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ABSTRACT: The bioactivity of NAD+ electrogenerated at a
high-surface-area composite anode was verified spectroscopi-
cally. The anode was composed of poly(methylene green)
electropolymerized on carbon nanotubes (PMG-CNT) which
was in turn immobilized on carbon paper. A mathematical
model calibrated by measurements of NADH oxidation at
PMG-CNT-modified glassy carbon electrodes was applied to
predict transient NADH consumption. The model showed
good agreement with the experimental data, and 80%
conversion of NADH was observed after 1 h of electro-
chemical oxidation. Using a spectroscopic enzyme cycling
assay, the yield of enzymatically active NAD+ was verified at
93% and 87% for applied potentials of 500 and 150 mV vs Ag|AgCl, respectively. This suggests that roughly 10% of oxidized
NADH may be lost due to dimerization or some other side reaction after accounting for self-decay. These results prove that
bioactive NAD+ can be efficiently produced using electrochemical techniques, enabling application in bioconversion, biosensor,
and bioenergy processes.
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■ INTRODUCTION

Nicotinamide adenine dinucleotide (NADH)-dependent de-
hydrogenases are promising bioelectrocatalysts because of their
ubiquity and the low redox potential of the NADH/NAD+

couple (0.09 V vs RHE).1−13 For example, use of NADH-
dependent enzymes for the production of a wide range of
compounds such as dihydroxyacetone,3 gluconic acid,4 and
cyclohexanone5 has been reported. Dehydrogenase biosensors
have been studied for detecting lactate,6 glucose,7 and
isocitrate13 in the Kreb’s cycle. Fuel cells based on oxidation
of alcohol,9−11 glucose14 and malate12 by NADH-dependent
dehydrogenase have been investigated, as well.
Electrochemical recycling of NAD+ is essential to dehydro-

genase-based bioconversion, biosensor, and bioenergy pro-
cesses; however, the direct electrogeneration of NAD+ is slow
at conventional electrodes and requires high overpoten-
tial.1,2,15,16 Numerous strategies have been evaluated for
electrochemical regeneration of NAD+. Electrocatalysts such
as poly(azines),2,17,18 poly(aniline),19 metal oxides,20,21 and the
enzyme diaphorase9,15 have been reported. Porous or high-
surface-area materials such as reticulated vitreous carbon
(RVC),22−25 carbon nanotubes (CNT),26−31 and graphene-
modified graphite32 have been employed to increase the surface
area of NADH-oxidizing electrodes. For example, Villarrubia et
al. have electropolymerized methylene green (MG) on CNT-
based “bucky papers” and observed electrocatalytic activity
toward NADH oxidation and L-malate oxidation.31

Although many materials have been demonstrated to possess
activity for NADH electrocatalysis, there are few reports
verifying the bioactivity of electrogenerated NAD+ by NADH
oxidation, especially for high-rate electrodes.10,16,22−25,31,33−37

As suggested by Elving et al.,38,39 Chi et al.,40 and Gorton et
al.,16,41 the first step of NADH electrocatalysis is deprotonation
to NADH•+, which leads to the conversion of NADH to NAD•

radicals after releasing one proton. The NAD• radicals may
subsequently dimerize to NAD2 or react with the solvent
medium, resulting in nonbioactive products.38 Similarly,
Karyakin et al. have reported that nonbioactive 1,6-NADH is
generated as a byproduct in NAD+ electroreduction.42 Thus, it
is crucial to verify enzymatic activity of the products of NADH
electrooxidation.
In the late 1970s, Kelly et al. demonstrated enzymatically

active NAD+ that was generated on a carbon electrode using
alcohol dehydrogenase,37 but their optimal applied potential
was as high as 1.2 V vs RHE, and at least 6 h was required to
achieve more than 80% NADH conversion.37 Laval et al.,23,24

Bonnefoy et al.,22 and Fassouana et al.25 used RVC electrodes
and reported turnover numbers above 3000 s−1. Nevertheless, a
similarly high applied potential was needed.22−25 To reduce this
overpotential, Tse et al., for the first time, utilized chemically
modified electrodes for NADH electrocatalysis and confirmed
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that the product was enzymatically active NAD+,33 but the
current was observed only in the microampere range, indicating
a low kinetic rate.33

Recently, researchers have explored and characterized
advanced materials for NADH electrocatalysis. Zhang et al.
fabricated graphene oxide and reduced graphene oxide-
modified screen-printed electrodes to oxidize NADH34 and
observed NADH oxidation by monitoring the absorbance at
260 and 340 nm in spectroscopy,34 but they did not verify the
enzymatic activity of the electrogenerated NAD+.34

