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a b s t r a c t

Carbon fiber electrodes are greatly promising for microelectronic applications including high perfor-
mance biosensors, miniaturized transmitters, and energy storage and generation devices. For biosensor
applications, one drawback of using carbon fiber microelectrodes, especially single fiber electrodes, is the
weak electronic signals, a consequence of low surface area of fibers, which ultimately limit the sensitivity
of the sensors. In this paper, we report a novel single fiber microelectrode with branched carbon nan-
otubes for enhanced sensing performance. The fiber microelectrode was prepared from carbonization of
cellulose fibers. Upon introduction of carbon nanotubes, the carbon fibers exhibited a significant increase
in the specific surface area from <10 to 36.4 m2/g (determined by the BET method). A single fiber elec-
trode with such a hierarchical structure was examined for redox reactions of coenzyme NAD(H) which is
lycerol dehydrogenase detection
arbon nanotubes modified electrode

useful to mediate the assays and transformations of a broad range of biochemicals. Experimental results
showed that carbon nanotubes enhanced the redox reactions on surfaces of the electrode by reducing
the oxidation potential of NAD(H) from 0.8 to 0.55 V. The single carbon fiber with branched nanotubes
was also examined for the detection of glycerol, and the results showed linear responding signals in a
concentration range of 40–250 �M. These results are comparable to the properties of fossil-based carbon
materials, and thus our cellulose-based carbon electrodes provide a potentially sustainable alternative

licat
in bioelectrochemical app

. Introduction

Single carbon fiber electrodes are greatly promising for micro-
lectronic applications including high performance biosensor
Štulík et al., 2000) and miniaturized energy devices such as fuel
ells (Mano et al., 2003). For sensor applications, single carbon fiber
lectrodes are especially appealing in that they require only a small
mount of samples, but provide high signal/noise ratios and render
hort responding times (Amatore and Maisonhaute, 2005; Baltes et
l., 2004; Wightman, 1988). Such sensors have found a variety of
pplications. For example, single carbon fiber electrodes have been
pplied for measurements of real time chemical release from single

ells (Amatore et al., 2008; Du et al., 2008) and as neurotransmit-
ers for in vivo monitoring of signal generation in brain cells (Bruns,
004; Robinson et al., 2008).
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One drawback in using carbon fiber microelectrodes is that
they provide only a limited surface area and thus very weak
electronic signals which require very sensitive instrumental detec-
tion. This setback is a result of the small diameter of carbon
fibers that ranges from several micrometers to tens of microm-
eters. One way to overcome this drawback is to deposit carbon
nanotubes (CNTs) on the fiber surface to improve the overall
surface area without substantially changing the size of the elec-
trode. CNT deposition had been attempted on single carbon fiber
microelectrode (Wang et al., 2005) and nanoelectrode (Chen et
al., 2003) by dipping carbon fiber electrodes into CNT suspen-
sion with the aid of dispersing agents, such as surfactant (sodium
dodecyl sulfate). Suspensions of CNTs in Nafion® solution were
also used for CNT deposition on electrode by dip-coating (Swamy
and Venton, 2007) and by electrochemical deposition (Du et al.,
2008). In addition to improving specific surface areas, CNTs also
impart many favorable electronic properties desired for high per-
formance biosensing and nano-electronic fabrication (Sgobba and

Guldi, 2009). CNTs have also been found capable of promoting
electron-transfer reactions, minimizing fouling of electrode sur-
faces (Nowall and Kuhr, 1995), enhancing electrocatalytic activity,
and facilitating the immobilization of enzymes and antibodies on
the surface of electrodes (Valcarcel et al., 2007; Wang et al., 2007).

http://www.sciencedirect.com/science/journal/09565663
http://www.elsevier.com/locate/bios
mailto:wtze@umn.edu
mailto:ping@umn.edu
dx.doi.org/10.1016/j.bios.2010.03.030
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s such, CNT-fabricated carbon fiber microelectrodes have been
xamined for biosensors (Huffman and Venton, 2009; Zayats et al.,
008), micro-column separation (Aguei et al., 2008), and biofuel
ells (Kim et al., 2008).

