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Abstract
It has been long recognized that surface properties are of paramount
importance for a broad range of materials and a large variety of devices. The
recent development of nanoscience and nanotechnology has opened up
novel fundamental and applied frontiers in surface functionalization and
characterization. At the nanometre scale, the high surface-to-volume ratio
characteristic of most nanomaterials has been demonstrated to have a
tremendous influence of many fundamental material properties and device
performance. In this paper, we present some of the important issues on the
surface functionalization and characterization of polymers and carbon
nanotubes for certain biomedical and optoelectronic applications and
summarize our recent research activities along this line.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

As is well known, the properties of a broad range of materials
and the performance of a large variety of devices depend
strongly on their surface characteristics. For instance, it is
the surface of a biomaterial/biomedical device that comes
into contact with the physiological environment immediately
after it is placed in the body or bloodstream and the initial
contact regulates its subsequent performance [1]. Likewise,
the charge transport process across the interface between a
semiconducting polymer film and a metal electrode forms the
basis for understanding and improving the performance of
many polymeric optoelectronic devices, including thin film
transistors [2–4], photovoltaic cells [5] and light-emitting
diodes (LEDs) [6]. However, it is very rare that a material
with desirable bulk properties also possesses the surface
characteristics required for certain specific applications.
Therefore, surface modification/functionalization is often

1 Author to whom any correspondence should be addressed.

essential in making advanced materials of good bulk and
surface properties and devices of desirable features.

With so many advances in both material science and
surface analytical techniques within the second half of the last
century [7], our understanding of material surfaces has been
significantly increased, as with our ability to control and even
to tailor the surface characteristics for specific applications.
In particular, the turn of this century witnessed the
development of a wide range of useful techniques, including
photolithography [8], soft-lithography [9], self-assembly [10–
12], plasma deposition [13–15] and template syntheses [16, 17]
for multidimensional surface microfabrication of various
materials. In the meantime, a large number of advanced
analytical methods, such as scanned probe imaging [18–20],
x-ray photoelectron spectroscopy (XPS) [21], secondary ion
mass spectrometry [22] and x-ray/neutron reflectometry [23]
have been developed for microanalysis of surface compositions
and depth profiles.

The recent development of nanoscience and nanotech-
nology has opened up novel fundamental and applied
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frontiers in surface functionalization and characterization. At
the nanometre scale, the wave-like properties of electrons in-
side matter and atomic interactions are influenced by the size
of the material [24]. As a consequence, changes in the size-
dependent properties (e.g. melting points, magnetic, optic, and
electronic properties) may be observed even without any com-
positional change [24]. Due to the high surface-to-volume ratio
associated with nanometre-sized materials, a tremendous im-
provement in chemical properties is also achievable through
a reduction in size [24]. Besides, new phenomena, such as
the confinement-induced quantization effect, could also oc-
cur when the size of materials becomes comparable to the de
Broglie wavelength of charge carriers inside [24]. By creating
nanostructures, therefore, it is possible to control the funda-
mental properties of materials through the surface/size effect.
This should, in principle, allow us to develop new materials
and advanced devices of desirable properties and functions for
numerous applications.

Polymers offer a unique class of materials with the natural
length of polymer chains and their morphologies in the bulk,
lying precisely at the nanometre length scale [24]. This,
together with the large number of possible conformations
available to a polymer chain on a surface and/or in the bulk,
indicates considerable room for creating polymeric materials
of new properties and functions even without any change in
their chemical composition. On the other hand, the recent
discovery of carbon nanotubes [25] has opened up a new
era in material science and nanotechnology. In view of
the large number of well-defined carbon–carbon single and
double bonds in most carbon nanotubes, carbon nanotube at
its very essence is polymeric. Having a conjugated all-carbon
structure, carbon nanotubes have indeed been demonstrated
to possess some similar optoelectronic characteristics to
conjugated polymers. Just as conjugated polymers have widely
been regarded as quasi-one-dimensional semiconductors (see
for example [26–28]), carbon nanotubes can be considered
as quantum wires (for recent reviews, see [29–35]). The
interesting electronic and photonic properties, coupled with
their unusual molecular symmetries, have made carbon
nanotubes very attractive for many potential applications,
including as new materials for electron field emitters in
panel displays [36], single-molecular transistors [37], scanning
probe microscope tips (see for example [38–41]), gas and
electrochemical energy storage [42], catalyst and protein/DNA
supports [43, 44], molecular-filtration membranes [45] and
artificial muscles [46]. For most of the above-mentioned,
and many other, applications, it is highly desirable to prepare
aligned/micropatterned carbon nanotubes and to modify their
surfaces, for example with polymers.

Polymer–nanotube hybrid composites constitute a new
class of nanomaterials, which could show properties
characteristic of both constituent components with potential
synergetic effects. For instance, the use of a carbon
nanotube as an electrode in a rectifying heterojunction with
a conjugated polymer has been demonstrated to significantly
reduce the onset voltage for nonlinear current injection
due to an enhancement of the local field at the tip of
the nanotubes [47]. Likewise, LEDs based on conjugated
polymer/carbon nanotube composites have been shown to
exhibit lower current densities and better thermal stabilities

than the corresponding pure polymer devices, as carbon
nanotubes enhance the conductivity and act as nanometric
heat sinks [48]. Recently, we have prepared large-scale
aligned carbon nanotube arrays perpendicular to the substrate
surface by pyrolysis of iron (II) phthalocyanine (FePc) onto the
pristine quartz glass plates [49]. Subsequently, we have also
developed microfabrication methods for patterning the aligned
carbon nanotubes with a sub-micrometre resolution and for
patterned/non-patterned transferral of such nanotube arrays to
various other substrates of particular interest (e.g. polymer
films for organic optoelectronic devices or metal substrates
for electrochemistry) [49–53]. We have also prepared
novel aligned conducting polymer–carbon nanotube coaxial
nanowires by electrochemically depositing a concentric layer
of an appropriate conducting polymer onto the individual
aligned carbon nanotubes [54]. Furthermore, the aligned
structure allows us to develop a simple, but versatile, approach
for chemical modification of carbon nanotubes whilst largely
retaining their structural integrity [55]. The resultant carbon
nanotubes with a tailor-made surface facilitate the use of
carbon nanotubes in various applications, ranging from
polymer nanocomposites to biomedical devices [56].

The surface functionalization concerning polymers and
carbon nanotubes is a very broad field, which includes material
synthesis, structural determination, surface/interface design
and modification. In this paper, we present some of the
important issues concerning the surface control of polymers
and carbon nanotubes for biomedical and optoelectronic
applications. Since focus is given to our own work with no
intention for a comprehensive literature survey of the subject,
there is no doubt that the examples presented in this paper do
not exhaust all significant work reported in the literature.