Because of the good stability and the ability to reduce
overpotential, electrodes modified by electropolymerized azines
have been employed in biosensor and bioenergy applica-
tions;31,35,36 however, NAD+ was generally introduced as a
reactant when characterizing such electrodes, preventing
observation of bioactivity in purely electroregenerated
NAD+.31,35,36 Alpat et al. developed an alcohol dehydrogenase
biosensor based on NADH electrocatalysis by toluidine blue
O,10 and their report indirectly confirmed that the generated
NAD+ was enzymatically active, since their system did not
contain NAD+ in the initial operation conditions.10 However,
the quantitative efficiency of NADH electrocatalysis, which we
define as the percentage yield of enzymatically active NAD+

produced by electro-oxidation of NADH, has remained
unclear.10

In our previous work, we fabricated high-rate NADH-
oxidizing electrodes by electropolymerizing azines on CNT-
modified GC electrodes, and a mathematical model was
developed for quantitative analysis.43,44 We tested several
electrocatalysts, including carbon nanotubes (CNT-GC),
poly(toluidine blue O) (PTBO-GC), and poly(methylene
green) (PMG-GC), for activity toward NADH electrooxidation
and found that the incorporation of PMG and CNT (PMG-
CNT-GC) leads to the highest NADH oxidation rate.43 In this
study, we immobilize PMG-CNT on a carbon paper support to
construct a high-surface-area electrode for bulk conversion of
NADH to NAD+. Capacitance measurements on CNT−carbon
paper indicate electrochemical properties similar to CNT-GC,
including a controllable high surface area and good
reproducibility. Bulk NADH oxidation was performed on
PMG-CNT−carbon paper, with conversion monitored using
spectroscopic absorbance at 340 nm. The process was
simulated using a kinetic model calibrated with data from
rotating disk electrode experiments. Using this enzyme cycling
assay, we quantitatively verified the yield of enzymatically active
NAD+ on PMG-modified high-surface-area electrodes.

■ EXPERIMENTAL SECTION
Chemicals and Materials. NADH, methylene green

(MG), sodium tetraborate, and sodium nitrate were purchased
from Sigma-Aldrich (St. Louis, MO). Sodium phosphate
monobasic and sodium phosphate diabasic were obtained
from J.T. Baker (Phillipsburg, NJ). N,N-dimethylformamide
(DMF) was obtained from Fisher BioReagents (Hampton,
NH). All materials were used as received without further
purification. Buffer solutions were prepared with deionized
water. Ultrapure argon gas was purchased from Airgas (Lansing,
MI). Carboxylated multiwalled carbon nanotubes (9.5 nm
diameter, 1.5 μm length, > 95% purity), were obtained from
Nanocyl (NC3101, Sambreville, Belgium). Carbon paper was
obtained from ElectroChem (EC TP1 030, Woburn, MA).
CNT Deposition on Carbon Electrode. CNT modifica-

tion of carbon electrodes was reported previously.43,45

Essentially, 2 mg mL−1 CNT ink was dispersed ultrasonically
in DMF solvent. The CNT-modified carbon electrode (CNT-
CP) was fabricated by air-brushing CNT ink on carbon paper
(CP) and vacuum-drying.

Electropolymerization of Methylene Green. As pre-
viously reported,2,43 deposition of poly methylene green on
CNT-CP was achieved via electropolymerization using cyclic
voltammetry (CV) with a scan rate of 50 mV s−1 between −0.5
and 1.5 V vs Ag|AgCl (4 M KCl) for 20 cycles in fresh MG
solution. MG solution was prepared by dissolving 0.4 mM MG
in 0.01 M borate buffer, pH 9.1, with 0.1 M NaNO3. The
resulting MG solution was purged with argon for 20 min to
eliminate oxygen. During electropolymerization, argon was
continuously bubbled to maintain an oxygen-free solution.

Capacitance Characterization. Capacitive surface area
was estimated using CV in the narrow potential range from 0.3
to 0.4 V vs Ag|AgCl (4 M KCl) with varying scan rates from 50
to 100 mV s−1 in supporting electrolyte (0.01 M borate buffer
pH 9.1, 0.1 M NaNO3, 30 °C). This electrolyte was chosen
because it serves as a buffer solution for electropolymerization.
Plotting the current in the nonfaradic potential region against
scan rate, the slope was recorded as capacitance. Assuming a
specific capacitance of 25 μF cm−2 for carbon material,46 the
electrode surface area was thus evaluated. Prior to electro-
polymerization of PMG on CNT-CP, capacitance was
measured to ensure consistent values for all CNT-CP
electrodes.