Advances were made on preparing and using CNT-containing
lectrodes for oxidation of NADH but the advantages of CNTs have
et to be more fully tapped. Viry et al. (2007) reported a method
or producing CNT fibers by co-electrospinning CNT with poly
vinyl alcohol) polymer, followed by a heat-treatment procedure to
emove the polymer, producing fibers in the form of CNT bundles.
uch CNT fibers were used as micro disk electrodes and examined
or glucose assay, and were found able to offer improved activi-
ies for the oxidation of NADH as compared to single carbon fiber
lectrodes. In another effort, similar CNT fibers were prepared by a
imple particle-coagulation spinning process, involving the injec-
ion of a homogeneous CNT dispersion in a polymer solution, and
he produced fibers have an interconnected CNT/polymer-chain
etwork (Vigolo et al., 2000). Such CNT-containing fiber micro-
lectrodes exhibited good electrocatalytic activities and effectively
educed the NADH oxidation potential by ∼0.2 V (Wang et al.,
003). To our opinion, the above-mentioned preparation of CNT-
ontaining electrodes does not promise to fully capitalize the
otentials of CNTs, as the fabrications generally led to CNTs that
re bundled together or embedded inside other supports such as
olymers, exposing only a portion of CNTs for reactions.

In the current work we explore the use of carbon fiber and
NT hierarchical electrodes with the nanotubes branched out from
he surface of the fibers, to generate CNT structures with surfaces
ully exposed for interactions with surrounding solutions. Previous
tudies of carbon fiber electrode fabrication based on fossil-based
olymers lack the potential of sustainability. A feasible approach
ould be carbonization of renewable materials from biomass. Cel-
ulose, the most abundant polymeric constituent in biomass, is
omposed of �-D glucopyranose units which are linked together
n linear chains by 1–4 glycosidic bonds. The pyranose units, upon
yrolysis, are dehydrated to a carbonaceous polymer intermediates
hich can be transformed into a polyaromatic structure (Plaisantin

t al., 2001), constituents characteristic of carbon materials. Indeed,
any published studies have reported the production of carbon

bers from cellulose fibers in the form of native cellulose (e.g. Kim
t al., 2001) and extruded regenerated cellulose fibers (e.g. Peng
t al., 2003). Hierarchical porous carbon structures have also been
ransformed through pyrolysis of cellulose acetate filters used in
igarettes (Polarz et al., 2002). These cellulose carbonization pro-
esses, however, were not aimed at electrochemical applications.

There have been so far no reported attempts in growing CNTs
n surfaces of cellulose-derived carbon fibers to produce nanos-
ructure materials. Metal-catalyzed growth of nanotubes has been
pplied widely in recent years for preparing a variety of nanos-
ructured materials, such as the fiber–tube and fiber–fiber (Li et
l., 2009) hybrid carbon materials, for the purposes of increasing
urface area, providing higher sensitivities and ease of prepara-
ion for many applications including field effect transistors (Qu et
l., 2008). The introduction of CNTs in this kind of nanostructured
aterials for electrochemical applications has resulted in a great

mprovement in electrochemical properties. All of these reported
NT growth are on fossil-based materials, and it is therefore neces-
ary to investigate the use of renewable materials for sustainable
roduction of CNT-based electrodes.

This work explored the use of cellulose materials for prepara-
ion of hierarchical carbon materials. A new and facile fabrication

roduction method of CNT-carbon fibers was developed through
arbonization of cellulose fibers and growth of CNT in the pres-
nce of Fe. A single CNT-modified carbon fiber was then used as
microelectrode, and tested for the efficiency of oxidation reac-

ion of NADH generated from the glycerol oxidation reaction to
ctronics 25 (2010) 2343–2350

explore its potential in large-scale electrochemical applications
involving NADH reuse and regeneration. It is expected that the sin-
gle CNT-modified carbon fiber from cellulose will provide sensitive
detection corresponding to the concentration changes of NADH in
glycerol oxidation reaction, lower the potential of NADH oxidation
on carbon electrode and reduce the electrode fouling.

