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The electrochemical oxidation of dihydronicotinamide
adenine dinucleotide (NADH) has drawn many attentions
for use of its oxidized form (NAD") as an enzymatic cofactor
in many dehydrogenase based biosensors and biofuel cells.'
At neutral pH, NADH/NAD" couple has a formal potential
of —0.320 V (vs NHE),? but large oxidation overpotentials are
generally required.>* In addition to this problem, direct
oxidation of NADH shows unwanted side reactions or
adsorption of the product.>

To avoid these problems, many studies using various
electrocatalysts were reported. In this point of view, mediator-
modified electrodes and electrochemical sensing designs
were reviewed.'>” The oxidation of NADH is known to
follow an ECE mechanism with a rate-limiting step in the
first electron transfer.>® Various redox mediators with quinone
groups making two-electron and hydride transfer possible
were reported as good candidates.>”*!" Recently, carbon
nanotubes were employed as a promising electrode material
giving enhanced performances with less overpotentials and
enhanced sensitivities.!'"'* The carbon nanotubes (CNTs) in
the nanocomposite films show good charge transport pro-
perties resulting in less overpotentials and good stabilities.'*!

In the present study, a redox polymer, the copolymer of
polyacrylamide and poly(N-vinylimidazole) complexed with
[Os(4,4'-dimethyl-2,2'-bipyridine)>C1] "** (PAA-PVI-[Os(dme-
bpy).Cl]7*"), was employed for the electron transfer mediator
for NADH oxidation. The redox polymers have been utilized
for mediating electrons between the redox centers of enzymes
and electrode surfaces.'®!” Some oxidase enzymes were
“wired” to carbon electrodes and efficient electrocatalytic
reactions such as glucose oxidation and O, reductions were
reported.'®!” At an electrode with a hydrogel film of the
redox polymer, which is not a quinone-like mediator, cataly-
tic electro-oxidation of NADH, but only a partial fraction,
was measured. A composite film of the redox polymer and
oxidatively treated single-walled carbon nanotubes (SWNTs)
was applied on an edge plane graphite electrode surface. At
this newly prepared electrode, an enhanced activity showing
most NADH catalytically oxidized with less overpotential
was achieved. As far as we know, the present redox polymer-
CNT composite system, which is not a quinone type mediator,
is first for the electrocatalytic NADH oxidation.

Cyclic voltammograms obtained in a 2.0 mM NADH

solution at bare EPG and RP/EPG electrodes for Figures
1(a) and 1(b), respectively, were shown. (For abbreviations
of electrode types, consult the experimental section.)
Voltammograms obtained in a pure supporting electrolyte
were also shown as dashed curves. In Figure 1(a), only one
oxidation wave for NADH oxidation was observed with a
peak potential of 0.34 V. In Figure 1(b), in the absence of
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Figure 1. Cyclic voltammograms in a 2.0 mM NADH solution at
(a) EPG and (b) RP/EPG Electrodes. For the redox polymer film
on RP/EPG electrode, an aliquot of 1.28 pL from the mixture of
32.12 pL 4.5 mg/mL redox polymer and 5.02 pL 3.2 mg/mL
PEGDGE was coated. The dashed curves were obtained in a pure
supporting electrode. Supporting electrolyte: pH 7.4 20 mM phos-
phate buffer. Scan rate: 1 mV-s™.
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NADH, a couple of redox waves due to the redox reactions
of the osmium complexes (-[Os(dme-bpy).Cl]") tethered to
the polymer chain was shown and a formal potential of 0.10
V was measured. In a scan rate as low as 1 mV/s, the peak
separation was negligible indicating the reversible reactions
of the osmium complexes.? In the presence of NADH, two
oxidation waves were measured at 0.10 V and 0.31 V. The
first oxidation wave at 0.10 V showed a little increase of the
current in comparison to that in the absence of NADH. The
increased current at such an early potential was due to the
NADH oxidation catalyzed by the redox polymer. Possible
reaction mechanism with the osmium complexes, which is a
non-quinine mediator, is suggested as with other transition
metal complex.’