2. Functionalized surfaces with polymer nanofilms

Polymer thin films with their thickness at the nanometre scale
(i.e. polymer nanofilms or nanosheets) are an important class of
materials from the viewpoints of both the fundamental science
and practical applications. For instance, the use of surface-
adsorbed polymers is known to be vital for the success of
various technological applications and in biological systems,
including adhesion, lubrication, steric stabilization of colloidal
dispersions and the interaction of cell membranes [57–59].
On the other hand, the use of conjugated polymers in
integrated circuits, field-effect transistors, optical memory
storage, electroluminescent and electrochromic displays often
requires that they be microlithographically patterned on
various substrate surfaces [6, 28]. In what follows, we will
summarize some of our work on the surface and interface
control of polymeric biomaterials and conjugated polymers,
though reference is also made to other complementary work as
appropriate. Methods for surface micropatterning and region-
selective modification will also be discussed.

2.1. Functionalized surfaces with plasma-induced groups
and thin films

As is well known, radio-frequency glow-discharge is formed
when gaseous monomers are exposed to a radio-frequency
electric field at low pressure (<10 Torr) [60, 61]. During
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Scheme 1. Periodate oxidation of dextran producing aldehyde
groups, followed by covalently grafting the periodate oxidized
dextran onto plasma-induced amine surface groups [65].

the glow-discharge process, energy is transferred from the
electric field to free electrons, which inelastically collide with
molecules leading to generation of more electrons, ions and
free radicals in the excited state. These plasma species are
very reactive towards surfaces, causing surface modification
in the case of plasma treatment and polymer deposition in
the case of plasma polymerization. Although the electrons
activated for generating charged particles may have a very
high electron temperature (e.g. 2 eV = 23 200 K), they are not
at thermodynamic equilibrium with gas molecules in the so-
called ‘cold’ plasma process [61]. Therefore, plasma treatment
and plasma polymerization can be carried out with the gas
molecules being at ambient temperature, and thus without
thermal degradation of the sample surface and/or the plasma-
polymerized layer. Plasma polymerization has been widely
demonstrated to generate thin, cohesive, adhering, pinhole-
free polymer thin films, which are often used as protective
coatings or adhesion promoting layers and have potential
applications in optical waveguides, sensor technology, and
electronic/photonic devices [61].

Plasma technique has also played an important role in
the surface activation of various materials, ranging from
organic polymers to inorganic ceramics and metals [13, 62].
We have developed approaches for the surface modification
of biomaterials by plasma techniques. In cases where
covalent immobilization of polymer chains is required for
chemically inert biomaterials, such as fluorine- and silicon-
containing polymers [63], the substrate needs to be pre-
activated to introduce suitable reactive surface groups. A
popular approach for preparing such activated polymer
surfaces is to use the radio-frequency glow-discharge plasma
technique for introducing either specific functional surface
groups (via plasma treatment) or functional polymer layers
(via plasma polymerization) (see for example [60, 61]).
Further chemical modification was then achieved by covalently
bonding appropriate molecules (e.g. polysaccharides) onto
the plasma-activated polymers via various specific reactions
between the attaching polymer chains and the plasma-induced
surface functional groups. Examples include the attachment
of polysaccharides (e.g. dextran, pullulan and blue dextran)
onto plasma-induced amine surfaces [63–66]. As can be seen
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Figure 1. XPS C 1s spectra of (a) NH3-plasma-treated FEP
recorded at normal emission (0◦, solid curve) and glancing emission
(75◦, dashed curve) and (b) oxidized dextran immobilized onto
ammonia-plasma treated FEP, at a photoelectron emission angle of
(0◦, solid curve) and (75◦, dashed curve) [68].

in scheme 1, the immobilization reaction involves oxidation
of polysaccharides by sodium metaperiodate, NaIO4, to
produce aldehyde groups, which were then covalently bound
to the plasma-induced surface amine groups to form Schiff
bases [65, 66]. After stabilization by NaCNBH3, the polymer
surface thus modified showed strong, stable hydrophilicity.

The advancing, sessile and receding air/water contact
angles (ACA, SCA, RCA) for an untreated perfluorinated
ethylene-propylene (FEP) copolymer film are found to
decrease from 119◦, 107◦ and 98◦ to 34◦, 25◦ and 6◦,
respectively, upon a NH3 plasma treatment followed by the
oxidized dextran attachment. This, together with high water
film retention, provides a rapid demonstration of the successful
attachment of the hydrophilic polysaccharide coating. While
contact angles enable detection of a change in wettability,
they do not allow verification that this new surface indeed
possesses the composition expected on the basis of the intended
reaction. Therefore, XPS analyses were performed [65, 66].
Representative XPS C 1s spectra NH3-plasma-treated FEP
recorded at normal emission (0◦) and glancing emission
(75◦) are shown in figure 1(a). From comparison with the
XPS C 1s spectrum of untreated FEP [67], it becomes clear
that the contributions over 284–289.5 eV are products of
the plasma treatment. The outermost surface layer of the
FEP had been modified extensively, as attested by the large
reduction in the original fluorocarbon signal at 292.5 eV.
However, the angle dependence measurements reveals that
the plasma layer is thinner that the XPS probe depth (about
10 nm) [68, 69], as the fluorocarbon signal is still observable
even at the glancing emission. Figure 1 reproduces XPS C1s
spectra recorded at 0◦ and 75◦ emission after the attachment
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Figure 2. Schematic illustration of the polymer-grafted capsule
membrane as a permeation valve [80].

of oxidized dextran onto a FEP/NH3 sample. The signals
are consistent with expectations based on oxidized dextran
superimposed on a FEP/NH3 contribution [65–68]. The C 1s
signal at glancing emission contains strong C–O and O–C–O
components, characteristic of oxidized dextran and a small
perfluorocarbon component (at 292.5 eV). The detection of
the CF2 signal from the substrate can occur due to the grafted
layer being thinner than the XPS sampling depths.

By end-functionalization of the polysaccharide chains,
an end-bound dextran layer has been prepared [70]. In
contrast to the side-bound chains, the end-bound polymer
brushes could have implications beyond their use as
bioinert surfaces because terminally anchored polymer brushes
have demonstrated many interesting dynamic and/or kinetic
characteristics of importance for the development of new
devices (see for example [71–77]). To mention but a
few examples: tubular medical devices with their inner
surface grafted by certain polymer brushes may act as both
sensor and valve for flow control since terminally anchored
brush chains can expand in response to a shear flow in a
good solvent, leading to a decrease in the cross-sectional
area for flow [78, 79]. Alternatively, capsule membranes
with end-grafted temperature/pH-responsive polymer chains
(e.g. poly(N -isopropylacrylamide) or poly(glutamic acid))
may be used as thermoselective drug release devices and/or
pH-sensitive gates via a conformational change of the end-
grafted polymer brushes (figure 2) [80, 81]. Furthermore,
end-adsorbed polymer chains have also been shown to be
useful for regulating the frictional forces between solid
surfaces, the spreading properties of liquids and the stability
of thin films on solid surfaces [82, 83]. In view of
the importance of the surface-bound polymer chains to
various practical applications, we will elucidate chain
conformations and conformational transitions of the surface-
bound macromolecules in detail below, using the physically
end-adsorbed macromolecules as model systems.