2. Chemicals and methods

2.1. Production of CNT-modified carbon microfiber

Cellulose fibers, acquired as medical grade cotton wool (Weng
Thye Heng SDN BHD, Penang, Malaysia), were pre-treated before
modifying with CNTs. The pre-treatment was performed by dip-
ping the cellulose wool pad (2 × 2′′) into 50 ml of well suspended
dimethylformamide solution containing 3.3 wt% of Fe (III) acety-
lacetonate (Fe(C5H7O2)3 (>99.9%, Aldrich, St. Louis, MO, USA) for
2 h at room temperature. The pre-treated sample was dried at
room temperature in a convection-flow fume hood for overnight
before carbonization. Carbonization and CNT modification were
performed in a high temperature tubular furnace (Sentro Tech.,
Model STT-1200-3.5-12, Cleveland, OH, USA) with a procedure
adopted from reference Hou and Reneker (2004) with modification.
In a typical preparation, the furnace chamber was first purged with
argon at a flow rate of 450 ml/min for 30 min. After loading the pre-
treated cellulose wool pad, the sample was annealed at 250 ◦C for
3 h. The Fe3+ ions loaded on the cellulose fibers were reduced to Fe
by introducing hydrogen into the furnace chamber at a flow rate of
150 ml/min for 4 h at 500 ◦C in the argon atmosphere. The cellulose
fibers were then carbonized at 850 ◦C for 30 min. For carboniza-
tion of cellulose fibers without CNT growing, the above-mentioned
steps were repeated except for the pre-treatment step. For growing
CNTs on carbon fibers, the furnace temperature were cooled down
from 850 to 700 ◦C, and hexane vapor was subsequently added at
a flow rate of 600 ml/min with argon as the carrier gas. The hex-
ane served as a carbon source for CNTs, whose desired length was
controlled by the hexane feeding time, which is in the range of
3–20 min.

The morphology of carbonized samples was studied by using
scanning electron microscopy (Hitachi S3500N Variable Pressure
SEM) and transmission electron microscopy (Philips CM12 Trans-
mission Electron Microscope). The surface areas of samples were
determined by using gas sorptometer (ASAP, 2000, Micromerit-
ics, Norcross, GA, USA) based on physical adsorption of nitrogen
gas molecules. The adsorption isotherm was analyzed using the
BET method (Brunauer et al., 1938) to calculate for the quantity
of gas involved in the monolayer coverage of material surfaces,
thereby allowing estimation of specific surface area. All measure-
ments above were preformed in accordance with standard sample
preparation protocols.

2.2. Fabrication of carbon fiber microelectrode

One single carbon fiber (modified with or without CNTs) was
pulled out from the carbonized sample pad, and glued with a con-
ductive carbon paint (SPI supplies, West Chester, PA, USA) onto a
copper wire (L = 85 mm) inserted through a capillary (Drummond
Scientific Company, Broomall, PA, USA). Both ends of the capillary
tube were sealed with epoxy glue (Armstrong Products Company,
Easton, MA, USA). The exposed fiber length was measured under
an optical microscope, and controlled by trimming to 3 mm. The

resulting microelectrodes are named carbon fiber microelectrode
(CFME) and CNT-carbon fiber microelectrode (CNT-CFME). After
drying at room temperature for overnight, the fabricated carbon
fiber microelectrode was used in the following electrocatalytic
measurements.
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ig. 1. Images of carbonized fiber and CNT coated carbon fiber. (A) SEM of cellulos
ber, scale bar: 5 �m; (C) SEM of CNT-enabled carbonized fibers with 5 min of he
exane feed, scale bar: 10 �m; inset: weight percentage based on original sample
howing two different sizes of CNT diameter (∼100 nm and ∼10 nm), scale bar: 100

.3. Electrocatalytic studies of carbon fiber microelectrodes

The electrochemical properties of microelectrodes were tested
y using the CHI 760C electrochemical workstation (CH Instru-
ents, Inc., Austin, TX, USA) with a three-electrode system. The

