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ABSTRACT
Since their discovery in 1991, carbon nanotubes have attracted much
attention and generated a great deal of research interest due to their unique
structures and properties. Both theoretical modeling and experimental work
have been carried out concerning the production, purification, properties and
applications of carbon nanotubes. In this review, applications of carbon
nanotubes for electrochemical sensing of chemical and biological species are
reviewed, with an emphasis placed on (1) improved voltammetric signals of
small

organic

and

inorganic

species,

(2)

direct

electrochemistry

of

biomacromolecules such as redox-active proteins, select enzymes, and DNA,
and (3) selective determination of biologically important species in complex
sample media.

Keywords: Carbon nanotubes, electrochemical sensors

1. INTRODUCTION
Carbon nanotubes are interesting nanomaterials whose unique properties
include their remarkable tensile strength, superb electrical conductivity and
high chemical stability /1/. These unique properties have prompted major
research efforts aiming at finding potential applications in areas as diverse as
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scanning probe microscopy 121, batteries /3/, nanoelectronic devices /4/, field
emitters 151, chemical and biological sensors 16-91, and gas storage devices
/10, 11/.
Carbon nanotubes can be divided into two categories, multi-wall carbon
nanotubes (MWNTs) /12/ and single-wall carbon nanotubes (SWNTs) /13/.
MWNTs were first discovered and found to consist of concentric and
seamlessly closed graphite tubules. A SWNT is a single-layer cylinder
extending from one end to the other with a diameter of 1-2 nm. SWNTs can
easily aggregate, forming a regular pattern of bundles comprising tens to
hundreds of carbon nanotubes in parallel and in contact with one another.
Carbon nanotubes behave electrically as a metal or as a semiconductor
/14-16/ and therefore are more conductive than graphite Ι\ΊΙ. When used as
electrode materials, carbon nanotubes were found to enhance electrontransfer reactions. The first construction of carbon nanotube electrodes was
realized by packing the tubes mixed with mineral oil, deionised water, and a
bromoform binder into a glassy capillary. The resulting electrode was used
for the voltammetric studies of dopamine 161 and protein electrochemistry
/18/, and for the electrocatalysis of dissolved oxygen /19/. As electrochemical
probes, in addition to some of the aforementioned properties, carbon
nanotubes have other advantages, such as their nanoscopic sizes, the high
aspect ratio (ranging from 100 to 1000), specific catalytic activity, high
sensitivity and stability.

2. CARBON NANOTUBES AS ELECTROCHEMICAL SENSORS
Calculated results suggest that electronic properties of carbon nanotubes
are variable. Carbon nanotubes can be metallic or semiconducting depending
on their tube diameters and chiralities /14-16/. The unique electronic
properties were found to lead to a great improvement of electron transfer
rates at the carbon nanotube electrode/solution interfaces 161. Several kinds of
carbon nanotube electrodes have been constructed 16, 20-22/, and charge
transfer reactions at carbon nanotubes were found to occur at faster rates than
those at traditional carbon electrodes.
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2a. Voltammetric Studies of Small Organic and Inorganic Species
In 1996, Britto et al. 161 first used multi-wall carbon nanotubes as an
electrode material to study the dopamine oxidation. A cyclic voltammogram
(CV)

with a peak potential difference (Δ£ ρ )

of 0.030 V was obtained,

suggesting that dopamine can undergo a two-electron oxidation to its oquinone counterpart. Such a voltammogram was much more reversible than
those observed at other carbon electrodes (Fig. 1). Furthermore, treatment of
the electrode with goat brain tissue homogenate did not deteriorate the
voltammetric response of dopamine, illustrating the potential applicability of
carbon nanotube electrodes for in vitro and in vivo

neurotransmitter

detections.
In a later report, Ajayan and coworkers /19/ reported the electrocatalytic
reduction of dissolved oxygen (an important H 2 -0 2 fuel cell reaction), using
microelectrodes constructed with multi-wall nanotubes. A well-defined
reduction peak was observed at the carbon nanotube electrode with a
significant decrease in the overpotential of 0 2 reduction reaction, indicating a
more

facile reaction

occurring at the nanotubes than that at

other

carbonaceous electrodes.
Liu et al. (23) characterized the electrochemical response at SWNT films
onto Pt or Au electrodes formed by casting SWNT suspensions in several
solvents. In contrast with the CVs at C 60 films prepared in a similar manner,
voltammograms at the SWNT films in acetonitrile did not exhibit wellresolved

waves.