2(-[Os(dme-bpy).Cl]") = 2(-[Os(dme-bpy).CI1*") + 2¢ (1)
-[Os(dme-bpy),C1]*" + NADH — -[Os(dme-bpy).CI]*

+NADH™ 2)

NADH* - NAD + H* 3)
-[Os(dme-bpy),C1]*" + NAD" — -[Os(dme-bpy),Cl]"

+NAD" 4

The second oxidation wave at 0.30 V, whose potential was
similar to the wave in Figure 1(a), was mainly assigned as
the direct oxidation of NADH at the EPG surface, which
was not catalyzed by the redox polymer. However, higher
current of the second wave than that in Figure 1(a) was
measured and this might be due to the presence of the
current catalyzed by the oxidized osmium complexes in
addition to the current from the direct NADH oxidation. The
increase of the first wave was relatively small and the size of
the second wave was still much larger. Only a small fraction
of NADH was catalytically oxidized by the osmium com-
plexes even at a slow scan rate as low as 1 mV/s. As the scan
rate was increased, the increased part of the current appear-
ing in the first oxidations region, decreased. At a scan rate as
high as 10 mV/s, no increase of the current in the first
oxidation wave was measured and most of NADH was
oxidized at a more positive potential directly on the EPG
surface. The scan rate dependence of the current increase in
the first oxidation wave region confirms the oxidation of
NADH catalyzed by the redox polymer.

The oxidations of NADH by quinone mediators were
reported to follow a low energy route through an “inner-
sphere” electron transfer and provide rapid reaction rates.>'°
However, the reaction rate of Eq. (2), which is a “outer-
sphere’ one-electron transfer by a transition metal complex,
is slow to be a limiting step.” The overall reaction rate bet-
ween NADH and the osmium complex may be slow prod-
ucing low catalytic current. In the steps of electron transfer
from NADH to the redox polymer, and to the electrode
surface, the redox reactions of the osmium complexes of the
polymer chain was quite reversible as shown in Figure 1(b)
and it was expected that the electron transfer in the polymer
chain might not be a rate-limiting step.

CNT/EPG and RP-CNT/EPG electrodes were employed
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Figure 2. Cyclic voltammograms in a 2.0 mM NADH solution.
Electrodes employed: (a) a CNT/EPG electrode. (An aliquot of
5.13 pL from the mixture of 4.00 pL 4.5 mg/mL CNT-COOH and
1.13 pL 3.2 mg/mL PEGDGE was coated). (b) a RP-CNT/EPG
electrode. (An aliquot of 6.46 pL of the mixture of 4.00 puL 4.5
mg/mL CNT-COOH, 1.33 pL 4.5 mg/mL redox polymer, and 1.13
pL 3.2 mg/mL PEGDGE was coated). The dashed curves were
obtained in a pure supporting electrolyte. Other conditions were
the same as Figure 1.

for the NADH oxidations. In Figure 2(a), with the CNT/EPG
electrode, cyclic voltammograms were obtained in a 2.0 mM
NADH solution (the solid curve) and in a pure supporting
electrolyte (the dashed curve). In the presence of NADH,
one oxidation wave was shown with a peak potential at 0.38
V, which was close to the value with the bare EPG electrode
in Figure 1(a) and no catalytic effect for the NADH oxidation
on the CNT coated electrode was observed. In Figure 2(b),
with the RP-CNT/EPG electrode, the dashed curve obtained
in the absence of NADH showed the redox waves of the
redox polymer at 0.1 V. In a 2.0 mM NADH solution, only
one oxidation wave with increased current at a potential of
0.16 V was measured. It is noted that the second oxidation
wave at about 0.31 V, which was observed in Figure 1(b),
disappeared and most NADH seemed to be oxidized at a
more positive potential of 0.16 V. The difference between
Figure 2(b) and Figure 1(b) is the inclusion of the CNT-
COOHs inside the redox polymer film and much increase of
the fraction of the first wave in the NADH oxidation. As



Notes

90+
60
30

30t
Q0+

60
30+

Current density / pA cm?