FME or CNT-CFME sample was used as the working electrode.
he Ag/AgCl electrode and Pt wire electrode were used as the

eference and counter electrodes, respectively. The effective elec-
rocatalytic surface area of each microelectrode was measured by
sing cyclic voltammetry at different scan rates (0.01–0.3 V/s) with
3Fe(CN)6 as electrolyte in 0.1 M KCl. The oxidation of NADH on
FME and CNT-CFME was investigated by cyclic voltammetry of
rs, scale bar: 100 �m; (B) SEM of reduced Fe particles on the surface of a cellulose
eed, scale bar: 10 �m; (D) SEM of a CNT-enabled carbonized fiber with 20 min of
t vs. carbonization time; (E) TEM of a suspension of CNT in ethanol/H2O mixture
F) photo of a 3-D structured carbonized fiber material.

0.5 mM NADH (Sigma, St. Louis, MO, USA) in 0.05 M NH4Cl–NH4OH
buffer (pH 9.0). When CFME or CNT-CFME was applied in the regen-
eration of NAD in the oxidation reaction of glycerol, 4 ml of a total
reaction system containing 25 mM of glycerol (Sigma, St. Louis, MO,
USA), 0.24 U/ml of glycerol dehydrogenase (Sigma, St. Louis, MO,
USA), and various concentrations of NAD ranging from 0 to 2 mM
were used.
3. Results and discussions

This work examined the growth of CNTs on the surface of car-
bonized cellulose fibers. The cellulose fiber is shown in Fig. 1A.
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Fig. 2. Image and cyclic voltammograms of a fabricated CNT-CFME electrode. (A)
Microscopic image of CNT-CFME electrode; (B) cyclic voltammograms of the CNT-
Carbon Fiber Microelectrode (CNT-CFME) in 0.1 M KCl solution containing 4 mM
346 X. Zhao et al. / Biosensors and

ontrolled growth of carbon nanotubes on fiber surfaces was real-
zed via deposition of metal particles without addition of dispersing
ids. When the cellulose fibers were deposited with Fe3+ salt (pre-
reatment) followed by carbonization at 850 ◦C for 30 min and
eduction by introducing H2 gas into the furnace chamber, the
e salts were reduced to Fe particles. The carbonized fibers prior
o CNT growth maintained 30.3% of the original weight, and the
educed Fe particles on the carbonized fiber surface are shown in
ig. 1B. On the other hand, the carbonized fibers without loading of
e salt weighed 26.5% of the original weight after undergoing the
ame procedure of carbonization, thus the deposited metal particle
mounted to 3.8% of the cellulose weight.

The growth and morphology of CNT-carbon fibers are evidenced
rom the SEM images. After cellulose fibers were loaded with the
e precursor, a continuous thin film was uniformly coated onto the
hole surface (data not shown). During the reduction of Fe3+ to Fe
ith H2, different sizes of iron particles were formed on the surface

f carbonized fiber surface (Fig. 1B). Since the surface of cellulose
ber is not as smooth as shown in Fig. 1A, the Fe particles were
ot uniformly formed. Individual cellulose fibers have an average
iameter of ∼20 �m (Fig. 1A), which was reduced to ∼15 �m after
arbonization, suggesting a loss of material as reported in another
tudy on cellulose carbonization (Kim et al., 2001). Upon CNT
rowth, however, the diameter of individual fibers was reduced to
range of 10–15 �m. This diameter decrease could be attributed to

he prolonged heat exposure during the CNT growing stage, causing
diameter shrinkage that prevailed over the diameter gain from

he grown (protruded) CNTs. The hexane supply time influenced
he length of CNTs grown on the carbonized fiber surfaces. A longer
exane exposure time resulted in longer CNTs (Fig. 1C and D).

The CNT-grown carbon fibers exhibited a weight gain that
orresponds to the increased CNT length. The weight of (CNT-
nabled) carbon fibers, as a percentage of the starting cellulose
bers, increased linearly (from 30.3% to 42.2%) at the first 10 min
f hexane exposure. The weight gain slowed down after 10 min,
ith a weight ratio of 45.4% at 20 min. This observation could be

ttributed to the limited space adjacent to the fiber surface for CNTs
t high growth density.

