical oxidation of NAD(P)H with an iron oxide/carbon black com-
posite (Fe,03/CB) electrode. The electrode exhibited excellent performances in that it led to a substantial
decrease in the overpotential of electrochemical NADH oxidation. Iron oxide plays a significant role as
a catalyst for NADH oxidation and the reaction occurs at +0.00V (vs. Ag/AgCl). The method of the sen-
sor construction is very simple and the sensor performed well, giving high sensitivity, high stability,

iz:ei?;;etric detection and a broad detection range. The sensitivity of this system is 2.54 ,AmM~! and the limit of detection
Dehydrogenase (S/N=3)is 10 p.M. A linear range was observed between 10 .M and 1000 M of NADH (R? =0.993), which

is preferable to that of the previous studies. The Fe,03/CB electrode also oxidizes NADPH under the same
condition and can be applied as an NADPH sensor. Moreover, when the sensor system was integrated

Direct oxidation
Iron oxide/carbon black composite

electrode
Nicotinamide cofactor

into a dehydrogenase-based sensor system, it also showed a good sensing performance.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In the recent decades, nicotinamide cofactors such as reduced
nicotinamide adenine dinucleotide (NADH) or reduced nicoti-
namide adenine dinucleotide phosphate (NADPH) have received a
considerable interest because these cofactors are essential in hun-
dreds of dehydrogenase reactions, including the biological electron
transfer system used by all living organisms. Particularly, measur-
ing NADH is very important because NAD(P)* is used as a cofactor
for about 250 NAD*-dependent and 150 NADP*-dependent dehy-
drogenases. It can be applied to analytical detection, fermentation,
clinical practices, food industry, and dairy industry. Therefore, the
development of a detection system for NAD(P)H is attractive (Lobo
etal., 1997).

Since the detection of many important biological analytes is
carried out using an electrochemical method, a highly sensitive
amperometric sensor is desirable. The direct oxidation of NADH
on bare electrode surfaces, however, usually requires a high over-
potential and suffers from a poor sensitivity. In fact, conventional
electrodes such as carbon, gold, and platinum require an overpoten-
tial higher than +1.00 V (Jaegfeldt, 1980; Moiroux and Elving, 1978;
Samec and Elving, 1983), which causes undesirable side reactions,
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remarkably increased background currents, hence, difficulties in
obtaining accurate signals. In addition, the direct oxidation of NADH
brings about fouling on the electrode surface due to undesirable
dimer formations from the intermediates. Therefore, various medi-
ators such as organic dyes (Kumar and Chen, 2007; Maroneze et al.,
2008; Zhang and Gorski, 2005; Zhu et al., 2007), thio-substituted
nucleobases (Behera and Raj, 2007), transitional metal complexes
(Wu et al.,, 1996), and conducting polymers (Bartlett and Simon,
2003) have been employed for the purpose of decreasing the over-
potential and the electrode fouling. However, although the use of
such mediators seems promising, they still cause problems such as
leakages from the electrode surface, lack of a long-term stability,
and toxicity, which have a negative influence on their analytical
applications.

Today, with the development of material science, there have
been various trials to employ new materials, such as modified
carbon electrodes (Campbell and Rishpon, 2001; Prasad et al.,
2007) and nanomaterials (Deng et al., 2008; Liu et al., 2008; Zhang
et al, 2004). The use of carbon nanomaterial electrodes is of
great interest due to their unique structural and electrical prop-
erties. Carbon nanotubes (CNT) have wholly activated surfaces and
oxygen-containing activated sites that are ideal for the immobi-
lization of enzymes. Carbon nanofibers (CNF) are also used for
biosensor electrodes because of their structural advantages for the
electrocatalysis of biological molecules. Additionally, various mate-
rials such as gold nanoparticle multilayers and Ti-MCM (Dai et
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Fig. 1. (a) Linear sweep voltammograms of the Fe,03/CB electrode with different NADH concentrations (0 mM, 1 mM, 2 mM, 3 mM, 4 mM, and 5 mM; arranged from bottom
to top, respectively) (insert: cyclic voltammograms in the absence and presence of 1 mM NADH) at a scan rate of 50mV s~'; (b) linear sweep voltammograms of the Fe;03/CB
electrode atascanrateof 10mVs~',20mVs~',30mVs—',40mVs!,50mVs—!,75mVs—!,100mVs~',150mVs~',and 200 mVs~!; arranged from bottom to top, respectively
(insert: dependence of the peak current on scan rate) in pH 7.5 potassium phosphate buffer (100 mM).

