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ABSTRACT: Nitrogen-doped carbon nanotubes (N-CNTs)
have been shown to be electrocatalytic toward the oxidation of
dihydronicotinamide adenine dinucleotide (NADH), the
reduced form of the coenzyme necessary for enzymatic
turnover in NAD+-dependent dehydrogenases. The observed
oxidation potential of the electrocatalyst, however, still shows a
significant overpotential, suggesting that even for effective
electrocatalysts, electrooxidation may be kinetically controlled.
We demonstrate using the Koutecky−Levich rotating disk
electrode technique that the observed electron transfer rate
constant (kobs) is a function of potential over a wide potential
window; however, kobs could only be accurately measured for a portion of that window for the electrocatalytic N-CNTs. More
importantly, electrochemically measured enzyme kinetics, acquired after adsorption of glucose dehydrogenase onto the N-CNTs,
are never independent of potential, even when the electron transfer rate constant is too fast to measure by the rotating disk
technique. Thus, electrochemically obtained kinetics (e.g., KM

app and Vmax) are actually measuring the electrochemical kinetics of
NADH oxidation at the electrode surface, rather than the spontaneous and potential-independent enzymatic turnover.

KEYWORDS: dihydronicotinamide adenine dinucleotide, NADH, enzyme kinetics, dehydrogenases, nitrogen-doped carbon nanotubes,
carbon nanotubes, Michaelis−Menten kinetics

■ INTRODUCTION
Carbon nanomaterials such as carbon nanotubes (CNTs) and
graphene are increasingly being coupled with enzymes to create
bioelectrodes1 for biosensing2−5 and biofuel cell6−8 applica-
tions. Enzymes incorporated into an electrode impart a
biorecognition element that is selective to a specific substrate
or fuel in the case of biofuel cell electrodes. NAD+-dependent
dehydrogenase enzymes are one of the more commonly applied
enzymes, requiring the cofactor nicotinamide adenine dinucleo-
tide (NAD+) in conjunction with an appropriate substrate to
cause enzymatic turnover. The general enzymatic reaction for a
NAD+-dependent dehydrogenase is shown below:

+
→ +

+substrate NAD
product NADH (in the presence of enzyme) (1)

The reduced cofactor, dihydronicotinamide adenine dinucleo-
tide (NADH), can be reoxidized at an electrode surface via a 2-
electron one-proton oxidation shown below:

→ + ++ − +NADH NAD 2e H (2)

The formal potential of the NADH/NAD+ couple is low, at
−0.96 V vs Hg/Hg2SO4 (−0.52 vs Ag/AgCl; −0.56 vs SCE;

−0.32 vs NHE)9 and requires a large overpotential in order to
be observed at conventional electrodes such as Pt or carbon. In
order to lower the overpotential, mediators or catalysts are
employed.10,11 CNTs have been shown to be electrocatalytic
toward NADH oxidation by substantially lowering the
overpotential compared to conventional glassy carbon.12−19

Often, CNTs are coupled with mediators to further lower the
oxidation overpotential.20−24 Mediators are polymerized on the
CNT surface, or dispersed within a polymer, biopolymer, or
hydrogel matrix to effectively couple the individual components
and create a biocompatible environment for enzyme immobi-
lization.25−37 Heteroatom-doped CNTs, both B-CNTs38 and
N-CNTs,39 have been shown to further decrease the oxidation
overpotential compared to nondoped CNTs, without additional
mediation. Although many reports have touted the benefits of
CNTs for NADH oxidation, or demonstrated their use with
dehydrogenases, the electron transfer kinetics of the electro-
chemical reaction are often neglected. This aspect is
increasingly important since many reports are evaluating the
enzymatic behavior of the bioelectrode by electrochemically
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measuring the enzyme kinetics.40−50 Thus, it is imperative to
ensure that the electron transfer kinetics at the electrode surface
are not a limiting factor in the kinetic analysis of the enzyme.
The physical distance of the catalytic redox site embedded in
most enzymes prevents the direct electron transfer between the
redox site and the electrode.6,51,52 The electric field emanating
from the electrode surface, then, should have a negligible
influence on the enzymatic reaction, which is mainly dependent
on the substrate concentration. The vast majority of electro-
chemically determined enzyme kinetics (e.g., KM