The CNT-carbon fibers prepared was further investigated
nder TEM. Samples of these fibers were first suspended in an
thanol/H2O mixture and sonicated for 2 min. Under TEM, coiled
nd branched CNTs were observed on the surface of carbon fibers,
ith the iron particle core on the tips of CNTs (Fig. 1E), veri-

ying that CNT growth were enabled at the catalysts locations.
his observation is in agreement with previously reported CNT
rowth on synthetic electrospun polyacrylonitrile (PAN) fibers
Hou and Reneker, 2004) in which CNTs were grown at the loca-
ion where catalysts exist. Branched CNTs grown on the surface
f a carbon fiber were shown in Fig. 1E. Two different diame-
ers of CNT were found (∼100 nm and ∼10 nm), and the thinner
NTs were not observable from SEM images. These TEM results
lso indicated that the Fe precursor formed different sizes of par-
icles during reduction, but only the large Fe particles could be
bserved under SEM. The TEM images also revealed that thinner
NTs (∼10 nm) are hollow and branched, while thicker (∼100 nm)
NTs are on the surface of carbon fiber. A similar anchorage
f carbon nanofibers on structured carbon microfibers was also
eported (Li et al., 2009). However, this previous study reported
rowth of nanofibers on the surface of carbon microfibers, while
ur present study clearly demonstrates the growth of carbon nan-
tubes.
In a bigger dimensional scale, the CNT-modified carbon fibers
roduced in this study are a 3-D structured material (Fig. 1F). Our
uccess in producing such materials from renewable fibers strongly
ontrasts other research with CNT growth, which was conducted
n fossil-based fibers (Hou and Reneker, 2004). In addition to the
K3Fe(CN)6, at different scan rates (0.01, 0.025, 0.05, 0.075, 0.1, 0.15, 0.2 and 0.3 V/s).
Arrow in the figure indicates increasing scan rates.

size shown in Fig. 1F, different geometries of materials can also be
produced with the same protocol.

To investigate surface areas of the carbonized samples, two sam-
ples were selected (carbonized fibers and CNT-carbon fibers) for the
BET measurement. The BET surface area of blank carbon fibers was
below the measurement limit (10 m2/g). The BET result for CNT-
carbon fiber was 36.4 ± 0.2 m2/g, thus showing a dramatic increase
in the surface area with the growth of CNTs on carbonized fibers.
This surface area is comparable to the reported data (23 m2/g) for
CNT grown on carbon felt (Li et al., 2009) for 1–9 h.

In addition to BET surface area of bulk samples, the effective sur-
face area of single fibers available for electrochemical reaction was
measured by using cyclic voltammetry. Samples (Fig. 2A) of the
carbon fiber microelectrode (CFME) and CNT-carbon fiber micro-

electrode (CNT-CFME) were tested at different scan rates in 4 mM
of K3Fe(CN)6 in 0.1 M of KCl solution. Results are shown in Fig. 2B.
The effective surface area of CFME and CNT-CFME were calculated
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ased on the Randles Sevich equation (Brett and Brett, 1993):

p = 2.69 × 105n3/2ACD1/2v1/2, (1)

here n is the electron numbers transferred, in this case n = 1 for
3Fe(CN)6; A is the electrode surface area; C is the concentration
f K3Fe(CN)6; D is the diffusion coefficient of K3Fe(CN)6, which is
.62 × 10−6 cm2/s in 0.1 M KCl solution (Walters et al., 1984); v is
he scan rate in cyclic voltammetry.

Values of the effective surface area of single CFME and CNT-
FME calculated the Randles Sevich equation were, respectively,
.0 × 10−4 and 2.6 × 10−4 cm2/mm. The fiber surface area/volume
ould be estimated from the length (1 mm) of the exposed fiber
nd the fiber diameter (11.2 �m for CFME, and 14.4 �m for CNT-
FME) determined from SEM. Results showed that the surface
rea of CFME and CNT-CFME were 1.2 × 105 and 2.7 × 105 m2/m3,
espectively, suggesting an over two-fold increase in the effective
lectrode surface area. Such an increase is less compared to the
ET measurement which revealed more than three-fold enhance-
ent in specific surface area. The disparity can be explained by

he difference in diffusion patterns between the K3Fe(CN)6 used
n cyclic voltammetric measurements and the nitrogen gas used
n BET adsorption measurements. Since smaller molecules such
s nitrogen can diffuse into smaller pores, more surface area is
etected in BET measurements. Indeed, the BET measurement gave
n average pore size of 9.67 nm in the presence of thinner CNTs, and
his pore size is large enough for the diffusion of small molecules.