al., 2007) were employed to decrease the high overpotential and
minimize the effect of the electrode surface fouling.

Here, we report a new sensor for the nicotinamide cofactor
detection based on the amperometric method. To overcome the
limitations of previous studies, an iron oxide/carbon black com-
posite (Fe;O3/CB) electrode was introduced for NAD(P)H oxidation
under a very low overpotential without the employment of the
mediators or chemical treatment. In our previous study, we found
that direct electrochemical NAD(P)H oxidation is possible using a
metal oxide electrode (Kim and Yoo, 2009). A metal oxide elec-
trode including iron oxide has a role of an electrocatalyst for the
NAD(P)H oxidation. Based on the previous results, we are able to
detect NADPH as well as NADH. In addition, the proposed system
can be applied to the ethanol detection by using NAD*-dependent
alcohol dehydrogenase.

2. Experimental
2.1. Reagents

Super P® conductive carbon black (CB) was obtained from
TIMCAL graphite & carbon (Bodio, Switzerland) and polytetraflu-
oroethylene (PTFE) was kindly offered from the electrochemical
energy conversion and storage laboratory in SNU. Iron oxide
(Fe;03), NAD*, NADH, NADPH, and alcohol dehydrogenase from
Saccharomyces cerevisiae (EC 1.1.1.1) were obtained from Sigma (St.
Louis, USA). The reagents for buffer preparation were purchased
from Junsei (Tokyo, Japan). Isopropanol and ethanol were obtained
from Merck (Darmstadt, Germany). All reagents were used with-
out further purification and aqueous solutions were prepared using
deionized water from a Milli-Q water purification system (Milli-
pore, France).

2.2. Apparatus

The surface of the prepared electrode was analyzed by SUPRA
55VP field emission scanning electron microscope (FE-SEM; Carl
Zeiss, Oberkochen, Germany) with an accelerating voltage of 2 kV.

Electroanalytical measurements such as cyclic voltammetry,
linear sweep voltammetry, and chronoamperometry were taken
by using an Autolab PGSTAT 302N potentiostat/galvanostat (Eco
Chemie, Utrecht, The Netherlands). This instrument was operated
using the GPES program (Eco Chemie). Electrochemical impedance
spectroscopy (EIS) was carried out using a CHI 660A electrochem-

ical workstation (CH Instruments, Inc., Austin, USA). The EIS data
were fit by Zview software. All electrochemical experiments were
performed with a 5 mL reaction volume in a 20 mL electrochemical
cell (Bioanalytical Systems, Inc., West Lafayette, USA). The elec-
trode body (3 mm dia; BAS) filled with Fe;O3/CB or CB and a glassy
carbon electrode (GC, 3 mm dia; BAS) was used as the working elec-
trode. Platinum coil was used as the counter electrode and a RE-5B
Ag/AgCl electrode (BAS) was used as the reference electrode.

The activity of alcohol dehydrogenase was determined by the
change in absorbance of NADH at 340 nm using a Cary 50Conc
UV-vis spectrophotometer (Varian, Victoria, Australia), the enzyme
was put in 1 mM NAD* and 10 mM ethanol at 25°C.