app and Vmax)
are performed at a single potential, neglecting to demonstrate
potential-independence of the enzymatic reaction, or attempt-
ing to identify the influence of potential on the electrochemical
reaction. Herein, we report a kinetic evaluation of NADH
oxidation at electrocatalytic N-CNT electrodes. Additionally,
we allow glucose dehydrogenase (GDH) to spontaneously
adsorb onto the N-CNT surface and evaluate the enzyme
kinetics via NADH oxidation. This study is beneficial to
understanding the fundamental reactivity of N-CNTs since
dispersing agents, binders, redox mediators, oxidizing acids, and
immobilizing matrices (polymer, biopolymer, or hydrogel
matrix) are not used. We identify a potential region where
the electron transfer rate constant is too rapid to accurately
measure by the rotating disk electrode technique, and should
supply accurate enzyme kinetics, but find that the obtained
measurements are still under the kinetic control of the
electrochemical reaction. Beyond this potential region,
application of the enzyme by spontaneous adsorption is limited
due to the oxidation of the N-CNT electrode surface, which
causes the adsorbed enzyme to detach from the electrode
surface.

■ EXPERIMENTAL SECTION
Enzyme and Chemicals. Glucose Dehydrogenase (from

Pseudomonas sp., E.C. 1.1.1.47, lyophilized powder ≥200 U/
mg), β-nicotinamide adenine dinucleotide dipotassium salt, α-
D-glucose, and m-xylene (anhydrous) were obtained from
Sigma-Aldrich. Sodium phosphate monobasic (NaH2PO4,
monohydrate), sodium phosphate dibasic (Na2HPO4, anhy-
drous), pyridine, pH calibration buffers (4.00, 7.00, 10.00), and
sodium hydroxide were purchased from Fisher. Bis-
(cyclopentadienyl)iron (ferrocene) was obtained from Alfa
Aesar. Hexaammineruthenium(III) chloride (99%) was pur-
chased from Strem Chemicals.
N-CNT Synthesis. N-CNTs were synthesized by injecting a

20 mg mL−1 solution of ferrocene dissolved in pyridine at 0.1
mL min−1 via a glass syringe (Hamilton 81320) and an

automated syringe pump (New Era Pump Systems NE-1000)
into a quartz tube laid lengthwise across two identical tube
furnaces (Carbolite model HST 12/35/200/2416CG). The
first furnace, where the solution entered the tube, was set at 130
°C to ensure the catalyst solution entered the vapor phase. The
second furnace was set at 800 °C to cause the vapor to deposit
multiwalled N-CNTs on the inside lining of the quartz tube via
a floating catalyst chemical vapor deposition (CVD) process.
Argon was used as a carrier gas (532 sccm) to direct the flow of
the catalyst solution from the first tube furnace to the second,
with the coinjection of ammonia (43 sccm), controlled by two
gas mass flow controllers (MKS type 1179A) for a total gas
flow of 575 sccm. N-CNTs made by this process contain 7.4
atom % N.

Electrochemistry, Electrode Preparation, and Spec-
trophotometry. Electrochemical information is presented
with a positive cathodic current and a negative anodic current.
Ultramicroelectrode (UME) cyclic voltammograms were
obtained with a CH Instruments 700A potentiostat in
conjunction with a SCE reference electrode, and a platinum
wire counter electrode, all inside a CH Instruments Faraday
cage. All other electrochemical measurements were performed
with an Autolab PGSTAT30 potentiostat (GPES software
version 4.9) in coordination with a five-neck glass cell (125
mL), a Hg/Hg2SO4 reference electrode (CH Instruments,
+0.64 V vs SHE; +0.44 V vs Ag/AgCl; +0.40 V vs SCE), and a
coiled Au counter electrode. Potentials are reported vs Hg/
Hg2SO4 unless noted otherwise (such as in the UME section).
Rotating disk electrode (RDE) experiments were performed on
a Pine Instruments AFMSRX rotator. N-CNT electrodes were
prepared by drop casting a 12 μL aliquot of a 2 mg mL−1