=30 F

02 00 02 04 06 -02 00 02 04 06
E/V vs Ag/AgCI

Figure 3. Effects of CNT-COOH contents on the cyclic voltam-
mograms in a 2.0 mM NADH solution at a RP-CNT/EPG elect-
rode. The amount of CNT-COOH in the coating mixture was
varied as (a) 0 pg, (b) 6 pg, (¢) 12 pg, and (d) 18 pg. To give each
indicated amount of the CNT-COOHs, the compositions of the
coating mixtures as described in the text were employed. The
dashed curves were obtained in a pure supporting electrode. Other
conditions were the same as Figure 1.

seen in Figure 2(a), with only CNTs on the electrode surface,
no catalytic effect for the NADH oxidation was obtained.

Figure 3 shows changes of the voltammogram shape as
the content of CNTs in the catalyst film was varied. In the
coating mixture containing 1.33 uL 4.5 mg/mL PAA-PVI-
[Os(dme-bpy).CI]" and 1.13 pL 3.2 mg/mL PEGDGE as
fixed amounts, the volume of 4.5 mg/mL. CNT-COOH was
varied as 0 uL, 1.33 pL, 2.67 uL, and 4.00 pL to give 0 pg, 6
pg, 12 ng, and 18 pg of CNT-COOHEs, respectively, for each
RP-CNT/EPG electrode. For each set of voltammograms, a
comparison between the pure supporting electrolyte and the
2.0 mM NADH solution as the dashed and the solid,
respectively, was made. In Figure 3(a), obtained with no
CNT-COOH contained in the catalyst film, a small increase
of the current in the first oxidation wave was observed and a
large second oxidation wave was obtained. As the content of
CNTs in the catalyst film layer was increased, the size of the
second wave decreased with gradual enhancements of the
first oxidation wave at about 0.16 V as shown in Figure 3(b)
through 3(d). Effect of the inclusion of the oxidatively treat-
ed CNTs on the electrocatalysis for the NADH oxidation
was evident. In Figure 3(d), with 18 mg CNT-COOH includ-
ed in the coating mixture, the second oxidation wave almost
disappeared showing a broad oxidation wave at a potential
of 0.16 V and the composition of the three components was
then 65.2 wt % CNT-COOH, 21.7 wt % redox polymer, and
13.1 wt % PEGDGE.

As an explanation for the enhanced catalytic effect on the
RP-CNT/EPG electrode in comparison to the RP/EPG elec-
trode, at this stage, it is suggested that the inclusion of CNT
material in the catalyst film would increase the microscopic
surface area and an increase of the density of the osmium
complexes of the redox polymer on the outer surface was
expected. The reaction rate of NADH with osmium com-
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plexes would increase resulting in the enhanced NADH
oxidation current at an earlier potential of 0.16 V. The pre-
sence of CNTs in the catalyst film layer might not be a
drawback to decrease down the overall electron transfer rate
from NADH to the electrode surface. In the previous study, a
bilirubin oxidase cathode wired by the redox polymer was
constructed over the CNT layer and the electron transfer in
the CNT layer in a slow scan rate was rapid enough not to be
the rate-limiting step in the overall electrocatalytic reduction
of oxygen.”!