2.2. Functionalized surfaces with end-adsorbed polymer
brushes

End-adsorbed polymer brushes have attracted considerable
interest in recent years [84–87]. In addition to their potential

(a)

(b)

(c)

train

loop

tail

Figure 3. Conformations of adsorbed polymer chains. (a)
‘Tail-like’ conformation of end-adsorbed homopolymer or diblock
copolymer. (b) ‘Loop-like’ or ‘tail-like’ conformation of
end-adsorbed triblock copolymer. (c) ‘Tail–loop–train’
conformation of adsorbed homopolymer.

use in thermoselective drug release devices and/or pH-sensitive
gates [80, 81], the surface-bound polymer brushes have
been demonstrated to be of significance for many other
technological applications [65, 84–89]. Examples include
the use of the end-adsorbed polymer chains for regulating
the frictional forces between solid surfaces, the spreading
properties of liquids, and the stability of thin films on
solid surfaces [82, 83]. Knowledge of macromolecular
conformations and conformational transitions of the surface-
bound polymer chains is essential for a detailed understanding
of their performance at the molecular level. Recent
developments, on both experimental and theoretical fronts, in
the investigation of adsorbed polymer have brought the goal of
structural testing against theories within reach [84–87, 90–93].

Generally speaking, the conformation of polymer chains
adsorbed at the liquid/solid interface differs from that in a
bulk solution [84–87]. While end-adsorbed homopolymers
and diblock copolymers form polymer brushes in which the
chains can only exist in a ‘tail’ conformation (figure 3(a)), end-
adsorbed triblock copolymers, ABA (the A blocks represent
short ‘sticking’ segments, whereas the B block does not
adsorb), can form either a ‘loop’ or a ‘tail’ (figure 3(b))
depending on the sticking energy of the A block and the
surface coverage at the liquid/solid interface [94]. Adsorbed
homopolymer, on the other hand, forms a more complicated
conformational structure (figure 3(c)) due to the random
adsorption of its constituent monomers onto the surface.

We, along with others, have carried out the structural
investigation of adsorbed polymers at the liquid/solid interface
using surface force apparatus (SFA) [94–96] and neutron
reflectometry (NR) [97–99]. In particular, we have explored
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Figure 4. (a) Force–distance profiles between curved mica surfaces
in pure toluene for two measurements on two different pairs of mica
sheets. (b) Force–distance profiles for an end-adsorbed
PS1420–PEO51 diblock copolymer (the subscripts represent
weight-averaged degrees of polymerization for polystyrene and
poly(ethylene oxide) blocks, respectively) single layer against a
bare mica surface in toluene. Inset shows the same curve as (b) on a
log–linear scale. The solid and open symbols represent
compressions and decompressions, respectively [96].

the conformational transitions of the end-adsorbed PS–
PEO diblock copolymer chains by directly measuring the
interactions of a single layer of the end-adsorbed PS–PEO
diblock copolymer chains against a bare mica surface in pure
toluene (good solvent) [94]. The results are given in figure 4,
in which no attraction is observed and strong repulsive forces
are seen.

Figure 4(a) shows the interaction of two bare mica sheets
in toluene. This is always measured before any polymer
adsorption is allowed to occur, in order to check that the
surfaces are uncontaminated. As expected, figure 4(a) shows
little interaction down to a separation, D ≈ 150 Å, followed
by van der Waals like short-range attractions, which eventually
cause the mica surfaces to jump into contact. The jump is due
to mechanical instability of the leaf spring, which supports
the lower mica surface [94]. Figure 4(b) shows the interaction
profile of a single adsorbed PS1420–PEO51 diblock layer against
a bare mica surface in toluene. No attraction is observed at
any separation of the surfaces, and strong repulsive forces are
seen, commencing at D ≈ 900 Å. In view of the fact that
PEO segments can readily adsorb on the mica surface whereas
PS does not adsorb on mica from toluene [94], we conclude
that the PS1420–PEO51 chains have been terminally attached
to the lower mica surface via the PEO segments, and that
the polystyrene chains form a polymer ‘brush’, which shows
a repulsive interaction with the upper bare mica surface as
it approaches. The force–distance profile given in the inset
of figure 4 is the same curve as figure 4(b), but plotted on
a log–linear scale over a wide range of separation, which
shows clearly about four decades of variation in force. We
have also demonstrated that the end-adsorbed PS brush could
collapse in the poor solvent (e.g. cyclohexane, Tθ = 34 ◦C)
to form a more compact polymer layer with a thickness of
about 200 Å [94]. The transitions between the polymer
‘brush’ and collapsed layer with changing solvent quality were

Figure 5. Force–distance profiles between a single PEO–PS–PEO
adsorbed layer and a bare mica surface in toluene at different
compression–decompression cycles: (a) 6th cycle; (b) 15th cycle;
(c) 20th cycle (note the hysteresis between the compression and
decompression profiles, indicated by small arrows along each
curve); (d) 33rd cycle; (e) 48th cycle. The dashed line on curve (b) is
experimentally inaccessible and schematic only. The broken arrows
indicate inward and outward jumps due to mechanical instability of
the leaf spring supporting the lower mica surface. Approximately
32 h have elapsed between the measurement of the first and last
force–distance profiles. Most force profiles corresponding to
intermediate numbers of the compression–decompression cycles
have been omitted for reasons of clarity [92].

shown to be reversible and characterized by fast dynamics,
suggesting potential applications, for example in polymeric
valves, sensors and liquid chromatography [100, 101].

The force profiles for a single adsorbed PEO5–PS1225–
PEO5 triblock copolymer layer against a bare mica surface
in toluene are shown schematically in figure 5. The
clearly detectable attraction forces seen in figures 5(a)–
(c) are due to polymer ‘bridges’ formed by the PEO–PS–
PEO chains between the mica sheets through simultaneous
anchoring of the two PEO end-blocks of a single triblock
copolymer chain onto opposing surfaces [102]. Compression–
decompression cycles cause evolution of the force profiles
from attractive to repulsive, reflecting the conformational
rearrangements from a ‘tail’ into a ‘loop’ and the subsequent
migration of chains between the mica surfaces (figures 5(d)
and (e)). These changes have been confirmed by several
recent theoretical calculations [103–109]. These results have
potential implications for the use of triblock copolymers either
as steric stabilizers (while in a loop conformation) or as
flocculants (while in a bridging tail conformation) for dispersed
particles.

Although the SFA serves as a good experimental technique
for probing conformations and conformational transitions of
macromolecular chains within the adsorbed polymer thin film
at the liquid/solid interface, the force measurements cannot
determine the distribution of segment density normal to the
surface. Neutron reflection experiments provide information
on the density profile normal to the interface [23, 99]. In
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Figure 6. Typical SEM micrograph of the gold-coated mica sheets
patterned by the MeOH plasma-polymer with a TEM grid consisting
of hexagonal windows as the mask [62].

this regard, we investigated the segment density profiles
of the surface-bound polymers normal to the interface by
reflectometry, choosing neutrons as the radiation because of
important contrast effects, which can operate at the molecular
level [99]. For terminally anchored polymer chains in a good
solvent, two regimes are anticipated. If the grafting density is
low, the tethered chains do not interact with each other and exist
as separate ‘mushrooms’. If the grafting density is high, with
a distance between anchor points less than the Flory radius of
the chains (i.e. s < RF), the polymers take up a more extended
configuration to form a semidilute ‘brush’ [97, 98].