solution of N-CNTs in absolute ethanol (sonicated for 2 h)
onto a 0.5 cm diameter glassy carbon RDE (Pine Instruments
AFE2M050GC). GC electrodes which were polished with a
0.05 μm alumina slurry on microcloth (Buehler) and briefly
sonicated in 18 MΩ cm water to remove adsorbed alumina
prior to use or N-CNT application. N-CNT electrodes were
“wet” in a mixture of ethanol and 0.1 M sodium phosphate
buffer (SPB) to ensure complete surface contact with the
electrolyte solution. N-CNT electrodes were also cycled
between 0 and −1.2 V to passivate electroactive iron remaining
from the CVD synthesis.53 NADH concentrations for electro-
chemical experiments were calculated on the basis of mass,
which may underestimate the actual concentration. Spectro-
photometric analysis was performed on an Agilent 8453 UV−
visible (UV−vis) spectrophotometer (photodiode array) using
quartz cuvettes (path length of 1 cm). Glucose dehydrogenase

Figure 1. Oxidation of 1.0 mM NADH (A) or the reduction of 1.0 mM Ru(NH3)
3+ (B) at an 8 μm carbon fiber UME (0.1 M SPB, pH 7.0, scan rate

10 mV/s).
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and NAD+ were added to the cuvette prior to the introduction
of glucose for all UV−vis measurements. NADH concen-
trations via UV−vis absorbance at 340 nm were calculated with
a molar extinction coefficient of 6200 M−1 cm−1, a value similar
to that in other reports.45,54 Spontaneous adsorption of GDH
onto N-CNTs was done at room temperature. When not in
use, GDH solutions were stored at 4 °C. Nonlinear Michaelis−
Menten enzyme kinetics and Koutecky−Levich rotating disk
electrode data were fit using IGOR pro (v. 6.12).

■ RESULTS AND DISCUSSION

Oxidation of NADH at Carbon Fiber Ultramicroelectr-
odes: A Qualitative Study. Ultramicroelectrodes (UMEs)
are a useful tool for evaluating the electron transfer kinetics of
redox molecules due to their increased mass transport via radial
diffusion. Figure 1 presents a cyclic voltammogram (CV) of a 8
μm carbon fiber electrode in the presence of 1.0 mM NADH or
1.0 mM ruthenium hexamine (Ru(NH3)6

3+) in 0.1 M sodium
phosphate buffer (SPB) at a pH of 7.0. The reduction of
Ru(NH3)6

3+ displays a typical sigmoidal shape with a mass
transfer limited plateau, not seen in the NADH oxidation CV.
The missing plateau can be explained if the electron transfer
reaction for NADH oxidation is kinetically limited, rather than
mass transfer limited like the Ru(NH3)6

3+.
More importantly, the ideal outer sphere redox couple

Ru(NH3)6
3+/2+ displays a nearly flat baseline before reduction,

E1/2 at −0.2 (V vs SCE), with a rapid attainment of a mass
transfer controlled plateau. NADH, on the other hand, displays
a sloping background before the Ep, close to 0.6 (V vs SCE),
and does not attain a limiting current within the measurement.
Furthermore, the reduction of Ru(NH3)6

3+ is a one-electron
reaction, while the oxidation of NADH is a 2-electron
oxidation, even though the current magnitude for both
reactions is similar (diffusion will be slightly slower for the
larger NADH molecule). Qualitatively, the data suggest that
NADH oxidation is kinetically limited rather than mass
transport limited.
The Potential Dependent Observed Electron Transfer

Rate Constant (kobs). Our prior report identified the Ep for
the oxidation of NADH at N-CNTs (7.4 atom % N) and GC at
−0.32 and 0.22 (V vs Hg/Hg2SO4), respectively, in 0.1 M SPB
(pH 7.0) at a scan rate of 10 mV/s in the presence of 2.0 mM
NADH.39 In order to further quantify the electron transfer
kinetics of the NADH reaction, five potentials were chosen to
perform Koutecky−Levich rotating disk electrode (RDE)
analysis, which is capable of differentiating a kinetically limited
process from a mass transport limited process. The mass
transfer limiting current at a RDE is defined by the Levich
equation, shown below:55