Since carbonized fibers in this study will be used in electro-
hemical applications, electrical conductivity is a very important
actor to study. Conductivity results of the carbonized fiber and
NT-enabled carbonized fiber were, respectively, calculated to be
030 ± 550 S/m and 4592 ± 828 S/m by measuring the current pass-

ng through a single fiber when a known voltage was applied. The
lectrical conductivity of polyacrylonitrile (PAN) based electrospun
ber and the CNT-PAN nanofiber were reported, respectively, to be
80 S/m (Wang et al., 2002) and 1315 S/m (Hou and Reneker, 2004).
he conductivity of our carbonized fiber is over six-folds higher
han that of the electrospun PAN fiber, indicating that carbonized
ellulose fibers have the potential to be widely used in electrocat-
lytic area. When branched CNTs were grown on the surface of the
arbonized cellulose fiber, the conductivity increased another 1.5
imes.

CFME and CNT-CFME electrodes were used as working elec-
rodes in a three-electrode electrochemical setup for detecting the
xidation of NADH. NADH is the reduced form of nicotinamide ade-
ine dinucleotide (NAD), an important electroactive biomolecule.
he NAD/NADH is shared by over 400 dehydrogenase enzymes as
ofactor (Nowall and Kuhr, 1995). In bioelectrochemical applica-
ions, the recycling of NADH to NAD is important for the purpose
f sustainability. The direct oxidation of NADH to NAD was hardly
ealized on traditional electrodes, such as gold, platinum, and glassy
arbon electrode, due to the high overpotential (>1.0 V) caused
y sluggish charge transfer kinetics (Jaegfeldt, 1980; Moiroux and
lving, 1978) and electrode fouling by the adsorption of NADH
nd the produced NAD (Hayes and Kuhr, 1999). CNT-based elec-
rodes illustrated the possibility of reducing the oxidation potential
f NADH, and the catalytic ability on the oxidation of NADH was
eported to improve for electrodes modified with CNTs (Kumar and
hen, 2008).

In the present work the different oxidation properties of
ADH on CFME and CNT-CFME were first investigated by cyclic
oltammetry in the presence/absence of 0.5 mM NADH in 0.05 M

H4Cl–NH4OH buffer (pH 9.0). As shown in Fig. 3, both electrodes

howed catalytic ability for the oxidation of NADH without the
resence of any mediators. However, the oxidation current of NADH
tarted to increase after the potential reached 0.45 V on CFME, while
he increase in current started right after the potential reached
Fig. 3. Oxidation curves of cyclic voltammograms on the CNT-Carbon Fiber Micro-
electrode (CNT-CFME) and Carbon Fiber Microelectrode (CFME, inset) in 0.5 mM
NADH solution (pH 9.0) contained in 50 mM NH4Cl–NH4OH buffer (pH 9.0); scan
rate 100 mV/s.

0.2 V on CNT-CFME. The result for CNT-CFME is comparable to the
previously published oxidation potential (+0.4 V) of heat treated
multi-walled carbon nanotubes fiber microelectrode (Wang et al.,
2003). The higher surface area and the presence of CNTs served to
facilitate the oxidation of NADH on carbon fiber electrode and to
lower the overpotential. When the potential of both electrodes was
at 0.6 V, the oxidation current of NADH on CNT-CFME was 0.28 �A,
which is over 10 times higher than that on CFME. From the cyclic
voltammograms, we also observed that the current became sta-
bilized at the potential range of 0.55–0.78 V, thus allowing us to
conclude that within this potential range, the oxidation rate of
NADH on the surface of CNT-CFME was in equilibrium with the
diffusion rate of NADH to the electrode surface.