In the mushroom regime, each chain may be thought
of as occupying roughly a hemisphere, with a radius
comparable to the Flory radius for a polymer coil in a good
solvent [97, 98]. In the brush regime, however, the segment
density profile of an end-adsorbed PS1700–PEO167 normal to
the interface in a good solvent can be fitted by a parabolic
function [103, 104, 110]. More recent NR measurements
on telechelic triblock copolymer chains by Toprakcioglu
and co-workers [111] have demonstrated, to a very good
approximation, that ABA-type end-tethered chains behave in
a manner equivalent to their AB-type counterparts of half their
molecular weight and they adsorb predominantly in a loop
conformation for copolymers with sufficiently strong sticking
A blocks, consistent with the SFA measurements [94, 102].

2.3. Functionalized surfaces with micropatterned polymer
thin films

As can be seen from the foregoing discussion, we
have deposited various macromolecular chains with or
without biological activity on different surfaces by either
covalent immobilization or physical adsorption for specific
applications. In all cases, however, these polymer chains
are homogenously immobilized across the substrate surface.
Techniques for controlling the architecture of immobilized
components on surfaces, including region-specific protein
fixation [112–114], should have a wide range of potential
applications, for instance in multianalyte biosensors, cell
guidance and molecular electronics. As such, pattern
formation and recognition by biologically important molecules
has recently become a promising new research area. Various
techniques have now been developed for region-specific

OH

HO

ROTs

DMF, K2CO3

OR

RO

OR

RO
Cl

Cl
KOtBu

THF
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RO n
EO3-PPV

Scheme 2. Synthesis of EO3-PPV via a modified Gilch route
[R = −(CH2CH2O)3–CH3] [119].

immobilization of protein(s) onto polymer surfaces with
micrometre-order precision [115–117].

2.3.1. Functionalized surfaces with micropatterned polymers
by plasma techniques. We have demonstrated that surface
patterns of various specific functionalities could be produced
by plasma polymerization of appropriate monomers in
a patterned fashion [62]. On this basis, we have
fabricated micropatterns of hydroxyl groups through plasma
polymerization of methanol using a mask (e.g. a TEM grid),
as confirmed by both XPS and SEM measurements [62].
Figure 6 shows a typical scanning electron microscopic (SEM)
micrograph of the patterns generated on a gold-coated mica
surface by the patterned MeOH-plasma polymerization, with
the dark areas representing MeOH plasma-polymer and bright
regions being the uncovered gold surface [62]. The plasma
pattern thus formed is a close replication of the mask (TEM
grid) structure with a resolution at the micrometre scale being
clearly evident.

With a similar approach, we have also produced a
pattern of amine functionalities by plasma polymerization of
heptylamine. These patterned functional groups allow one
to explore the region-specific immobilization of biologically
important macromolecules for many applications, according to
various specific grafting reactions characteristic of the plasma-
induced functionalities (e.g. scheme 1).

Plasma-patterned surfaces have also been used to directly
deposit certain conducting polymers [118]. In particular, we
have developed a plasma method for obtaining micropatterns
of 2,5-substituted poly(p-phenylene vinylene) derivative
with methoxy-terminated oligo(ethylene oxide) side chains
(i.e. EO3-PPV, EO3 = OR = O(CH2CH2O)3CH3, scheme 2)
by first depositing hydrophilic (acetic acid) plasma patterns
onto substrates (e.g. FEP copolymer, FEP, films), and then
performing selective adsorption from a solution of EO3-
PPV in chloroform [119]. The driving force for the pattern
formation in this particular case was attributed to the polar–
polar interaction between the oligo(ethylene oxide) side chains
of EO3-PPV and the micropatterned hydrophilic plasma
polymer. Under the fluorescence microscope, the EO3-PPV
patterned regions gave fluorescence emissions characteristic
of the conjugated structure.
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Figure 7. (a) A typical SEM micrograph of gold-coated mica sheets patterned by the n-hexane plasma-polymer using a TEM grid as the
mask. (b) Optical microscopy image of a polypyrrole pattern electrochemically polymerized onto a platinum-coated mica surface
pre-patterned by the n-hexane plasma-polymer. (c) A typical cyclic voltammogram of the polypyrrole patterns on platinum at 100 mV s−1 in
sodium perchlorate (0.1 M)/H2O [62].

We have also developed a versatile method for preparing
patterned conducting polymers. In so doing, we firstly
deposited a thin patterned nonconducting plasma polymer
layer (e.g. n-hexane plasma film) onto a metal-sputtered
electrode, and then performed electropolymerization of
monomers (e.g. pyrrole and aniline) within the regions not
covered by the patterned plasma-polymer layer [62].

Figure 7(a) shows the surface pattern generated by the
patterned plasma polymerization of n-hexane on a gold-
coated mica surface. A typical reflection light microscopic
image of a polypyrrole pattern electrochemically polymerized
onto platinum-coated mica sheets pre-patterned with the n-
hexane plasma-polymer is given in figure 7(b). Comparison
with figures 7(a) and (b) shows the same features as the
plasma pattern, but with an inverse image contrast. The
bright regions characteristic of the uncovered metal surface
in figure 7(a) become dark in figure 7(b) due to the presence
of a dark layer of the newly polymerized polypyrrole film.
The cyclic voltammetric response of the polypyrrole pattern
shown in figure 7(b) is given in figure 7(c), which shows
a quasi-reversible redox process with two reduction peaks
in an aqueous solution of sodium perchlorate. The first
reduction peak of figure 7(c) is attributable to the polarons
in the electrochemically doped polyprrole film. On the
other hand, the second reduction peak has been known to
be associated with the coexistence of a dicationic species
(i.e. bipolarons) [62]. Therefore, the cyclic voltammogram
measurements indicate that the polypyrrole patterns thus
produced are electrochemically active.

Although the advantages of the plasma patterning of
semiconducting polymer thin films for electronic applications
remains to be demonstrated, an oxygen or nitrogen plasma
treatment of a PPV layer at the PPV/Al interface in a LED
device with the Cr/PPV/Al structure has been demonstrated
to cause the disappearance of the rectifying behaviour and an
increase in the current by many orders of magnitude [120].
Similarly, the efficiency, brightness, and lifetime of LEDs
were shown to be significantly improved by an air or argon
plasma treatment on the ITO surface, presumably due to the
removal of organic residue coupled with an increase in the
work function of ITO [121, 122]. Hydrogen plasma, on the
other hand, was found to increase the turn-on voltage and
reduce the efficiency largely due to a decrease in the work
function of ITO [121–124]. Thus, the plasma technique shows
much promise for interfacial engineering in LEDs [123, 124].
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Scheme 3. Reactions of polydiene with iodine, leading to the
formation of conjugated sequences [129]. Reaction (3) most likely
proceeds by the free radical mechanism (see: [126]): I2 ⇔ 2I;
I + RI ⇔ R + I2; R + HI ⇔ RH + I; where RI and RH represent
polymer (III) and polymer (IV), respectively.

Furthermore, some studies have reported the use of plasma
polymers as emitting layers in LED devices [125]. There is
no doubt that the plasma surface modification and patterning
demonstrated above will have potential implications for
making novel electronic and photonic devices. The ease with
which multilayered polymer nanofilms of organic materials
can be made by the plasma technique could provide additional
benefits to this approach [118].