ω ν= −i nFAD C0.62mt
2/3 1/2 1/6

(3)

where imt is the mass transfer limiting current, n is the number
of electrons transferred (n = 2), F is Faraday’s constant (96,485
C/mol), A is the electrode area, ω is the angular velocity (ω =
2πf; f is frequency), ν is the kinematic viscosity of the solvent
(water in this case, 0.01 cm2/s), C is the concentration of
NADH, and D is the diffusion coefficient. The diffusion
coefficient was selected as 3.0 × 10−6 cm2/s based on literature
references.19,34,56−58 The measured current (i) may not align
with imt if the reaction is limited by the electron transfer kinetics
rather than mass transport. In this case, a plot of i vs ω1/2

should yield an asymptote approaching the kinetically limiting

current iK. The kinetically limiting current is also a function of
potential (E), shown below:55

=i nFAk E C( )K obs (4)

where iK is the kinetically limited current, kobs is the observed
electron transfer rate constant (a function of E) and F, A, n, and
C are the same as mentioned above. A plot of 1/i vs 1/ω1/2

allows one to determine the asymptote iK, which will be the y-
intercept (a mass transport limited plot will theoretically
intercept the y-axis at 0). The measured current (i) can be
expressed from the Koutecky−Levich equation shown below:

= +i i i1/ 1/ 1/K mt (5)

where the measured current (i) is a function of both the mass
transport limited current (imt) and the kinetically limited
current (iK). Likewise, one can use nonlinear fitting to
approximate the asymptote directly from the plot of i vs ω1/2.
The nonlinear method will avoid errors introduced from
linearization, which will be discussed later. Practically, one must
be able to rotate at high rates in order to observe the
asymptotic behavior for relatively fast kobs, setting an upper
limit on our measuring capabilities. Nonetheless, we used RDE
amperometry to ascertain the kobs as a function of potential and
concentration at a conventional GC electrode, or an electro-
catalytic material, N-CNTs. Figure 2A presents CVs of a GC
and a N-CNT electrode in the presence of 2.0 mM NADH, and
includes the potentials chosen to perform RDE analysis. Parts
C and B of Figure 2 present representative chronoamperograms
of the RDE analysis for a series of N-CNT electrodes at 1.0
mM NADH (Figure 2B) and a series of GC electrodes at 0.5
mM NADH (Figure 2C).
According to the CVs in Figure 2A, the rate constant for N-

CNTs should be relatively fast, since they are all at or past the
observed Ep. At GC, the selected potentials span the entire
range. The negative potentials are before the reaction begins,
0.10 V is near the onset of Ep, and the most positive two
potentials are at and beyond the Ep. Since the overpotential for
NADH oxidation is much lower on N-CNTs than on GC, we
expect the rate constant to be faster at all potentials for the N-
CNTs. The initial spike at 300 s in Figure 2B and 2C is where
the NADH was introduced into solution at the lowest rotation
rate of 250 rpm. Subsequent current steps are due to an
increase in the rotation rate. The NADH spike at 300 s, rather
than having NADH in solution during the entire experiment,
was used to minimize NADH contact prior to obtaining a
measurement, since NADH is known to foul the electrode
surface.9−11 In order to determine if the concentration of
NADH influences the accuracy of the obtained rate constant
(kobs) due to electrode fouling, RDE analysis was performed at
three different NADH concentrations (0.1, 0.5, and 1.0 mM).
Table 1 and Table 2 present the calculated kobs values as a
function of potential and concentration for both GC and N-
CNT electrodes, respectively, using nonlinear fitting to
determine iK (and hence, kobs) and the associated error from
the nonlinear fit. Table T1 and T2 in the Supporting
Information (SI) present the kobs values determined from the
traditional Koutecky−Levich linear analysis. It is clear from the
CVs in Figure 2 and the kobs values in Table 1 and Table 2 that
N-CNTs catalyze the oxidation of NADH at much lower
potentials than GC. The oxidation reaction is not observed at
GC below 0.10 V, while above 0.10 V the reaction at N-CNTs
is too fast to measure using the RDE technique (highest
rotation rate of 5000 rpm), since an asymptote is not observed.
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The SI Figure S1 displays RDE data for N-CNTs at 0.5 mM
NADH for −0.32, −0.15, and 0.10 V, along with their
respective nonlinear fits. At more positive potentials, there is
less data to fit to an asymptote, so the extrapolated limiting
current (and associated kobs value) has greater uncertainty even
though the error in the fit may be reasonable. We have shown
the values of kobs for 0.10 V at N-CNTs in Table 2 to verify that