The oxidation of NADH on CNT-CFME was investigated by exam-
ining currents generated in cyclic voltammetry and amperometry,
respectively. As shown in Fig. 4A the oxidation currents of NADH in
both measurements were closely agreeable, and the linear range for
NADH detection is up to 2.5 mM. The detection limit of CNT-CFME
electrode was 0.008 mM for NADH, which is slightly lower than
the 0.01 mM reported in the literature on a polymer-modified car-
bon fiber electrode (Ju and Leech, 1997). A typical current response
to changes of NADH concentrations is shown in Fig. 4B. From the
amperometry experiment, the current response time was ∼14 s, i.e.
it took about 14 s for the current to reach 95% of the stable reading.

The highly sensitive and efficient redox reaction of NADH could
be applied to many bioassays that involve the activity of NADH.
We explored in this work the reaction of glycerol oxidation cat-
alyzed by glycerol dehydrogenase. The glycerol oxidation reaction
was carried out in a 4-ml three-electrode electrochemical cell, with
the CNT-CFME electrode as the working electrode, and Ag/AgCl
and Pt wire electrodes as the reference and counter electrodes,
respectively. The reaction was conducted at initial concentrations
of 50 mM of glycerol, 2 mM of NAD, and 26.7 U/ml of glycerol dehy-
drogenase. The time course of NADH concentrations (Fig. 5A) in
the reaction system was recorded from the increasing peak cur-
rent at 0.55 V in cyclic voltammograms in a non-stirring system.

The potential was selected to be 0.55 V based on the high oxida-
tion current of NADH in the range of 0.55–0.78 V as observed from
cyclic voltammogram. Fig. 5A shows that the current increased
linearly with time for the first 10 min, thus exhibiting the con-
centration of product–time relationship at the initial reaction of
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Fig. 4. Current responses in detecting NADH. (A) Current of NADH oxidation to
the change of NADH concentration on cyclic voltammogram (CV) and amperom-
etry. Filled diamond (�): current reading from CV; Open square (�): current reading
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Fig. 5. The oxidation reaction of NADH regeneration in a glycerol oxidation reaction
system. (A) Time course of the current of NADH from glycerol oxidation reaction in
cyclic voltammetric measurements in a non-stirring system. Potential = 0.55 V. Reac-
tion conditions: [Glycerol] = 50 mM; [NAD] = 2 mM; [GlyDH] = 26.7 U/ml in 50 mM
rom I-t; (B) Typical current response to NADH concentration in amperometry with-
ut stirring. Aliquot of NADH solution was injected to the electrochemical cell,
ith [NADH] = 0.15 mM in the first injection, and an increase of 0.35 mM each time

hereafter.

ichaelis–Menten kinetic model. When a longer reaction time was
llowed, the oxidation current reached a stationary stage. There-
ore, data at the point of 20 min were used in subsequent studies
or the sake of measurement stability.

To examine the current efficiency of NADH oxidation on the
NT-CFE electrode, the stabilized current readings at 0.55 V on
yclic voltammogram were compared to the currents calculated
rom NADH oxidation. First, the NADH generation at various NAD
oncentrations was respectively measured by monitoring NADH
bsorbance at 340 nm using a UV–vis spectrometer. From the
bsorbance of NADH at 340 nm, the concentration of NADH gen-
rated in the reaction was calculated. The current of oxidation for
uch an amount of NADH was then determined from the NADH
eneration rate, with the assumption that one NADH provides one

lectron to the electrode at the oxidation potential. The calculated
heoretical value of currents was used to divide current measure-

ents from cyclic voltammograms to estimate current efficiency at
ach NAD concentration (Fig. 5B). Results show that the oxidation
NH4Cl–NH4OH buffer (pH 9.0). (B) Current efficiency of the oxidation of NADH on
the CNT–CFME electrode. [Glycerol] = 25 mM, [GlyDH] = 0.24 U/ml, and [NAD] varies
from 0 to 1 mM. Empty squares (�): stabilized I-t current reading; empty diamond
(♦): current calculated from UV–vis measurement.

current at different initial NAD concentrations attained different
efficiency levels, ranging from 65% at 0.5 mM of NAD to 93% at
1.0 mM of NAD, indicating that the NADH generated from glycerol
oxidation reaction can be nearly completely oxidized on CNT-
CFME electrode at an NAD concentration larger than 1.0 mM. This
indication signifies the promise for large-scale bioelectrochemi-
cal applications by using our CNT-modified cellulose-based carbon
fibers as the electrode.