2.3.2. Functionalized surfaces with micropatterned polymers
by photolithography. As is well known, photolithographic
processing has been widely used for micropattern formation
in the semiconductor industries (e.g. for delineating the circuit
elements in today’s large-scale integrated devices) for many
years [127]. Photolithographic patterning of conducting
polymers, however, is a recent development [128].

In our further investigation of conducting polydienes
[129], we have found that cis- and trans-1,4-polybutadiene
exhibit different behaviour towards the reactions of scheme 3.
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(a)

(b)

Figure 8. (a) Optical microscopy image of a pattern obtained by
‘I2-doping’ of the photoisomerized trans-1,4-polybutadiene regions
in the iodinated cis-1,4-polybutadiene matrix. The dark areas are
regions of ‘I2-doped’ polybutadiene, and the width of the white
rectangles at the bottom part of the picture is 18 µm.
(b) Fluorescence micrograph of the conducting pattern [129].

For cis-1,4-polybutadiene the reaction sequence given in
scheme 3 terminated, at room temperature, at product
(II), whereas for the trans-isomer the reaction sequence
proceeded towards product (III) and/or (IV) thus leading to
the formation of conjugated sequences which confer electrical
conductivity. Spectroscopic measurements and molecular
orbital calculations demonstrated that it was an unfavourable
combination of electronic and steric interactions within the
iodinated cis-1,4-polybutadiene backbone (product II) that
inhibited the elimination of hydrogen iodide through the E-
2 elimination mechanism (reaction (2) of scheme 3) at room
temperature, and hence halted the formation of conjugated
sequences in the case of cis-1,4-polybutadiene [129–132].

However, cis-1,4-polybutadiene can be photoisomerized
into the trans-isomer [133], and the isomerized material is
then amenable to ‘I2-doping’. This discovery provides means
for photolithographic generation of conducting patterns from
cis-1,4-polybutadiene films through region-specific photoiso-
merization of the cis-isomer into its trans-counterpart and sub-
sequent I2-induced conjugation of the photoisomerized trans-
1,4-polybutadiene chains [129]. The conducting patterns thus
formed are coloured and show strong fluorescence emission,
which enables visualization of the conducting polymer regions.
An example of the conducting patterns thus generated is shown
in figure 8(a). It is a close replication of the photomask struc-
ture, and conducting wires on a micrometre scale are clearly
evident. A corresponding fluorescence microscopic image of
the conducting pattern is given in figure 8(b). It shows the
same features as the optical micrograph (figure 8(a)), but with

inverse intensities in the image. The dark regions character-
istic of the ‘I2-doped’ trans-1,4-polybutadiene in figure 8(a)
gave rise to bright fluorescence emission in figure 8(b), con-
sistent with the fluorescence emission originating from the con-
jugated structures [134, 135]. The dark regions in figure 8(b)
represent non-fluorescent components associated with the cis-
isomer. The ease with which the conducting micropatterns can
be generated and the fact that cis-1,4-polybutadiene can easily
be spin coated, solvent cast onto various substrates, or even
melt extruded into thin free-standing films offer possibilities
for novel applications of polybutadiene rubber in, for example,
micro-/nano-electronic devices.

3. Functionalized surfaces with carbon nanotubes
and their polymeric derivatives

Carbon nanotubes can be viewed as a graphite sheet rolled
up into a nanoscale tube form (single-wall carbon nanotubes,
SWNTs) [136, 137] or with additional graphene tubes
around the core of a SWNT (multi-wall carbon nanotubes,
MWNTs) [138]. These elongated nanotubes usually have
a diameter in the range of between a few ångströms and
tens of nanometres and a length of up to several centimetres
with both ends of the tubes normally capped by fullerene-
like structures containing pentagons. They can exhibit
semiconducting or metallic behaviour depending on their
diameter and helicity of the arrangement of graphitic rings
in the walls [139–142]. Dissimilar carbon nanotubes may be
joined together, allowing the formation of molecular wires
with interesting electrical, magnetic, nonlinear optical, and
mechanical properties attractive for a variety of potential
applications [29, 143].

As mentioned earlier, it is highly desirable to
prepare ordered/micropatterned carbon nanotubes so that the
properties of individual nanotubes can be probed and they
can be effectively incorporated into devices. Below, we will
summarize some of our recent work on micropatterning and
surface modification of carbon nanotubes.

3.1. Functionalized surfaces with aligned carbon nanotubes

Although carbon nanotubes synthesized by most of the
common techniques, such as arc discharge and catalytic
pyrolysis (for recent reviews, see [29–35]), often exist in
a randomly entangled state (figure 9(a)) [48, 144], aligned
carbon nanotubes have been prepared either by post-synthesis
fabrication (see for example [145, 146]) or by synthesis-
induced alignment [56]. In this regard, we have prepared
aligned carbon nanotubes by pyrolyzing FePc and the detailed
procedures for the aligned nanotube growth have been reported
previously (see for example [49, 147]). Without repetition
of the detailed discussions on the synthesis and structural
characterization, a typical SEM image of the FePc-generated
aligned carbon nanotube array after having been transferred
onto a gold foil is shown in figure 9(b). As can be seen, the
constituent nanotubes in the perpendicularly aligned carbon
nanotube array have a fairly uniform length. Elsewhere, we
have also demonstrated that these aligned carbon nanotubes
possess a well-graphitized structure with about 50 concentric
carbon shells and an outer diameter of about 40 nm [148].
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(a)

(b)

Figure 9. (a) A typical TEM image of an oxidation-purified carbon
nanotube sample generated by the arc discharge method. (b) A
typical SEM image of the aligned carbon nanotube arrays of about
20 µm long prepared by the pyrolysis of FePc.

3.2. Functionalized surfaces with micropatterned carbon
nanotubes

Apart from the aligned carbon nanotubes described above,
certain applications (e.g. electron emitters for panel display,
sensor arrays) may require the carbon nanotubes to be patterned
onto various substrates, in a similar fashion as silicon or metals
in semiconducting devices. In what follows, we will present
an overview of our recent work on the patterning and surface
modification of carbon nanotubes.

3.2.1. Functionalized surfaces with plasma-pattered non-
aligned carbon nanotubes. We have developed a versa-
tile method for making patterns of non-aligned carbon nan-
otubes [52]. In so doing, we first generated plasma-induced
(either by non-depositing plasma treatment or by plasma poly-
merization) surface patterns of –NH2 groups onto a substrate
(e.g. quartz glass plate, mica sheet, polymer film), and then
performed region-specific adsorption of the COOH-containing
carbon nanotubes from an aqueous medium through the polar–
polar interaction between the COOH groups and the plasma-
patterned –NH2 groups. The COOH-containing carbon
nanotubes were prepared by acid treatment (HNO3) of the
FePc-generated nanotubes [149].