2.3. Preparation of the iron oxide/carbon black composite
electrode

The Fe,03/CB electrode was prepared for the NADH deter-
mination. The Teflon electrode body was previously cleaned by
sonication with deionized water for 15 min. Iron oxide powder was
mixed with carbon black at a given ratio (5:1, 10:1, and 15:1).
For binding each component, a 0.1 mL PTFE dispersion in water
(10 mg mL~1) was used. The colloid was desiccated for 20 min, and
carbon black and iron oxide were added on the dried colloidal
PTFE. Using 2-propanol, the three components became mingled and
kneaded until they were equally distributed. Then, the electrode
body was filled with the mixed composite. Prior to every experi-
ment performed with the composite electrode, the electrode was
rinsed with deionized water.

3. Results and discussion

3.1. Characterization of the iron oxide/carbon black composite
electrode

The iron oxide/carbon black composite (Fe;03/CB) electrode
was prepared for the amperometric detection of NAD(P)H. The
surface distribution of Fe;O3 and CB on the surface of the pre-
pared electrode was observed by FE-SEM (Supplementary data). It
showed that the prepared electrode had a porous structure and that
the composition materials for the electrode were well dispersed.
The particle size of iron oxide was hundreds of nanometers and the
average particle size of carbon black was approximately 30 nm.

The basic electrochemical properties of the Fe,03/CB electrode
were investigated by cyclic voltammetry and linear sweep voltam-
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metry. The cyclic voltammograms of the prepared electrode were
observed with and without NADH (Fig. 1(a, insert)). They showed
the oxidation and reduction peak potentials in both cases. Using
this electrode, NADH could be oxidized and reduced on the elec-
trode surface directly. The anodic peak potentials of the electrode
with and without NADH were +0.00V and —0.09V, respectively.
The anodic peak potentials shifted toward positive 0.09V and
the anodic peak current was increased by adding NADH. These
observations were also shown in the linear sweep voltammetric
experiments. As shown in Fig. 1(a), the anodic current increased
linearly with the increase in NADH concentration at +0.00V. This
infers NADH is well oxidized on the electrode and the electrode
material has good properties for the construction of an NADH detec-
tion system. The applied potential for NADH oxidation (+0.00V) is
much lower than that in previous studies (Table 1).

In order to observe the kinetic characteristics of NADH oxida-
tion by the Fe,03/CB electrode, linear sweep voltammetry of the
electrode was investigated with variable scan rates (Fig. 1(b)). The
anodic peak current and the peak potential were shifted toward the
positive direction by an increase in the scan rate. The change of the
peak potential confirmed an electrochemical irreversibility of the
reaction and whether the electrochemical NADH oxidation in this
system was diffusion controlled.

The surface concentration of electroactive species (I") on the
Fe,03/CB electrode was determined by the relationship between
I, and I" which can be estimated by the Laviron equation (Laviron,
1979):

n2F2vAI’
Ih=—fpr— (1)
where n is the number of electrons transferred, F the Fara-
day constant, v the scan rate, A the electrode surface area, R
the gas constant, and T the temperature. The surface cover-
age of the electroactive species of the Fe;,03/CB electrode was
0.187 x 10~ mol cm~—2.

By AC impedance analysis, electron transfers between NADH
and the Fe,03/CB electrode were observed and compared with
other controlled sets of electrodes, such as glassy carbon (GC) and
carbon black (CB) electrodes (Fig. 2(a)). By the Nyquist plot, the
value of charge-transfer resistance (R.;) was estimated to be 239 Q2
at the Fe,03/CB electrode. It showed a semi-circle induced from
the charge-transfer reaction at +0.00V. However, capacitance by
adsorption of ionic substances was only indicated for the GC and CB
electrodes due to no charge-transfer reaction. In short, the charge-
transfer reaction occurred on the Fe,03/CB electrode but not on the
GC and CB electrodes.