NADH Bulk Oxidation. NADH oxidation was performed
using PMG-CNT-CP as the working electrode, with an initial
NADH concentration of 0.94 mM in 20 mL pH 6 phosphate
buffer at 30 °C, constant applied potential of 0.15 or 0.5 V vs
Ag|AgCl (4 M KCl), and magnetically stirred with a 10 mm × 3
mm stirring bar at 1200 rpm. The exposed electrode surface
area was 0.8 cm2. The electrolyte was purged with argon to
exclude oxygen.
During reaction, the NADH concentration was monitored at

10 min intervals by analyzing 160 μL samples of the reactor
solution at 5-fold dilution by absorbance spectroscopy at 340
nm with an extinction coefficient of ε = 6220 M−1 cm−1. To
quantify the enzymatic activity of electrogenerated NAD+, a
commercially available enzyme cycling assay (EnzyChrom
NAD+/NADH Assay Kit, ECND-100) was employed to analyze
the bulk solution during and after electrocatalysis. The scheme
for the cycling assay is shown in Figure 1. The working reagents

of the assay include lactate, lactate dehydrogenase (LDH),
diaphorase and formazan (MTTox), which are underlined in
Figure 1. The assay kit relies on the excess activity of LDH to
fully reduce all NAD+ present to NADH, which in turn reduces
the MTTox reagent via the NADH-oxidizing enzyme
diaphorase. After a 15 min reaction time, the absorbance of
reduced MTTred measured at 565 nm is proportional to the
combined concentration of NAD+ and NADH, CNADtot.

47−49

The concentration of NADH, CNADH, was obtained by
absorbance in the absence of the kit. The concentration of

Figure 1. Scheme of EnzyChrom enzyme cycling assay.
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enzyme-active NAD+ could then be calculated by subtraction:
CNAD+, active(t) = CNADtot(t) − CNADH(t).

■ ANALYSIS
NADH electro-oxidation occurs according to the reaction

→ + ++ + −eNADH NAD H 2 (1)

NADH is consumed in a bulk electrolysis reactor as a result of
the above reaction as well as bulk decay.50−54 The consumption
rate of NADH, RNADH (mM min−1), can therefore be expressed
as

= − −+
C

t
R R

d
d
NADH

NAD decay (2)

where RNAD+ is the rate of NAD
+ generation according to eq 1,

and is related to electrode current density, j, by

=+R
j t A
nFV
( )

NAD (3)

where A is the geometric surface area of the electrode (0.8
cm−2), V is the reactor volume (initially 20 mL, varying with
time as 160 μL samples are withdrawn), n is the electron
stoichiometric coefficient (2 equiv mol−1), and F is Faraday’s
constant (96 485 C equiv−1).
Based on previous work, current density j can be written

as43,44
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where jmax is the adsorption-controlled plateau current density,
KS is the Langmuir adsorption coefficient, U is the half-wave
potential, b is the exponential coefficient, E is the applied
potential; and CNADH is the bulk concentration of NADH.
Ambient self-decay of NADH, Rdecay, can be expressed as a

first-order reaction.

= ×
C

t
k C t

d

d
( )decay

decay NADH (5)

Under the conditions considered in this work, the decay
constant, kdecay, was found experimentally to be 3.6 ± 0.4 h−1,
which is consistent with literature values,53,55 as shown in the
Supporting Information. Other parameters are listed in the
Supporting Information. Using an initial NADH concentration
of 0.94 mM with no NAD+ initially present, the conversion of
NADH to NAD+ was simulated using the above equations in
MATLAB.
Experimentally, the NADH concentration was measured

using spectroscopic absorbance at 340 nm. The expected NAD+

concentration, CNAD+(t), was calculated using

= − −+C t C C t C t( ) ( ) ( )NAD NADH
0

NADH decay (6)

where CNADH
0 is the initial NADH concentration, CNADH(t) is

the measured NADH concentration obtained by spectroscopic
absorbance, and Cdecay(t) is the decayed NADH obtained by
integration of eq 5.
The yield of enzymatically active NAD+ is calculated by

= +

+

C t

C t
yield

( )

( )
NAD ,active

NAD (7)

where CNAD+, active(t) is measured by the EnzyChrom assay and
CNAD+(t) is obtained from eq 6.