complication

or

This

observation

was

attributed

to the

convoluted

interferences arising from different electron

transfer

processes occurring at individual nanotubes.
Crooks' group (20) constructed SWNT electrodes consisting of 80-200
nm diameter carbon nanotubes attached to sharpened Pt wires of 15-50 μηι.
A sigmoidal CV of Ru(NH 3 ) 6 3+ at these electrodes was obtained, which is
characteristic of the rapid mass transfer rate at microelectrodes (Fig. 2). The
nanotubular electrodes are robust and have a uniform diameter and a high
length-to-diameter aspect ratio, and were proposed for possible use as probes
for scanning electrochemical microscopy (SECM) and for electrochemical
analysis of biological materials.
Besides the voltammetric detection of the aforementioned species, some
biologically important inorganic species have also been studied. Zhao's
group /24/ investigated the electrocatalytic oxidation of nitric oxide (NO) at
MWNT-modified electrode. The modified electrode was prepared by casting
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Electrodes

E/V vs SCE
Fig. 1:

(A) Cyclic voltammogram of 5 m M dopamine in a phosphatebuffered saline solution (pH 7.4) at a carbon nanotube electrode; (B)
Cyclic voltammogram of 1 mM dopamine in a phosphate-buffered
saline solution (pH 7.4) at a carbon paste electrode. v=20 m V s"1 and
S C E was used as the reference electrode.

Fig. 2:

Cyclic

voltammogram

of

5

mM

Ru(NH 3 ) 6 3 +

acquired

at

an

uninsulated 150-nm-diameter nanotubular electrode in 0.1 Μ K 2 S 0 4
(v=100 m V

s"1). C V s

indicate near-ideal

radial diffusion with

limiting currents that scale with immersion depth, h.
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25 μΐ of an acetone suspension of M W N T (0.25 m g ml" 1 ) onto the glassy
carbon electrode and allowing the solvent to evaporate. T h e

resulting

electrode exhibits a high stability and a strong catalytic effect toward the
electrochemical oxidation of N O . U p o n further modification with a thin film
of Nafion, which is capable of preventing interferences from anions, (e.g.,
nitrite), this m o d i f i e d electrode can be employed as a N O sensor in solution
with a fast response and a high selectivity.
Liu et al. 1221 used carbon nanotube p o w d e r microelectrodes to detect
nitrite. M W N T s were filled in the cavity at the tip of a microelectrode to form
a carbon nanotube p o w d e r microelectrode ( C N T P M E ) . Anodic treatment was
found to truncate the nanotubes into shorter species, increase double layer
capacity,

and

render

the nanotubes

ability to adsorb Os(bpy) 3 2 + .

C N T P M E modified with pre-adsorbed Os(bpy) 3 2 +

The

(CNTPME-Os(bpy)32+)

showed a high catalytic activity for nitrite reduction in acidic solutions. T h e s e
features, in addition to the miniaturizability, make the C N T P M E - O s ( b p y ) 3 2 + a
very promising candidate as the nitrite sensor.

2b. Detection of Biomacromolecules
Davis et al. /18/ immobilized cytochrome c and azurin on and within
carbon nanotubes without altering the biological activities of these proteins.
Well-defined, reversible C V s of both cytochrome c and azurin were recorded,
demonstrating the possible application of carbon nanotubes as biosensing
devices.
In

the

past

electrochemistry

few
of

years,

some

we

have

investigated

select biomolecules

at

extensively

SWNT

the

film-modified

electrodes. These biomolecules include cytochrome c 1251, D N A 1261, 3,4dihydroxyphenylacetic acid ( D O P A C ) /27/, norepinephrine /28/, uric acid
/29/, dopamine, epinephrine and ascorbic acid /21/.
Luo et al. /21/ investigated the voltammetric behavior of species at
S W N T films deposited onto a glassy carbon electrode. T h e S W N T s were
treated with nitric acid during the purification process.