any apparent trends continue but admit that these values are
fairly uncertain.
The kobs values show a concurrent increase with potential at

any given concentration, but a decreasing kobs with increasing
NADH concentration at the same potential. The inverse
relationship of the rate constant to NADH concentration at a
constant potential has also been observed at MWCNT
electrodes modified with 2,3,5,6-tetrachloro-1,4-benzoqui-
none,23 polyxanthurenic acid,34 and 3,5-dinitrobenzoic acid,59

or SWCNT electrodes modified with Nile Blue60 or poly-
(phenosafranin).61 The aforementioned electrodes all used
mediators, often called chemically modified or mediator-
modified electrodes. The inverse relationship of the rate
constant to the NADH concentration at these mediator-
modified electrodes has been characterized by Gorton, who
identifies the rate -limiting step as a charge transfer complex
between NADH and the surface bound mediator.10,11 The
complex essentially mimics the Michaelis−Menten kinetics of
an enzyme, where the substrate-bound enzyme limits the
enzymatic turnover. Although there is not an observable surface
wave indicating an electroactive mediator at our N-CNTs, they
still may include a mediating surface site, since nitrogen
incorporated into an all-carbon lattice significantly influences
the electron distribution and can also introduce nitrogen
functional groups.62−65 The data presented here preclude an
accurate analysis of the type characterized by Gorton, but it
should be further investigated, taking note that unmodified GC
also displays a similar effect.
Response currents from the introduction of NADH at a

constant rotation rate can also be used to show the potential
dependence of the NADH oxidation current. Figure 3 presents
a series of RDE chronoamperograms for N-CNT electrodes
obtained at the five selected potentials as 0.5 mM NADH was
introduced into solution. Tables 3 and 4 present the current as
a percent of the theoretical current, calculated from eq 3, using
the geometric area of the GC electrode for both the GC and N-
CNT electrodes (0.196 cm2), since solution-based electroactive
species interact with the same effective area on both
electrodes.66

Figure 2. (A) CVs of a GC or a N-CNT electrode in the presence of
2.0 mM NADH in 0.1 M SPB (colored dashed lines mark the selected
potentials for RDE measurements). Chronoamperograms for a series
of N-CNT electrodes in the presence of (B) 1.0 mM NADH or a
series of GC electrodes in the presence of (C) 0.5 mM NADH as the
rotation rate is increased (from 250 to 5000 rpm).

Table 1. kobs (1 × 10−3 cm/s) Values As a Function of Potential and Concentration at GC

potential (V vs Hg/Hg2SO4)

−0.32 −0.15 0.10 0.22 0.50

0.1 mM NADH no reaction no reaction 4.789 ± 0.002 5.063 ± 0.004 38 ± 1
0.5 mM NADH no reaction no reaction 0.98 ± 0.02 1.88 ± 0.03 15.8 ± 0.2
1.0 mM NADH no reaction no reaction 0.297 ± 0.003 1.82 ± 0.02 5.89 ± 0.03

Table 2. kobs (1 × 10−3 cm/s) Values As a Function of
Potential and Concentration at N-CNTs

potential (V vs Hg/Hg2SO4)