Figure 10 reproduces a SEM image of the COOH-
containing carbon nanotubes region-specifically adsorbed
(about 2.5 mg/10 ml H2O) onto a mica sheet pre-patterned
with the heptylamine plasma polymer (200 kHz, 10 W, and a
monomer pressure of 0.13 Torr for 30 s). The adsorbed carbon
nanotubes are clearly evident by inspection of the plasma-
patterned areas of figure 10 under a higher magnification

Figure 10. SEM images of adsorbed COOH-containing carbon
nanotubes (within the squared areas) on a heptylamine plasma
patterned mica sheet. Inset: a higher-magnification image of the
plasma-covered areas, showing the individual adsorbed carbon
nanotubes [52].

(inset of figure 10). The corresponding high-magnification
SEM image for the plasma-polymer-free areas reveals an
almost featureless smooth surface characteristic of mica sheet.
No adsorption of the carbon nanotubes was observed in a
control experiment when a pure mica sheet was used as the
substrate.

3.2.2. Functionalized surfaces with aligned carbon nanotube
patterns by lithography. On our further investigation of
the aligned carbon nanotubes produced by the pyrolysis
of FePc, we, among others [150–153], have recently
developed a novel method for photolithographic generation
of the perpendicularly aligned carbon nanotube arrays with
resolutions down to a micrometre scale [50]. Our method
allows not only the preparation of micropatterns and substrate-
free films of the perpendicularly aligned nanotubes but also
their transfer onto various substrates, including those which
would otherwise not be suitable for nanotube growth at high
temperatures (e.g. polymer films) [49]. Figure 11(a) shows
the steps of the photolithographic process. In practice, we
first photolithographically patterned a positive photoresist
film of diazonaphthoquinone (DNQ)-modified cresol novolak
(scheme 4(a)) onto a quartz substrate. Upon UV irradiation
through a photomask, the DNQ-novolak photoresist film in the
exposed regions was rendered soluble in an aqueous solution
of sodium hydroxide due to photogeneration of the hydrophilic
indenecarboxylic acid groups from the hydrophobic DNQ via
a photochemical Wolff rearrangement [154] (scheme 4(b)).
We then carried out the pyrolysis of FePc, leading to
region-specific growth of the aligned carbon nanotubes in
the UV exposed regions (figure 11(b)). In this case, the
photolithographically patterned photoresist film, after an
appropriate carbonization process, acts as a shadow mask for
the patterned growth of the aligned nanotubes, most probably
because surface properties of the carbonized polymer layer
became unsuitable for the segregation of Fe nanoparticles
required for the nanotube growth [148]. This method is fully
compatible with existing photolithographic processes [8, 155].

Subsequently, we found that 3D micropatterns of well-
aligned carbon nanotubes can also be prepared by pyrolysis
of FePc onto appropriate photo-patterned substrates [53].
In this particular case, the photopatterning was achieved
by photolithographic crosslinking of a chemically amplified
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Figure 11. (a) Schematic representation of the micropattern
formation of aligned carbon nanotubes by the photolithographic
process. (b) Typical SEM micrographs of patterned films of aligned
nanotubes prepared by the pyrolysis of FePc onto a
photolithographically pre-patterned quartz substrate [50].

photoresist layer spin-cast on a quartz plate or a Si wafer,
coupled with a solution development to generate a negative
photoresist pattern. Owing to an appropriate surface
characteristic, the patterned photoresist layer was found in
this case to support the aligned carbon nanotube growth
by pyrolysis of FePc, as were the photoresist-free substrate
surfaces. The difference in chemical nature between the
surface areas covered and uncovered by the photoresist film,
however, caused a region-specific growth of the nanotubes with
different tubular lengths and packing densities (figure 12).

50 µm

Figure 12. Typical SEM micrographs of the 3D aligned carbon
nanotube micropattern [53].

More recently, we have also used the micro-contact
printing (µCP) and micro-moulding techniques to prepare
micropatterns of carbon nanotubes aligned in a direction
normal to the substrate surface [51]. While the µCP
process involves the region-specific transfer of self-assembling
monolayers (SAMs) of alkylsiloxane onto a quartz substrate
and subsequent adsorption of polymer chains in the SAM-
free regions (figure 13(a)), the micro-moulding method
allows the formation of polymer patterns through solvent
evaporation from a precoated thin layer of polymer solution
confined between a quartz plate and a polydimethylsiloxane
(PDMS) elastomer mould (figure 13(b)). The DNQ-novolak
photoresist patterns formed in both cases were then carbonized
into carbon black for region-specific growth of the aligned
nanotubes in the polymer-free regions by pyrolysis of FePc
under Ar/H2 atmosphere at 800–1100 ◦C, as is the case
for the above-mentioned photolithographic patterning. The
spatial resolution is limited by the resolution of the mask
used. Micropatterns of aligned nanotubes thus prepared
have resolutions down to 0.8 µm (figure 13(c)), suitable for
fabrication of various electronic and photonic devices. The
ease with which micro-/nano-patterns of organic materials
can be made on curved surfaces by the soft lithographic
techniques [9, 156] should provide additional benefits to
this approach with respect to the photolithographic method,
especially for the construction of flexible devices.
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Figure 13. Schematic illustration of the procedure for fabricating patterns of aligned carbon nanotubes by (a) microcontact printing; (b)
solvent-assisted micromoulding; (c) a typical SEM image of aligned nanotube pattern prepared by the pyrolysis of FePc onto the photoresist
pre-patterned quartz via the micromoulding technique [51].

(a)

(b)

Figure 14. (a) Schematic illustration of the procedure for
fabricating patterns of carbon nanotubes by plasma polymerization
followed by nanotube growth; (b) a typical SEM image of aligned
nanotube arrays growing out from the plasma-polymer-free regions
on an n-hexane-plasma-polymer-patterned quartz plate [52].

3.2.3. Functionalized surfaces with plasma-patterned aligned
carbon nanotubes. As can be seen from the above discussion,
both the photolithographic and soft-lithographic patterning
methods involve a tedious carbonization process prior to
the aligned nanotube growth. In order to eliminate the
carbonization step, we have also developed a versatile plasma
method for making patterns of aligned carbon nanotubes [52].
In this case, we first polymerized certain plasma polymers in a

region-specific fashion using a TEM grid as the physical mask
(figure 14(a)). The highly crosslinked structure of plasma-
polymer films [13, 62] could ensure the integrity of the plasma
polymer layer to be maintained, even without carbonization,
at high temperatures necessary for the nanotube growth from
FePc [52]. Therefore, the carbonization process involved
in our previous work on photolithographic [50] and soft-
lithographic [51] patterning of the aligned carbon nanotubes
can be completely eliminated in the plasma patterning process.
Owing to the generic nature characteristic of the plasma
polymerization, many other organic vapours could also be
used equally well to generate plasma polymer patterns
for the patterned growth of the aligned carbon nanotubes.
Figure 14(b) shows a SEM image of the aligned nanotube
micropatterns prepared on an n-hexane-plasma-polymer pre-
patterned quartz plate.

As can be seen from above discussion, micropatterns
of aligned nanotubes with resolutions down to the sub-
micron scale, suitable for fabrication of various electronic and
photonic devices, have been prepared by lithographic and/or
plasma techniques. These lithographic/plasma patterning
methods, coupled with the ease with which polymer chains
can be chemically and/or electrochemically attached onto
the carbon nanotube wall, should allow the formation of
the nanostructured polymer–nanotube coaxial nanowires in a
patterned fashion, attractive for constructing various on-tube
optoelectronic devices and sensor arrays, as we shall see later.