A s a consequence,

carboxylic acid groups were introduced to the S W N T surface and a stable
wave corresponding to the redox reaction of the carboxylic acid group was
observed (Fig. 3). T h e electrode process involved four electrons, while the
rate-determining step was a one-electron reduction. T h e s e films can be used
to catalyze the electrochemical reaction of some biomolecules, such as
dopamine, epinephrine, and ascorbic acid.
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Fig. 3:

Cyclic voltammograms acquired at a S W N T film deposited onto a
glassy carbon (GC) electrode (a) and a bare GC electrode (b) in pH
6.9 Britton-Robinson buffer (v= 0.1 V s"1).

On the basis of our previous work /21/, we used air-oxidized SWNTs as
an electrode material to study electrochemistry of several biomolecules 12529/. A dispersion of SWNTs in Ν,Ν-dimethylformamide was cast onto a
glassy carbon or a Au electrode. The resulting S W N T film was characterized
with scanning electron microscope, which revealed many disordered S W N T
bundles at the underlying glassy carbon or Au surface. The SWNT-modified
electrode shows a high electrocatalytic activity toward oxidation of DOPAC
which exhibits diffusion-controlled characteristics. The results indicate that
DOPAC undergoes a two-electron oxidation to o-quinone followed by a
dimerization reaction. Rate constant for this dimerization reaction

was

calculated to be 2 . l 0 x l 0 3 dm 3 mol"1 s"1. In the mixed solution of DOPAC and
5-hydroxytryptamine, the two oxidation peaks were separated by about 162
mV at the SWNT-modified electrode. Furthermore, the SWNT-modified
electrode has a favorable electrocatalytic activity toward norepinephrine and
uric acid and can separate the electrochemical responses of uric acid,
norepinephrine and ascorbic acid (Fig. 4). In addition to the electrocatalytic
behavior of some small biomolecules, direct electrochemistry of biological
macromolecules has been successfully achieved. For example, a pair of well-
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Fig. 4:

Differential pulse voltammograms of 1.6xl0~ 4 Μ uric acid ( U A ) +
8.0x10" 4 Μ ascorbic acid ( A A ) + 1.6x10' 4 Μ norepinephrine ( N E ) in
a 0.1 Μ H A c - N a A c buffer solution (pH 5.0) at (a) a bare Au
electrode, and (b) a S W N T - m o d i f i e d electrode. v=5 m V s"1; Pulse
height: 50 m V ; and Pulse width: 50 ms.

defined redox waves was obtained for cytochrome c at an activated S W N T
film-modified electrode with Δ £ ρ = 7 3 . 7 m V at a scan rate of 0.02 V s"1 (Fig.
5). The peak current increases linearly with the concentration of cytochrome
c in the range of 3.0 χ10~ 5 -7.0χ10" 4 M, the detection limit is 1.0 xlO" 5 M. T h e
activation step is believed to result in the removal of surface contaminants or
inhibitory layers that hinder electron transfer and the increase in surface
roughness and surface-bound oxygen /30-32/. Based on these results, w e
speculated that surface peaks at the activated S W N T

film-modified

electrode

might be associated with the redox reaction of the carboxylic acid groups
introduced to the S W N T

film-modified

electrode in the activation step.

Furthermore, interaction of cytochrome c with adenine was characterized by
electrochemical and spectroscopic methods.
W e have also investigated the electrochemical oxidation of

fish

sperm

D N A with voltammetry at the S W N T - m o d i f i e d electrode. T w o voltammetric
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Fig. 5:

Cyclic voltammograms of 5.0x10" 4 Μ cytochrome c at a bare GC
electrode (a), an unactivated SWNT-modified GC electrode (b) and
an activated SWNT-modified GC electrode (c)

in a 0.1 Μ

phosphate buffer solution (pH 6.24). v=0.02 V s' 1 .