−0.32 −0.15 0.10 0.22 0.50

0.1 mM
NADH

2.8 ± 0.1 8.9 ± 0.1 90 ± 20a NMb NMb

0.5 mM
NADH

1.29 ± 0.01 4.09 ± 0.03 38 ± 1a NMb NMb

1.0 mM
NADH

0.91 ± 0.01 2.67 ± 0.02 31 ± 3a NMb NMb

aThese values are presented to verify apparent trends, but are
extrapolated from a nearly linear fit. bNM = Not Measured. This
indicates that for the rotation rates used here, an asymptote was not
observed, and the reaction is apparently mass transfer limited.
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The current response for GC is not as monotonic as the N-
CNTs, which display an increase in the current response
concurrent with potential and inversely related to NADH
concentration. For GC, there is almost no current response
before 0.10 V, expected since it is before the onset of NADH
oxidation at GC. Both GC and N-CNTs tend toward a limit of
about 85% of the theoretical current at high potentials, verifying
that the same effective surface area is utilized by NADH at both
electrodes. The identical upper limit also suggests that either
the initial surface fouling at higher potentials is similar, and/or
the diffusion coefficient is underestimated. It should be noted
that the anodic background current at 0.50 V on N-CNTs is
significantly higher than the other potentials, or the GC
electrode. The background current at both GC and N-CNT
electrodes increases slightly (more anodic) concomitant with
potential, shown in the SI in Figure S2(A−D) for the smaller
0.1 mM NADH current responses. The higher current at 0.50
V and subsequent decay before NADH is introduced suggests
that at this potential (and beyond) the carbon is being oxidized.
This phenomenon will have a significant impact when enzymes
are adsorbed on the N-CNT surface, where the oxidizing
carbon will cause the adsorbed enzyme to disengage from the
electrode surface.
Spectrophotometric Enzyme Kinetics. The standard

method to measure the activity of glucose dehydrogenase, and
many other NAD+-dependent dehydrogenase enzymes, is to
monitor the appearance of NADH from the enzymatic turnover
of NAD+ and glucose (or an appropriate substrate for other

NAD+-dependent dehydrogenase enzymes). NADH absorbs at
340 nm, due to the pyridinic ring in nicotinamide, with an
molar extinction coefficient of about 6200 M−1 cm−1.54 For
enzymes purchased from a reputable company, and usually for
the sake of time, only one very high substrate concentration is
performed at a high temperature (37 °C) and optimal pH,
buffer, and buffer ionic strength to obtain the specific activity
which is defined by the company. In order to obtain a more
comprehensive kinetic analysis, a series of concentrations must
be characterized, where the initial enzyme activity increases
with the concentration of substrate until it reaches an
asymptote, where the rate is nearly independent of concen-
tration. Figure 4(A−D) presents the series of spectrophoto-
metric analyses for GDH in 0.1 M SPB with 2.0 mM NAD+.

The kinetic parameters KM and Vmax can be calculated from
the y-intercept and the slope of the Lineweaver−Burk plot
(shown in Figure 4D) or by nonlinear fitting (shown in Figure
4E). Due to linearization errors from the double reciprocal plot,
where the low concentration rates in the bottom left corner of
Figure 4C become the most influential points in the top right
corner of Figure 4D, we chose to present the data from the
nonlinear analysis shown in Figure 4E. Figure S3 in the SI
presents the UV−visible spectra of the increasing peak at 340
nm as a function of glucose concentration. Table T3 in the SI
presents the Lineweaver−Burk linear analysis of KM and Vmax

Figure 3. Chronoamperograms of the oxidation of 0.5 mM NADH at
N-CNT electrodes as they are rotated at 1000 rpm (0.1 M SPB, pH
7.0).

Table 3. Percent of Theoretical Current As a Function of
Potential and Concentration at GC

potential (V vs Hg/Hg2SO4)

−0.32 −0.15 0.10 0.22 0.50

0.1 mM NADH 0.23% 1.7% 37% 78% 86%
0.5 mM NADH 0.05% 0.43% 24% 63% 86%
1.0 mM NADH 0.05% 0.06% 44% 75% 84%

Table 4. Percent of Theoretical Current As a Function of
Potential and Concentration at N-CNTs

potential (V vs Hg/Hg2SO4)