3.3. Functionalized surfaces with polymer-coated aligned
carbon nanotubes

3.3.1. Functionalized surfaces with plasma-polymer-coated
aligned carbon nanotubes. The aforementioned aligned and
micropatterned carbon nanotubes are ideal for use as electron
field emitters in panel displays. We have recently carried out
an investigation of the influence of the plasma polymerization
on the electron emission from the aligned carbon nanotubes.
Some of the results are presented here.
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Figure 15. I –E plots of the gold-supported aligned carbon
nanotubes before and after an n-hexane plasma treatment at
250 kHz, 30 W, and monomer pressure 0.65 Torr for different
periods of time [159].

The carbon nanotube electron emitters work on a similar
principle to a conventional cathode ray tube, but their small
size could lead to a thinner, more flexible and energy efficient
display screen with a higher resolution. The field emission
study on SWNTs carried out by de Heer et al [157] showed
some promising results with the turn-on field Eto (defined as
the electric field required to emit a current I = 10 µA cm−2)
in the range of 1.5–4.5 V µm−1. These values, like those for
most MWNTs, are far lower than corresponding values for
other film emitters.

To construct aligned carbon nanotube arrays on conduct-
ing electrodes for electron emission and electrochemical poly-
merization (see below), a thin layer of gold was sputter-coated
onto the amorphous carbon layer covering an as-synthesized
aligned nanotube film. We have previously observed that
films of the aligned carbon nanotubes produced from FePc
were sometimes covered by a thin layer of amorphous car-
bon film [158]. The gold-covered carbon nanotube film was
then separated from the quartz glass plate used for the nan-
otube growth with an aqueous solution of 30% HF [49]. The
transferred nanotubes were still aligned perpendicularly, al-
lowing plasma treatment of individual nanotubes with mini-
mized inter-tube interference [55].

Figure 15 shows changes in the I–E curves for the
gold-supported aligned carbon nanotubes upon hexane plasma
treatment. As can be seen, hexane-plasma coating reduces the
turn-on electric field Eto, coupled with a concomitant increase
in the emission current at a constant V . Notably, the turn-on
electric field decreased from Eto = 2.5 V µm−1, characteristic
of the pristine aligned carbon nanotubes, to Eto = 1.5 V µm−1,
with a significant increase in the emission current at a constant
V after being treated with the n-hexane plasma for 2 min [159].
We believe that the enhanced field emission by the hexane-
plasma treatment is originated from the electrical insulating of
the nanotubes along their length, leading to an enhanced field
focusing at the nanotube tips.

3.3.2. Functionalized surfaces with polysaccharide-grafted
aligned carbon nanotubes. As seen above, certain
applications may inevitably require the surface modification
of carbon nanotubes. Therefore, a large number of
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Scheme 5. Grafting polysaccharide chains onto plasma-activated
aligned carbon nanotubes through Schiff-base formation, followed
by reductive stabilization of the Schiff-base linkage with sodium
cyanoborohydride [55].

solution methods have been reported to modify nanotube
tips and sidewalls through either covalent or non-covalent
chemistries [35]. A simple application of the solution
chemistry to the aligned carbon nanotubes, however, could
cause a detrimental damage to their alignment structure.
The plasma method offers a particularly attractive option
for chemical modification of carbon nanotubes whilst largely
retaining their structural integrity. In this regard, we
have developed approaches for chemical modification of
aligned carbon nanotubes by carrying out radio-frequency
glow-discharge plasma treatment, and subsequent reactions
characteristic of the plasma-induced surface groups [55]. For
instance, we have successfully immobilized NH2-containing
polysaccharide chains onto acetaldehyde plasma-activated
carbon nanotubes through the Schiff-base formation, followed
by reductive stabilization of the Schiff-base linkage with
sodium cyanoborohydride (scheme 5).

The resulting amino-dextran grafted nanotube film
showed zero air/water contact angles. The (acetaldehyde)
plasma-treated carbon nanotube film gave relatively low
advancing (90◦), sessile (78◦), and receding (45◦) air/water
contact angles comparing to the advancing (155◦), sessile
(146◦), and receding (122◦) angles for an untreated sheet
of aligned carbon nanotubes. The glucose units within
the surface-grafted amino-dextran chains (scheme 5) can
be further converted into dialdehyde moieties by periodate
oxidation [68], thereby, providing considerable room for
further chemical modification.
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Figure 17. Cyclic voltammograms of (a) the pristine aligned carbon
nanotube electrode, (b) the nanotube electrode after the acetic acid
plasma treatment at 200 kHz, 20 W, and monomer pressure 0.1 Torr
for 5 min and (c) the plasma-treated nanotube electrode after the
immobilization of ssDNA. All the cyclic voltammograms were
recorded in 0.1 M H2SO4 blank solution. Scan rate: 0.1 V s−1,
potential window: 0.0–0.8 V (versus Ag/AgCl).

3.3.3. Functionalized surfaces with DNA-grafted aligned
carbon nanotubes. The above demonstration of the surface-
grafting of amino-dextran chains on the plasma-activated
aligned carbon nanotubes prompted us to use the aligned
carbon nanotube arrays as a nanoscale platform to build
high performance sensors/sensor arrays by surface templating
various biomacromolecules and/or conducting polymers onto
the nanotube structure. The large surface area, coupled with
the good charge transport property, makes the aligned carbon

nanotubes ideal electrodes for constructing electrochemical
DNA sensors. DNA hybridization biosensor technologies
are currently under intense investigation owing to their high
sensitivity, low cost and good compatibility with micro-
fabrication technology. Consequently, DNA electrochemical
biosensors have been reported by many investigators [160–
164]. It was found that the sensitivity of DNA biosensors
depends strongly on how intimate is the connection between
the nucleic acid chains and electronic transducer.

In view of the covalent-bonding nature characteristic
of the plasma activation approach, we developed a
novel approach for chemical grafting single-strand DNA
(ssDNA) with an amino group at the 5′-phosphate end
(i.e. [AmC6]TTGACACCAGACCAACTGGT-3′) onto the
aligned carbon nanotubes treated with acetic acid plasma
through the amide formation in the presence of EDC coupling
reagent [165]. A complementary DNA (cDNA) chain pre-
labelled with ferrocennecarboxaldehyde, FCA, (designated as
[FCA-C6]ACCAGTTGGTCTGGTGTCAA-3′) was then used
to hybridize with the surface-immobilized oligonucleotides to
form a double strand DNA (dsDNA) on the surface of the
aligned carbon nanotubes (figure 16).