Other than regenerating NADH in large-scale bioelectrochemi-
cal applications, the single carbon fiber microelectrode presented
in this paper can also be used in biosensors involving enzyme
reactions with NAD/NADH as a cofactor. Using glycerol oxidation
reactions catalyzed by glycerol dehydrogenase as an example, all
three components (glycerol, NAD, and glycerol dehydrogenase) can
be measured electrochemically based on the principle of NADH
oxidation on CNT-modified carbon fiber microelectrodes. Based on
Eqs. (2) and (3), the measured current from the oxidation of NADH
on the electrode would indicate the concentration of a compo-
nent (glycerol, NAD, or glycerol dehydrogenase) if the other two

components were provided in excess.

Glycerol + NAD
GlyDH−→ Dihydroxyacetone + NADH (2)

NADH → NAD + H+ + 2e− (3)
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Fig. 6. Linear detection ranges of glycerol dehydrogenase and glycerol at a constant
NAD concentration (2 mM). (A) Current response in detecting NADH generation
in glycerol oxidation reaction as a function of changes in glycerol concentration;
[GlyDH] = 0.4 U/ml; (B) current response in detecting NADH generation in glycerol
oxidation reaction as a function of changes in glycerol dehydrogenase concentration;
[

0
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r
w
o
o
a
e
a
s
e
e
a
p
o
i

Gly] = 20 mM.

Calibration curves of glycerol and glycerol dehydrogenase at
.6 V in amperommetry with a constant NAD concentration (2 mM)
re shown in Fig. 6. For detecting glycerol, the linear detection
ange was from 0 to 0.25 mM (Fig. 6A), and the detection limit
as 0.04 mM (data not shown). The detection limit of glycerol

n this CNT-CFME is the same as the detection limit reported
n a NAD modified carbon paste electrode (Álvarez-González et
l., 2000). For measuring glycerol dehydrogenase activity, the lin-
ar range of measurement (Fig. 6B) was from 0.004 to 0.05 U/ml,
nd the detection limit was 0.004 U/ml. These figures demon-
trate the multiple applications that this kind of CNT-carbon fiber
lectrodes can be used for. Moreover, for other dehydrogenase

nzymes that work with NAD, a broad range of substrates can
lso be detected with methods similar to the approach in this
aper. The benefits of sustainable electrode materials, less amount
f samples used, and smaller system setup can also be real-
zed.
ctronics 25 (2010) 2343–2350 2349

4. Conclusion

A new method of fabricating hierarchically structured carbon
electrodes was reported in this paper by growing carbon nanotubes
(CNTs) with carbonization of a renewable material (cellulose) in
the presence of metal ions as the catalyst in a high temperature
furnace. The process provides a fast approach in the manufacturing
of carbon materials for electrochemical applications. The result-
ing carbon materials were fabricated into carbon microelectrodes
and tested in the detection of NADH oxidation. The overpotential of
NADH decreased from over 0.8 to 0.6 V for the CNT-modified carbon
fiber electrode, indicating that the presence of CNTs could lower
the potential of NADH oxidation on carbon electrodes, thereby
reducing possibilities of electrode fouling. The single fiber micro-
electrode is promising for applications such as enzyme, glycerol,
and NADH biosensors. Combining with a wide range of dehydro-
genase that can be selected to work with NADH, the applications
of such a microelectrode can be expanded to include biomedical
devices, bioenergy processes, and production of many enzyme-
catalyzed products. The carbonization method of cellulose fibers
reported is also expected to be an appealing approach for the pro-
duction of large geometry electrodes suitable for industrial scale
electrochemical processes.
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