−0.32 −0.15 0.10 0.22 0.50

0.1 mM NADH 61% 65% 75% 83% 84%
0.5 mM NADH 35% 60% 73% 81% 83%
1.0 mM NADH 31% 49% 69% 75% 79%

Figure 4. (A) UV−vis spectra displaying the increase in absorbance as
a function of time and concentration of glucose. (B) Increase in
NADH concentration as a function of glucose concentration
displaying linearity in the 10 min time frame. (C) Plot of glucose
concentration versus initial rate (first 10 min). (D) Lineweaver−Burk
plot of the inverse glucose concentration versus the inverse initial rate.
(E) Nonlinear fitting of the substrate saturation curve. (GDH 8 nM,
0.1 M SPB, pH 7.0, 2.0 mM NAD+).
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along with a modified data set to minimize errors from
linearization. Note that, even after the data was modified to
eliminate linearization errors, the standard deviation for both
KM and Vmax are smaller for the nonlinear analysis, compared to
the linear analysis. The nonlinear values were determined to be
2.9 ± 0.3 mM for KM and 4.4 ± 0.8 × 10−7 M/s for Vmax. To
ensure that the 2.0 mM NAD+ concentration did not limit the
enzymatic reaction, analysis was also performed in 10.0 mM
NAD+. The kinetic parameters were not statistically differ-
entiable and actually displayed a slightly smaller KM and Vmax.
Given that 8 nM of GDH was present in solution (based on
mass) the kcat can be calculated (kcat = Vmax/[GDH]) at 55 s−1.
Over a 74 day period, KM and Vmax were not seen to appreciably
change, indicating that the enzyme was quite stable in solution.
When not in use, the GDH solution was stored in the
refrigerator (4 °C). Table T4 in the Supporting Information
presents a chart of KM and Vmax over the 74 day period.
Electrochemical Enzyme Kinetics. Electrochemically

measured enzyme kinetics are actually quite a bit easier to
obtain than the standard spectrophotometric analysis. The
enzymatic rate for each glucose concentration is simply the
steady-state current of the bioelectrode at each glucose
concentration. The entire saturation curve can be obtained in
a single experiment, rather than multiple experiments at
different substrate concentrations. The measured signal,
however, is now created from the electrochemical oxidation
of the enzymatically generated NADH at the N-CNT surface.
This is a current density (A/cm2), rather than a concentration
measurement (M), since the measured current is coming from
an area, not a volume. Herein lies the fundamental problem of
matching up enzyme kinetics obtained electrochemically with
those obtained spectrophotometrically, Vmax will be in different
units. The KM values can be compared directly, since they are
both in identical units (M).67 The kcat can be calculated if the
concentration of enzyme is known or the surface coverage of
the enzyme on the electrode is known. If adsorbed GDH and
free GDH behave identically (have the same kcat) then kcat
determined spectrophotometrically can be used to determine
the amount of enzyme on the electrode surface.
Enzyme kinetics were measured electrochemically by

allowing GDH to adsorb onto the surface of N-CNTs, and
subsequently performing substrate saturation curves by
amperometric detection. A prior report showed that allowing
GDH to adsorb onto the N-CNT surface for 20 min in a 20
μM GDH solution (0.1 M SPB, pH 7.0) gave the bioelectrode
the highest current sensitivity (A M−1 cm−2) to glucose.39 Thus,
N-CNT electrodes were allowed to adsorb GDH from a 20 μM
solution for 20 min. Figure 5 presents chronoamperograms of
the electrochemically measured enzyme substrate saturation
curves at the five selected potentials for the GDH loaded N-
CNT electrodes. Table 5 presents the electrochemically
determined KM

app and Vmax (by nonlinear analysis using the
Michaelis−Menten kinetic model) as well as the bioelectrode’s
sensitivity to glucose at each poised potential. Figure S4 in the
SI displays representative plots of the Lineaweaver-Burk linear
fitting versus the nonlinear fitting for each of the selected
potentials. The residuals of each fit, included in Figure S4 in the
SI, show that the majority of the error in the linear fit comes
from the initial points of the original (nonlinearized) data,
whereas the error in the nonlinear fit are more evenly
distributed. Table T5 in the SI presents KM

app and Vmax
determined from the Lineweaver−Burk linear analysis from

the full data set, or a modified data set in order to minimize
linearization errors.
As mentioned before, the enzyme should be unaffected by