The mechanism of electrochemical NADH oxidation in the sug-
gested system is as follows:

k
Fe,03/CB + NADH = Fe,05/CB - NADH- Fe,05/CB + NAD*  (a)
k_q

Fe,03/CB-NADH — Fe;03/CB-NADH'* +e~ (b)
Fe,03/CB-NADH'* — Fe,03/CB-NAD" +H* (©)
Fe;03/CB-NAD" — Fe,;03/CB-NAD" +e~ (d)

where NADH diffuses and adsorbs on the electrode surface, and
then it is electrochemically oxidized by an ECE mechanism (a)
(Moiroux and Elving, 1980; Kim and Yoo, 2009). According to the
ECE mechanism, the first step of NADH electrochemical oxidation
is an irreversible heterogeneous electron transfer. In this step, one
electron is lost and a cation radical NADH** is produced (b). This
step is shown to be rate-limiting in our system from the an, estima-
tion. The value of an apparent transfer coefficient (o) was estimated
using the shape factor equation and the Tafel analysis of the voltam-
mogram. In an irreversible system, o could be calculated by the

Table 1

Comparison of the sensor performance for NADH detection.

Ref.

Remarks

Linear range (M) Sensitivity

3) (kM)

IN=

LOD (S

Eappt (MV vs. Ag/AgCl)

Electrode modified

material

Electrode

Mediated system

Nassef et al. (2006)

0.15 0.75-2.5 0.14pApM-!
0.01AM-!

24

+150
+0

o-Aminophenol

GC

Kumar and Chen (2007)

Maroneze et al. (2008)
Behera and Raj (2007)

25-100

Toludine blue/zinc oxide

Meldola blue

GC

0.58 LAmM-!

18-7290
5-500

—120 (vs. SCE)

+580

SiO, [TiO,/graphite

Au

Square wave

0.63+0.005 pA M- cm~2

25

Mercaptopyrimidine

voltammetry

0.66+0.008 pA M- cm2

0.5

4-Amino-2-

mercaptopyrimidine
CNT/meldola blue

Zhu et al. (2007)

0.524+0.02 pApM-!

10.3mAM-!

Up to 500
0.5-350
50-1000

0.048+0.02

0.5

—100
-100
+450

GC

Zhang and Gorski (2005)
Valentini et al. (2004)

CNT/azure-chitosan

GC

n.d. 99nAmM-!

Poly(1,2-diaminobenzene)

nanotubule

GC

Mediator-free system

130+6mAM-' cm—2
18 nAuM-!

5-300
20-400

+400

CNT-chitosan

Zhang et al. (2004)

Campbell and Rishpon (2001)

Liu et al. (2008)

+100 (vs. SCE)

+450
+400

Activated carbon cloth

CPE

10nA pM!

0.02-11.47
Up to 100

0.02

CNFs

Prasad et al. (2007)

Flow inject
analysis

0.0915 pA M-

0.157

SPCE

Deng et al. (2008)

w/o light
w/light

0.1 0.5-237 17nApM-!
n.d.

+200

MWNTs/thionine/AuNPs

ITO

115nApM-!

n.d.

0.05

Dai et al. (2007)

Flow inject
analysis

10-1200

+280 (vs. SCE)

Ti/MCM-41

GC

This study

254 pAmM-!

10 10-1000

+0

Fe, 03ICB
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Fig. 2. (a) Nyquist plots for the Fe;03/CB (@), GC (O), and CB (v) electrodes in the presence of 1 mM NADH in pH 7.5 potassium phosphate buffer (100 mM). This experiment
was performed using a frequency range of 0.5-5 kHz, +0.00V, and 5 mV amplitude. (b) Calibration curve from the amperometric response of NADH at Fe,03/CB (®), GC (O),

and CB (v) electrodes.

shape factor equation:

47.7
\Ep - Ep/2| = an

(2)

where ng, is the number of electrons transferred in the rate
determining step, and the transfer coefficient value calculated is
ang =0.331. Estimating an, from the Tafel plot revealed a similar
value. A Tafel analysis was carried out using the following con-
ditions: oxidation of 1 mM NADH was plotted as potential versus
logio current at pH 7.5, and a scan rate of 50mVs~!. A Tafel slope
of 181 mV decade~! was obtained. According to the Tafel equation:

_ 2.303RT
T angF

(3)

where y is the Tafel slope. In addition, on, was calculated and a
value of 0.327 was obtained, suggesting that in the overall reaction
involving two electrons, the first electron transfer is the rate-
limiting step (Banks and Compton, 2005; Moiroux and Elving,
1980). The neutral radical NAD® was produced through a first-
order deprotonation reaction of NADH'* (c). A continual reaction
for electron transfer from NAD® occurred through a second het-
erogeneous electron transfer (d). This mechanism induced from
ECE can be proved by current-voltage curves with different scan
rates (Supplementary data). The NADH oxidation on the Fe,03/CB
electrode showed general characteristic of the ECE mechanism
(Blaedel and Haas, 1970; Nicholson and Shain, 1965). To summarize
the reaction mechanism briefly, the reduced form of the cofactor,
NADH, diffuses and adsorbs onto the electrode surface. The cofac-
tor is then electrochemically oxidized on the iron oxide via the ECE
mechanism. The iron oxide has a role of an electrocatalyst in order
to oxidize NADH and then it is reduced with formation of a metal-
hydroxyl group from a metal-oxygen double bond. Then, the iron
oxide is finally reoxidized to its original state, at which point it can
again promote the oxidation of NADH (Supplementary data). The
current variation by the electrons produced from this reaction can
be detected as amperometric signals. The electron transfer rate (ks)
in this system can be estimated by the Laviron method using the
calculated ong value of 2.61s1.

As mentioned previously, the electrochemical NADH oxidation
in this system is diffusion controlled. It was also confirmed by the
linear relationship of the peak current with the square root of the
scan rate. From the plot of this relationship, diffusion coefficient
(D) can be estimated using the following equation:

Ip = (2.99 x 10°)ACoD!2v/2(ang)' 2 (4)

where A is the electrode surface area, Cy the bulk concentration,
U the scan rate, and n the number of electrons transferred. ang
is derived from Egs. (2) or (3). The diffusion coefficient calculated
from the slope of Fig. 1(b, insert) is 4.86 x 10> cm2s~1.

3.2. Amperometric detection of nicotinamide cofactor

In an electrochemical analysis, the current difference from the
electrocatalytic oxidation of NADH using the Fe,03/CB electrode
was observed. A chronoamperometric method was introduced to
detect the current difference caused by NADH addition.

The effect of the electrode composition on sensing performance
is shown in Fig. 2(b) by comparing the Fe,03/CB electrode with
the CB and GC electrodes, which do not contain iron oxide. GC is
the most commonly used electrode. When the pure CB electrode
was used, no response was observed because catalytic sites do not
exist on the electrode surface at +0.00 V. In addition, an extremely
low response was detected in the GC electrode system. This obser-
vation was also expected from the impedance result (Fig. 2(a))
that showed a charge-transfer on the Fe,03/CB electrode but only
increasing capacitance on GC and CB electrodes at +0.00V.

In order to find the optimal composition at which the proposed
electrode showed the largest response to NADH, the electrode com-
position of Fe; 03 and CB was varied and the current responses with
different NADH concentrations were observed by amperometry at
+0.00V (Supplementary data). The best response occurred when
a 10:1 composite electrode was used. The amperometric response
did not show a linear correlation with the Fe;03 weight. In this
electrochemical system, Fe; O3 plays the role of an electrocatalyst
for NADH oxidation while CB works as an electron carrier. Notably,
the amount of CB is also critical for detecting electrochemical sig-
nals. Hence, it is not always important to have as high amounts
of Fe, 03 as possible, without regarding the ratio to carbon black.
This is because the electrons emitted from NADH oxidation cannot
be efficiently transferred from the reaction to the detection system
even though excess Fe, 03 catalytic sites exist for sufficient NADH
oxidation. Therefore, it is highly important to make an electrode
with a proper composition of Fe,03 and CB.