Owing to its good electrochemical redox properties,
ferrocene has been widely used as an electrochemical mark
for DNA biosensors [166, 167]. The FCA labelling allows the
hybridization reaction to be followed simply by measuring the
redox responses characteristic of the FCA moieties through
the nanotube electrode. Figure 17 shows the electrochemical
characteristics for the pristine aligned carbon nanotubes
before (curve (a)) and after (curve (b)) the acetic-acid-
plasma treatment as well as the ssDNA-immobilized nanotubes
(curve (c)) in 0.1 M electrolyte H2SO4 solution. As can
be seen from curve (a) of figure 17, only capacitive current
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Figure 18. Cyclic voltammograms of the acetic-acid-plasma-treated
aligned carbon nanotube electrodes after the immobilization of the
ssDNA chains and the subsequent hybridization of the FCA-labelled
cDNA chains. (a) Plasma treatment for 1 min, (b) plasma treatment
for 5 min. The measurements were carried out in 0.1 M H2SO4 blank
solution with 0.05 µg ml−1 of the FCA labelled cDNA probe. Scan
rate: 0.1 V s−1, potential window: 0.0–0.8 V (versus Ag/AgCl).

was observed for the pristine aligned carbon nanotubes.
The capacitive current increased after treating the nanotube
electrode with the acetic acid plasma (curve (b) of figure 17),
most probably because the plasma-induced carboxyl groups
facilitated the charge transfer from H2SO4 electrolyte to
the nanotube electrode through the enhanced hydrophilic–
hydrophilic interaction since the pristine nanotube surface,
in contrast to the plasma surface, is very hydrophobic [55].
Upon grafting the ssDNA chains onto the plasma-induced
surface carboxyl groups, a significant decrease in the capacitive
current was observed (curve (c) in figure 17), indicating the
replacement of the surface carboxyl groups by a thin layer of
the covalently grafted DNA chains.

The presence of the surface-bound ssDNA chains on
the plasma-treated nanotube electrode is further confirmed
by its changes in the electrochemical redox responses upon
hybridization, as shown in figure 18. The strong reductive
current peaks seen at 0.29 V in figure 18, attributable to
ferrocene [165–167], suggest that the FCA-labelled cDNA
chains have been selectively bound onto the ssDNA-grafted
aligned carbon nanotube electrode through the hybridization
to form a dsDNA structure. The increase in the current peak
intensity with the plasma treatment time from 1 min (curve
(a) of figure 18) to 5 min (curve (b) of figure 18) indicates
the presence of an increased amount of the plasma-induced
surface carboxyl groups, and hence the surface-bound DNA
chains, in the latter case. The formation of the surface-bound
dsDNA chains on the plasma-treated aligned carbon nanotube
electrode was also evidenced by a control experiment, carried
out with noncomplementary ssDNA chains pre-labelled with
FCA (e.g. [FCA-C6]GGTGGCGACGACTCCTGGAG) under
the same conditions, in which only the capacitive current was
observed with no apparent peak attributable to the presence
of any redox active species. Therefore, the aligned carbon
nanotube electrochemical DNA sensors thus demonstrated
possess a high sensitivity with capabilities of selectively
recognizing DNA sequences.
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Figure 19. (A) Typical SEM images of the CP-NT coaxial
nanowires produced by cyclic voltammetry on the aligned carbon
nanotube electrode, showing a thin layer of conducting polymer
(polypyrrole) coating surrounding each of the constituent aligned
carbon nanotubes. (B) Cyclic voltammograms of (a) the
polyaniline-coated CP-NT coaxial nanowires and (b) the bare
aligned carbon nanotubes. Measured in an aqueous solution of
1M H2SO4 with a scan rate of 50 mV s−1 [54].

3.3.4. Functionalized surfaces with aligned carbon nanotube
and conducting polymer coaxial nanowires. In addition
to the chemical grafting of polymer chains onto the
carbon nanotube surface, we have recently used the aligned
carbon nanotubes as nanoelectrodes for making novel
conducting coaxial nanowires by electrochemically depositing
a concentric layer of an appropriate conducting polymer
uniformly onto each of the constituent aligned nanotubes to
form the aligned conducting polymer coated carbon nanotube
coaxial nanowires (CP-NT) [54] (figure 19 (A)).

The electrochemical performance of the aligned CP-
NT coaxial nanowires was evaluated by carrying out
cyclic voltammetry measurements. As for polyaniline
films electrochemically deposited on conventional electrodes,
the cyclic voltammetric response of the polyaniline-coated
nanotube array in an aqueous solution of 1 M H2SO4 (figure 19
B(a)) shows oxidation peaks at 0.33 and 0.52 V (but with much
higher current densities) [168]. This indicates that polyaniline
films thus prepared are highly electroactive. As a control, the
cyclic voltammetry measurement was also carried out on the
bare aligned nanotubes under the same conditions (figure 19
B(b)). In the control experiment, only capacitive current was
observed with no peak attributable to the presence of any
redoxactive species.

To demonstrate the potential sensing applications for
the CP-CNT coaxial nanowires, we have also immobilized
glucose oxidase onto the aligned carbon nanotube substrate
by electropolymerization of pyrrole in the presence of glucose
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Figure 20. The dependence of electro-oxidation current at the
oxidative potential of H2O2 on the glucose concentration for the
CP-NT coaxial nanowire sensor (solid squares) and the conventional
polypyrrole sensor on a flat electrode under the same conditions
(open circles) [169].

oxidase [169]. The glucose oxidase-containing polypyrrole-
carbon nanotube coaxial nanowires were used to monitor the
concentration change of hydrogen peroxide (H2O2) generated
from the glucose oxidation reaction by measuring the increase
in the electro-oxidation current at the oxidative potential of
H2O2 (i.e. the amperometric method). The amperiometric
response was found to be much higher than that of more
conventional flat electrodes coated with glucose oxidase-
containing polypyrrole films under the same conditions.

As shown in figure 20, a linear response of the electro-
oxidation current to the glucose concentration was obtained for
the CP-NT nanowire sensor. The linear relationship extends to
the glucose concentration as high as 20 mM, which is higher
than the 15 mM typical for the detection of blood glucose in
practice [170]. Furthermore, the amperiometric response was
found to be about ten orders of magnitude higher than that of
more conventional flat electrodes coated with glucose oxidase-
containing polypyrrole films under the same conditions [170].

Apart from the large surface/interface area obtained
for the nanotube-supported conducting polymer layer,
which is attractive for use in sensing applications, the
coaxial structure allows the nanotube framework to provide
mechanical stability [171, 172] and efficient thermal/electrical
conduction [37, 173, 174] to and from the conducting polymer
layer. Furthermore, the CP-CNT nanowire sensors were also
demonstrated to be highly selective for glucose with their
amperiometric responses being almost unchanged even in the
presence of some interference species including ascorbic acid,
urea and D-fructose. Therefore, CP-CNT nanowires could be
used for making new glucose sensors with a high sensitivity,
selectivity and reliability, which is clearly an area in which
future work would be of value.

4. Conclusion

We have demonstrated that surface modification and micro-
/nano-fabrication play important roles in controlling the
properties of a wide range of materials, and in regulating
the performance of a large variety of devices. We
have focused our attention on the surface functionalization
of/by polymers and carbon nanotubes and their use for

modifying various other substrate surfaces for optoelectronic
and sensing applications. Even this short paper has revealed
the versatility of surface modification and fabrication for
making sophisticated materials with good bulk and surface
properties and devices with desirable features for specific
applications. With so many advanced surface functionalization
and device fabrication methods already reported and more
to be developed, the examples discussed in this paper will
surely be only the first few of many functionalized systems
based on polymers and carbon nanotubes attractive for
nanotechnological applications.
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