An optimal amount of the catalyst was determined. For the
RP-CNT/EPG electrodes, different volumes from the mix-
ture of 16.00 uL 4.5 mg/mL CNT-COOH, 5.32 pL 4.5 mg/
mL redox polymer, and 4.52 pL 3.2 mg/mL PEGDGE, which
was the composition used in Figure 3(d), were applied onto
the EPG surfaces. Maximum catalytic current for NADH
oxidation was obtained with the volume of about 10 pL. The
microscopic surface area contacting to the solution phase
reached its maximum point at this coated volume and, even
with large amount, no additional effect was observed. The
stability of the RP-CNT/EPG electrode was also tested. In
the time dependence measurement of the NADH oxidation
current by applying a potential of 0.25 V at a rotating elect-
rode of 200 rpm speed, the current decayed about 2.5% until
1600 s. The result indicates that the RP-CNT/EPG electrode
was quite stable during electrochemical measurements and
is good for NADH-dependent biosensors.

This study demonstrates that the present redox polymer-
CNT composite can be utilized for the electrocatalytic oxid-
ation of NADH and this new effect of the oxidatively treated
CNTs on the redox polymer mediated-electrocatalysis is
now first reported. The redox polyer has been utilized for
bioelectrocatalysis because of its unique properties such as
an efficient electron transfer and forming a stable redox
hydrogel films due to its enzyme wiring and this makes the
present system promising for use in NADH-dependent de-
hydrogenase enzyme reactions. It is hoped that further studies
are needed for better understanding of the mechanism in
detail.

Experimental Section

NADH (B-Nicotinamide adenine dinucleotide) was pur-
chased from Sigma (St Louis, MO). Poly(ethylene glycol)
(400) diglycidyl ether (PEGDGE) was purchased from Poly-
sciences Inc. (Warrington, PA) and single-walled carbon
nanotubes (SWNTs, 1.1 nm diameter and 0.5-100 um lengths)
were from Aldrich. All other reagents were used as received.
Deionized water purified by passing it through a purification
train (Human Power II+, Human Co) was used for the
preparations of the solutions. The pH 7.4 20 mM phosphate
buffer (PB) was prepared for the supporting electrolyte.

The redox polymer, PAA-PVI-[Os(dme-bpy),CI]", was
synthesized as described in the literature.”>* SWNTs were
cut and carboxylated by the reported procedure.’*?® The
carboxyl group was confirmed with IR spectrometry by the
band at 1720 cm™', which was shown only with the treated
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CNTs and assigned as the C=O stretch mode.”*?® These
carboxylated CNTs, CNT-COOH, were used as electrode
materials.

The surface of an edge plane pyrolytic graphite (EPG)
disk electrode (geometric area, 0.302 cm?) was ground using
2000 SiC paper, sonicated, washed with deionized water,
and dried in air. For working electrodes, in addition to the
EPG clectrode, three modified EPG electrodes coated with
redox polymer (RP/EPG), CNT-COOH (CNT/EPG), and a
composite of redox polymer plus CNT-COOH (RP-CNT/
EPG) were prepared. For the RP/EPG electrode, an aliquot
of the mixture of PAA-PVI-[Os(dme-bpy),CI]"*" redox
polymer and PEGDGE cross-linker was dropped over the
surface and dried for 18 h under the temperature of 42 °C.
Similarly, an aliquot of the mixture of CNT-COOH and
PEGDGE for the CNT/EPG electrode, and another aliquot
of the mixture of PAA-PVI-[Os(dme-bpy),Cl]"**, CNT-
COOH, and PEGDGE for the RP-CNT/EPG electrode were
used. The quantity of each component was fully described in
detail for each electrode in Figure captions.

Electrochemical measurements were performed using an
electrochemical analyzer (Model CHI 630 or CHI 600,
CH-Instruments, Austin, TX) controlled through a personal
computer. A two-compartment cell closed with a Teflon cap
through which the electrodes and gas bubbling system were
fitted was employed. A working electrode and a platinum
auxiliary electrode were placed in one compartment sepa-
rated from the other compartment, where the Ag/AgCl
reference (3 M NaCl, 0.22 V vs SHE) electrode was held, by
using a porous fritted-glass disk. Argon gas was bubbled to
remove oxygen from the solutions. All experiments were
carried out at ambient temperature (22 + 2 °C).
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