To optimize the condition of NADH oxidation on the Fe,03/CB
electrode, amperometric experiments were performed at various
pH levels (Supplementary data) from 7.0 to 9.0. At pH 7.5, the
electrode showed the largest response to NADH.

Using the Fe;03/CB (10:1) electrode, current changes with
different NADH concentrations were observed by amperometric
methods under the optimum condition for the NADH detection.
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Fig. 3. (a) Amperometric response for NADH oxidation at the Fe, 03 /CB electrode after addition of different NADH concentrations into a stirred solution of 100 mM potassium
phosphate buffer (pH 7.5) at +0.00V. (b) Calibration curve from the amperometric response of NADH.

Fig. 3(a) showed typical amperometric responses, time versus cur-
rent, for NADH oxidation at +0.00 V. As NADH oxidized to NAD", the
anodic current was increased. The time it took to reach a steady-
state amperometric signal from NADH addition was less than
30s. According to this amperometry, a linear range was observed
between 10 M and 1000 wM NADH (R? =0.993), which is broader
than the previous studies (Table 1). Moreover, there was a high
sensitivity of 2.54 uAmM~!. The limit of detection (LOD) of this
sensing system, which is the minimum concentration at which the
ratio of signal to noise is not less than 3, is 10 wWM (S/N=3).

The kinetic parameters of this reaction can be estimated by
plotting the NADH concentration versus the current difference
(Fig. 3(b)). This plot showed the kinetics of a heterogeneous second
order reaction type, hence, the affinity of NADH for the electrode
(k_1+ky/ky in (b)) can be estimated by a Michaelis-Menten con-
stant (Kny) calculation; the value was 3.04 mM, deduced from a
Lineweaver-Burk plot.

The effects of interferences that exist in typical biological sys-
tems with NADH, such as ascorbic acid and uric acid, were also
investigated. The amperometric response of 0.1 mM NADH was not
changed by adding 0.1 mM uric acid at +0.00 V. On the contrary, the
amperometric response was increased toward the positive direc-
tion by the addition of 0.1 mM ascorbic acid. Although the signal
from ascorbic acid was not for long and returned rapidly to the
initial level of the current, it is important to reduce the effect of
ascorbic acid in amperometry. This problem is caused from the
antioxidant properties of ascorbic acid and might be solved by
applying ascorbic oxidase, which oxidizes ascorbic acid selectively
in the presence of oxygen (Pariente et al., 1997).

It has been known that conventional electrode fouling was
caused by direct electrochemical oxidation of NADH and that it led
to a reduction of the amperometric signals. To observe whether
the electrode fouling occurs or not, 1 mM NADH was added and we
measured the current change over time (Supplementary data). The
current increase after NADH addition remained constant and the
increased current lasted longer than 70 min without a decrease. If
the electrodes were fouled, the amperometric signal by NADH oxi-
dation would be reduced due to a decrease in the number of active
sites for NADH oxidation. Based on this data, we can conclude that
undesirable dimers from the intermediates were not formed and
consequently, electrode fouling did not occur from the oxidation
of NADH (Wang et al., 1998). The operational stability and storage
stability were also observed. The electrode was exposed to continu-
ous electrochemical polarization for 1 h every day, and then kept at
4°C for storage. The amperometric response lowered by 10% after

7 days. The amperometric response maintained 89% of its initial
value when the Fe,03/CB electrode was stored at 4 °C without elec-
trochemical polarization for 53 days. It showed a high operational
stability and storage stability.

The prepared composite electrode can also be used for the
amperometric analysis of another nicotinamide cofactor, NADPH
(Supplementary data). The electrode showed a good sensing perfor-
mance in detecting NADPH although the sensitivity was lower than
that for NADH. Therefore, the Fe;03/CB electrode can be applied
for detection of NADH and NADPH, as well as for detection of other
chemicals via utilizing enzyme mediated NADH and NADPH oxida-
tion.