■ RESULTS AND DISCUSSION
CNT-Coated Carbon Support. Figure 2 shows the

capacitive surface area of CNT-coated carbon paper compared

with CNT-coated glassy carbon (GC) as it varies with CNT
loading. The two curves appear to be linear within experimental
error, with similar slopes (890 ± 18 and 860 ± 11 cm2 mg−1,
for CNT-GC and CNT-CP-GC, respectively). Therefore,
immobilization of carbon paper does not impact the active
surface area of the CNT layer, suggesting that the deposited
CNT possesses the same properties when supported on carbon
paper support as on a GC electrode. The larger experimental
error on CNT-CP-GC compared with CNT-GC is likely a

Figure 2. Capacitance of CNT-coated carbon paper (CNT-CP-GC)
and CNT-coated glassy carbon (CNT-GC) for varying CNT loadings,
obtained by cyclic voltammetry at varying scan rates in 0.01 M borate
buffer pH 9.1, 0.1 M NaNO3, 30 °C, potential range 0.3−0.4 V vs Ag|
AgCl.

Figure 3. Electrochemical oxidation of NADH to NAD+ in a batch
reactor using a 0.8 cm2 PMG-CNT-CP electrode. Markers and solid
lines: experimental data. Dashed lines: simulation results. NADH
oxidation was performed with NADH concentration initially at 0.94
mM in 20 mL pH 6, 30 °C phosphate buffer, applied potential of 0.5 V
vs Ag|AgCl, with 1200 rpm magnetic stirring. NADH concentration
was measured by spectroscopic absorbance at 340 nm. Expected
NAD+ concentration was obtained by eq 6.
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result of the increased complexity of assembling the electrode
with the additional CP layer.
Conversions in NADH Bulk Oxidation on PMG-CNT-

Carbon Paper. Poly(methylene green) (PMG) was deposited
on CNT-CP via electropolymerization in borate buffer. For the
current deposition conditions, the loading of PMG was
previously found to be 560 nmol cm−2 using energy-dispersive
X-ray spectroscopy.43

PMG-CNT-CP electrodes were employed in a 20 mL
NADH oxidation reactor initially containing 0.94 mM NADH.
Figure 3 indicates the decrease of NADH concentration with
time (blue squares), showing good agreement with simulation
results (dashed lines). In this batch reactor experiment, NADH
is consumed by electrochemical reaction and self-decay. Since
the NADH concentration (initially ∼1 mM) is lower than the
KS value (7.0 ± 0.6 mM),43 the electrochemical rate is
proportional to its concentration during the bulk oxidation.
Because the NADH decay rate is small, NADH consumption is
dominated by conversion to NAD+, and an exponential
decrease in concentration is observed in Figure 3. The rate of
NADH consumption appears to depend linearly on the NADH
concentration for the entire reaction, and the reaction solution
remained homogeneous. From these observations, we may
conclude that the products of NADH oxidation do not
deactivate the electrode and may be mostly soluble.
About 80% conversion of NADH was observed after 1 h,

suggesting a high conversion rate. As described by eq 2, NADH
may be consumed by either electrooxidation or by self-decay.
After 150 min of reaction, according to eq 6, 0.87 mM NAD+

was expected to be generated, accounting for 93% of the initial
NADH concentration. Over the same period, 5% of the initial
NADH was predicted to be lost to self-decay, according to eq 5.
This indicated that the electrochemical conversion rate was at
least 13-fold higher than the decay rate.
Bioactivity of Electrogenerated NAD+. Using the

commercially available enzyme cycling assay, the yield of
enzymatically active NAD+ electrogenerated by NADH

oxidation was obtained during and after electrocatalysis. The
dashed lines in Figure 4 represent 100% yield of active NAD+.
During NADH electrocatalysis on the PMG-CNT modified
electrode, the yield of the active NAD+ stays at a high level. At
the end of the reaction, 93 ± 6% and 87 ± 8% yields were
obtained for applied potentials at 500 and 150 mV vs Ag|AgCl,
respectively. This suggests that, after accounting for self-decay
using eq 5, roughly 10% of the oxidized NADH may be inactive
because of dimerization or some other side byproduct.

■ CONCLUSION
Electropolymerizing methylene green on a carboxylated-CNT-
modified carbon paper yields a high-surface-area electrode with
high oxidative conversion of NADH to bioactive NAD+.
Experimental data in an NADH electro-oxidizing batch reactor
shows good agreement with a quantitative mathematical model.
These findings demonstrate that a high-surface area poly-
(azine)-CNT electrode presents a promising approach to
regenerating NAD+ for bioconversion, bioenergy, and bio-
sensors.
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