oxidation peaks were observed. The first peak (at a more negative potential)
corresponds to the electrochemical oxidation of guanine residues, whereas
the second has been assigned to the electrochemical oxidation of adenine
residues. Native DNA and denatured DNA have the same electrochemical
response at the SWNT-modified electrode. Our results demonstrate that
SWNT-modified electrode could be useful for nucleic acid analysis.
Because of the enhanced electron transfer rates at carbon nanotube
electrodes, other groups have also explored

the potential applications of

carbon nanotubes.
Wang et al. /33/ reported the direct electrochemistry of cytochrome c at a
DNA/MWNT modified platinum electrode. A reversible redox peak of
cytochrome c with a formal potential of 81 mV (vs. SCE) and a peak
potential difference of 70 mV was observed at 50 mV s' 1 . The DNA/MWNTmodified platinum electrode was fabricated via deposition of 10 μΙ of a
mixed solution of DNA and MWNT onto the surface of a platinum disk
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electrode. Such a D N A / M W N T overlayer could be used as a new electronic
material, based on theoretical prediction and experimental confirmation.
Wang

with

coworkers

/34/

reported

nicotinamide adenine dinucleotide)

the

detection

of N A D H

(ß-

at a potential lower than expected at a

carbon nanotube-modified glassy carbon electrode. T h e modified electrodes,
prepared by casting 10 μΐ of a suspension of M W N T in sulfuric acid (1 m g
ml"1)

onto

the

electrocatalytic
overpotential

glassy

carbon

electrode,

response toward N A D H .
of the N A D H

exhibit

strong

A substantial

and

decrease

stable
in

oxidation reaction (490 m V , c o m p a r e d

the
to

ordinary carbon electrodes) was observed using M W N T and S W N T coatings
at pH 7.4. Highly sensitive amperometric analysis for dehydrogenase was
also demonstrated.
Z h a o et al. 135/ reported direct electrochemistry of horseradish peroxidase
( H R P ) at multi-wall carbon nanotube p o w d e r microelectrode. T h e p o w d e r
microelectrodes were fabricated as follows /36/. A 76 μπι diameter

Pt

microelectrode was first chemically etched to form a ΙΟ-μιη-deep cavity,
which was subsequently filled with carbon nanotube powders. T h e adsorbing
H R P was found to undergo direct electron transfer with carbon nanotubes.
Furthermore, the adsorbing H R P still retains its catalytic activity to H 2 0 2 . In
another paper /37/, these researchers used the same carbon nanotube p o w d e r
electrode

to

study

the

oxidation

of

hydrazine

and

found

that

the

electrochemical behavior was greatly improved. These results indicate that
the anodic oxidation of hydrazine could be catalyzed at the carbon nanotube
electrode. Direct electron transfer of glucose oxidase adsorbed onto a carbon
nanotube p o w d e r microelectrode has also been reported by these researchers
/3 8/ with a reversible redox wave. At S W N T - m o d i f i e d gold electrode, the
reversibility of catalase was found to be far superior to those at other types o f
electrodes /39/. Therefore, the use of M W N T -

and

SWNT-

modified

electrodes represents a new approach for the investigation of the kinetics and
thermodynamics of enzymes.

2c. Analysis of Biologically Important Species in Complex Media
Given the presence of many electroactive species in biological systems
(e.g., blood and urine samples), the ability of carbon nanotube electrodes for
the selective analysis of certain species m a y find a wide range of applications
for the purpose of biosensing in complex sample matrixes. Several p a p e r s
have

shown

the

application

of

carbon

nanotube

electrode

for

the
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simultaneous detection of neurotransmitters and/or their metabolites whose
redox potentials could have overlapped at other types of electrodes 121, 29,
40, 41/. Luo's group /40/ studied the voltammetric separation of dopamine
and ascorbic acid at two kinds of carbon nanotube-modified electrodes
(coated and intercalated). The two peaks were separated by 270 mV in the
anodic direction and the different modification routes had little effect on the
peak potentials of dopamine and ascorbic acid. The good resolution of these
two peaks was mainly attributable to the stereo porous interfacial layer
existing in the aggregated pores between isolated M W N T s and inner cavities
of the carbon nanotubes. The modified electrodes exhibited an attractive
feature for the simultaneous measurement of
with good

stability and reproducibility.