3.3. Ethanol biosensor based on the iron oxide/carbon black
composite electrode with alcohol dehydrogenase

The previous results show that the potential at which the
Fe,03/CB electrode directly oxidizes a nicotinamide cofactor is
+0.00V and this system is applicable for an amperometric biosen-
sor. By introducing the NAD(P)H sensing system to dehydrogenase
reactions, biosensors can be designed to detect a certain chemical
analyte that is used as a substrate of the dehydrogenase reac-
tion. In this study, an ethanol biosensor was constructed as a
model system and NAD*-dependent alcohol dehydrogenase was
used for ethanol oxidation. Ethanol is oxidized to acetaldehyde by
the alcohol dehydrogenase in the presence of NAD* as a cofac-
tor, which is reduced to NADH simultaneously. From the current
change due to the NADH production from the enzyme reaction,
the amount of ethanol consumed can be estimated. To optimize
the ethanol detection, the amperometric response was observed at
different pH levels (Fig. 4(a)). The maximum activity of the enzyme
was obtained at pH 9.0. On the other hand, the maximum NADH
response by electrochemical oxidation was seen at pH 7.5. When
the electrochemical oxidation system was combined with the alco-
hol dehydrogenase reaction, the largest amperometric response
was observed for ethanol detection at pH 7.5. Even though a high
enzyme activity with high NAD* reduction was shown, the elec-
trochemical NADH oxidation rate was not high enough to detect
at pH 9.0. Accordingly, the NADH oxidation was rate limiting for
the detection of ethanol in this system. The calibration curve of
the ethanol sensor is shown in Fig. 4(b). It demonstrates that the
response increases linearly with the concentration of ethanol from
0mM to 1.5mM (R%=0.999). The sensitivity of this system was
0.94 LAmM~! cm—2. The sensing performance is almost similar or
lower than existing ethanol sensors (Dai et al., 2007; Manso et al.,
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Fig. 4. (a) Effect of pH on the amperometric response to NADH oxidation (W), activity of alcohol dehydrogenase (®), and the amperometric response of the ethanol biosensor
system (gray bar). (b) Calibration curve of the Fe,03/CB electrode after addition of ethanol into a stirred solution that contained 2 mg alcohol dehydrogenase and 10 mM

NADH in pH 7.5 potassium phosphate buffer at +0.00 V.

2008; Manesh et al., 2008; Santos et al., 2003, 2006; Tsai et al., 2007;
Wauetal,, 2007). However, our system has a big advantage thatitcan
analyze ethanol under a very low overpotential without a mediator.
The reaction condition for the ethanol detection is not yet opti-
mized, hence, the performance can be improved by considering the
concentration of enzyme, cofactor, and composition of electrolyte.
Anyhow, the suggested NADH detection system clearly has broad
applications in the construction of various dehydrogenase-based
biosensors.

4. Conclusion

An iron oxide/carbon black (Fe;03/CB) electrode was prepared
and used for the sensor fabrication. The reduced forms of two nicoti-
namide cofactors, NADH and NADPH, can be electrochemically
oxidized by the Fe,03/CB electrode. Iron oxide has the catalytic
activity for the NAD(P)H oxidation and carbon black has the role
of an electron carrier in this system. Using the Fe,03/CB elec-
trode, we developed an amperometric biosensor for the detection
of NAD(P)H. The most distinguishable finding is that the sensor
showed its function under a very low overpotential, +0.00 V with-
out a mediator. It also showed a good sensor performance such
as a high sensitivity, a broad linear range, and a good stability.
Moreover, electrode fouling, which generally occurred in direct
NADH electrochemical oxidation, was not observed in our system.
The suggested amperometric detection system for NAD(P)H was
applied as an ethanol biosensor and it showed a good sensor per-
formance. Thus, this study suggests that the Fe,03/CB electrode is a
promising candidate for sensor design. By employing electrochem-
ical oxidation coupled with the enzyme reaction system, various
kinds of chemicals can be detected.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bios.2009.10.004.
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