the electrode potential, and thus, only controlled by the
concentration of substrate in solution. Figure 5 and Table 5
clearly show an increase in both KM

app and Vmax concurrent with
increasing potential until 0.50 V, which breaks from the
increasing trend. Since the amount of enzyme on every
electrode is similar, and the enzyme should not be influenced
by the potential, the increasing kinetic parameters indicate that
the electrochemical reaction of NADH, even at an electro-
catalyst like N-CNTs, is the rate-limiting reaction. Thus,
electrochemically measured enzyme kinetics obtained from the
oxidation of NADH created from the enzymatic turnover of
NAD+-dependent dehydrogenases are not independent of
potential. It is simply circumstance that the KM obtained
spectrophotometrically and the electrochemical KM

app at −0.32
V are nearly identical.
In order to determine the root cause of the discrepancy at

0.50 V, which was not observed to break trend during the RDE
analysis, electrochemical enzyme substrate saturation curves
were performed at 0.22 V, but after the normal 20 min of GDH
adsorption, the electrodes were then pretreated at 0.22 or 0.50
for 30 min (electrodes are under potential for 26 min during a
normal electrochemical measurement). Additionally, GDH was
only allowed to adsorb for 3 min or 30 s on two other N-CNT
electrodes, as a comparison. Figure 6 presents the results of
performing the substrate saturation curves on all four
electrodes.
The KM

app for the various adsorption times (30 s, 3 min, and
20 min pretreated at 0.22 V) were within the standard deviation
of the normal KM

app for 20 min of adsorption and analysis at
0.22 V. These data indicate that at a single potential (0.22 V),
the KM

app is independent of the amount of enzyme adsorbed on
the surface, expected for a Michaelis−Menten-type behavior.

Figure 5. Chronoamperograms of the GDH-loaded N-CNT electro-
des at increasing potentials as glucose is introduced into solution (0.1
M SPB, pH 7.0, 1000 rpm).

Table 5. KM
app and Vmax and the Sensitivity of the GDH

Electrode to Glucose

potential
(V vs Hg/Hg2SO4)

sensitivity
(A M−1 cm−2) KM

app (mM)
Vmax

(1 × 10−10 mol/s)

−0.32 0.029 ± 0.005 3.0 ± 0.2 1.0 ± 0.2
−0.15 0.074 ± 0.007 5.1 ± 0.7 4 ± 2
0.10 0.13 ± 0.01 12.6 ± 0.7 18 ± 1
0.22 0.14 ± 0.02 15.0 ± 0.9 22 ± 2
0.50 0.018 ± 0.009 20 ± 6 3 ± 1
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Figure 6 also shows that the amount of enzyme remaining on
the 0.50 V pretreated electrode has significantly decreased, less
than the electrode with only 30 s of GDH adsorption. The
background anodic signal at 0.50 V (Figure 5) is significantly
higher, indicating that something is getting oxidized. Since the
high anodic background current is observed without the
presence of redox active species (Figure S2C in the SI), the
most likely source of the oxidation current is from the N-
CNTs. This observation is corroborated by the low Vmax,
suggesting that GDH is disengaging from the surface as the N-
CNTs are being oxidized.

■ CONCLUSION

The spontaneous adsorption of GDH onto the N-CNT surface
provides a simple technique to create bioelectrodes without
binders, dispersing agents, immobilizing matrices (polymers,
biopolymers, hydrogel, etc.), or the inclusion of redox
mediators. The elementary bioelectrodes allow for an
unambiguous assessment of the intrinsic reactivity and/or
limitations of the electrode/biomolecule system. In regards to
NAD+-dependent dehydrogenases, N-CNTs have been shown
to be effective electrocatalysts for NADH oxidation, but the
observed rate constant is under potential control. Thus,
electrochemically measured enzyme kinetics, which obtain
their measurement by the oxidation of NADH, are not reliable
indicators of the enzymatic behavior. Albeit, at a single
potential, the measured enzyme kinetics can be used as a
relative indicator, the obtained kinetic parameters are unique to
each potential and are not directly comparable to the enzyme
free in solution.
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