cyclodextrin-coated

electrode

dopamine and ascorbic acid

In another article /41/, a

incorporating

carbon

nanotubes

ßwas

constructed and used to detect uric acid in the presence of high concentration
of ascorbic acid. The sensitive and selective detection of uric acid has been
improved owing to the formation of a supramolecular complex between ßcyclodextrin and uric acid.
Functional ization
compound

types

of

carbon

amenable

for

nanotubes

could

electroanalysis.

further
The

expand

the

possibility

for

miniaturization of carbon nanotube electrodes is certainly an attractive
feature in this rapidly expanding

field.

Chen et al. /42/ successfully

immobilized ferritin, streptavidin and biotinyl-3,6-dioxaoctanediamine onto
SWNTs. The noncovalent functionalization involves a bifunctional molecule,
1-pyrenebutanoic

acid,

succinimidyl

ester (1),

which

was

irreversibly

adsorbed onto the surfaces of SWNTs. Consequently protein immobilization
on nanotubes was achieved via the formation of an amide bond (Fig. 6).
Recently, carbon nanotubes functionalized by bovine serum albumin (BSA)
via diimide-activated amidation have been studied /43/. Davis' group /44/
demonstrated that a variety of metalloproteins and enzymes, such as ferritin,
cytochrome c, and glucose oxidase (Fig. 7), could be immobilized onto
oxidized, purified and annealed nanotubes. Catalytic response at glassy
carbon electrode modified with G O X - S W N T s (glucose oxidase immobilized
on SWNTs) was observed upon the addition of glucose (Fig. 8). Nucleic acid
functionalized carbon nanotube arrays had also been produced /45/. All these
studies illustrate the versatility of carbon nanotube and/or carbon nanotubemodified surfaces for the construction of effective biosensors for real-world
applications.
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Fig. 6:

A schematic showing the attachment of protein onto S W N T via the
amide bond formation between the amine groups on a protein and
the succinimidyl ester groups anchored at the S W N T surface. L o w e r
panel: a T E M image of an as-grown S W N T on a gold T E M grid.

Fig. 7:

An A F M image of a glucose oxidase-modified S W N T . Scan bar =
200 nm.
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Fig. 8:
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Voltammetric response of a G O X - S W N T modified G C electrode in
the

absence

(red)

and

presence

(blue)

of 0.5

mM

ferrocene

monocarboxylic acid ( F M C A ) . The catalytic response (green) is
observed upon the addition of 50 m M glucose.

3. C O N C L U D I N G R E M A R K S
Due to their superb conductivity, high aspect ratio, specific catalytic
activity and topological motifs on the surface, carbon nanotubes offer many
advantages as an electrode material, and significant advances have been made
in the application of carbon nanotubes as electrochemical sensors. Highlights
in this field include the ideal reversible voltammetric response of dopamine
and other neurotransmitters on the carbon nanotube electrodes, and the
feasibility of conducting direct electrochemistry of biomacromolecules (e.g.,
cytochrome c and azurin). Construction of microelectrodes f r o m single
carbon nanotubes may be particularly valuable for
scanning

electrochemical

microscopy

(SECM)

techniques such as
or

as

miniaturized

voltammetric sensing devices. A particularly attractive feature is that carbon
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nanotube electrodes can selectively determine certain compounds (e.g.,
neurotransmitters and their metabolites) in the presence of species that
otherwise would interfere at conventional types of electrodes. Currently, a
field that is being actively pursued is the functionalization of carbon
nanotubes, which undoubtedly will drastically expand the applications of
carbon-nanotube-based detectors. Despite the advances reviewed herein,
there are still many challenges for producing well-organized

carbon

nanotubes. Efforts attempting to form well-ordered carbon nanotudes and to
elucidate the structure/topology-function relationships will certainly lead to
the controllable fabrication of new electronic devices, chemosensors and
biosensors.
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