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Abstract

In this report, exploitation of the unique properties of single-walled carbon
nanotubes (SWNT) leads to the achievement of direct electron transfer with
the redox active centres of adsorbed oxidoreductase enzymes. Flavin
adenine dinucleotide (FAD), the redox active prosthetic group of
flavoenzymes that catalyses important biological redox reactions and the
flavoenzyme glucose oxidase (GOx), were both found to spontaneously
adsorb onto carbon nanotube bundles. Both FAD and GOx were found to
spontaneously adsorb to unannealed carbon nanotubes that were cast onto
glassy carbon electrodes and to display quasi-reversible one-electron
transfer. Similarly, GOx was found to spontaneously adsorb to annealed,
single-walled carbon nanotube paper and to display quasi-reversible
one-electron transfer. In particular, GOx immobilized in this way was
shown, in the presence of glucose, to maintain its substrate-specific enzyme
activity. It is believed that the tubular fibrils become positioned within
tunnelling distance of the cofactors with little consequence to denaturation.
The combination of SWNT with redox active enzymes would appear to offer

an excellent and convenient platform for a fundamental understanding of
biological redox reactions as well as the development of reagentless

biosensors and nanobiosensors.

1. Introduction

Since the discovery of carbon nanotubes (CNT) by [ijima in
1991 [1], there has been an explosion of research into the
physical and chemical properties of this novel material [1-
10].  Considerable interest in demonstrating unique uses
for these materials is now emerging. Recently, Baughman
et al [10] reported that electromechanical actuators based on
sheets of single-walled carbon nanotubes (SWNT), serving as
electrodes, could generate higher stresses than natural muscle
and higher strains than high-modulus ferroelectrics [10].
Based on the fullerene structure of graphitic sheets
seamlessly wrapped into cylinders, SWNT display excellent
chemical stability, good mechanical strength and a range
of electrical conductivity [1-8]. CNT may therefore be
ideal electrode/nanoelectrode materials. The similarity in

3 Author to whom any correspondence should be addressed.
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length scales between nanotubes and redox enzymes suggests
interactions that may be favourable for biosensor electrode
applications. Not least among the important characteristics
of SWNT are their inherent high surface area and tubular
structure. The purification of SWNT with oxidizing acids such
as nitric acid also inevitably creates surface acid sites that are
mainly carboxylic and possibly phenolic on both the internal
and external surfaces of the oxidized nanotubes [7, 8, 10-13].
The high surface area possessing abundant acidic sites may
offer special opportunities for the adsorption and entrapment
of chemical/biological molecules [11-16].

The immobilization of DNA, proteins and enzymes onto
CNT, the helical crystallization and the interaction of proteins
with CNT leading to the development of new biosensors
have been reported [11-17]. In these latter reports the CNT
appeared to act as benign hosts to trap and support the
biological molecules, and the surface acidic sites may have
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served to enhance the binding of the biomolecules. However,
there was no apparent direct electronic communication
between the CNT and the biological molecules. Within living
cells [18], the many redox proteins and enzymes that are
part of the electron transport chain are located on or are
supported by biological membranes. The resulting proximity
and control of spatial orientation, one to the other, greatly
facilitates the energetics and kinetics of the redox processes.
Direct electrochemical reactions of redox proteins and redox
enzymes at solid state electrodes may bring new insights
into the biological electron transfer processes [19] as well
as enable new classes of reagentless biosensors. The direct
electrochemistry of the heme proteins and flavo enzymes has
been widely investigated since the 1970s. However, in the
absence of mediating small molecules, well-defined direct
electrochemical behaviour of flavoprotein-oxidase systems is
rendered extremely difficult as the flavin adenine dinucleotide
(FAD) moiety is deeply embedded within a protective protein
shell. Binding of the prosthetic group to the apo-protein
is believed to cause steric hindrance to electron exchange
with the electrode [20]. Through physical adsorption or
direct covalent immobilization of biomolecules [11-17],
CNT with the aforementioned combined physico-chemical
characteristics could open up a new approach to direct
electrical communication with redox active biomolecules.

2. Discussion

The SWNT used in this work were commercially supplied
(Nanotubes at Rice) and were made by the dual pulsed-laser va-
porization method and the purification process involved nitric
acid reflux, cycles of washing and centrifugation, and finally
cross-flow filtration [7, 8, 10]. The materials prepared in this
way comprise hexagonally packed bundles of CNT that have
diameters of 12—14 A, an intertube separation within a bundle
of ~17 A, an average bundle diameter of ~100 A and tube
lengths of many micrometres. In one instance, the aqueous
suspension of SWNT was cast as thin films onto glassy car-
bon electrodes (GCE) (SWNT/GCE). In another instance, free-
standing single-walled CNT papers (SWNTP) were formed
by vacuum filtration and washing of the nanotube suspension.
Sheets of the dried nanotube paper were peeled from the fil-
ter and annealed in an inert atmosphere [7, 8, 10]. The GCE
support is not suited to the high-temperature (500 °C) anneal-
ing conditions used for the SWNT paper. The GCE is fun-
damentally different from CNT in structure and is vulnerable
to oxidation at these temperatures. Also, the GCE electrodes
are encapsulated in an epoxy resin that would not withstand
these annealing conditions. Therefore, no experiments were
performed using annealed SWNT/GCEs as electrodes.
Figure 1(a) shows the dramatic change of the cyclic
voltammogram (CV) obtained in a pH 7.0, 33 mM phosphate
buffer containing 0.1 M KCIl and 0.1 mM FAD at GCE
and at SWNT/GCE respectively. The peak current of the
electroactive FAD at SWNT/GCE (dashed curve) is almost
22 times as large as that found at the bare GCE (dot/dash
mixed curve). This indicates a much larger effective working
electrode area of SWNT/GCE compared with GCE alone.
The observation that there is no difference in the shape of
the CV indicates that there are no unusual influences of the
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SWNT-GCE interface that may be attributable to electron
transfer between the SWNT and the GCE support. Upon
removal of the SWNT/GCE working electrode from the test
solution of FAD, the electrode was rinsed thoroughly with the
buffer and the CVs were again obtained in FAD-free buffer
solution. These CVs are shown in figure 1(a) (dotted curve
and solid curve) and at multiple scan rates in figure 1(b). FAD
adsorbed onto the SWNT/GCE (FAD/SWNT/GCE) displayed
a well-defined CV with a formal potential of —448 mV (all
potentials versus Ag/AgCl). The small redox peak separation
(AEp) changed from 18 mV at 10 mV s~! through 36 mV
at 50 mV s~! to 56 mV at 140 mV s~!. The corresponding
peak width at half-height changed from 76 mV at 10 mV s~
to 82.5 mV at 50 mV s~! through to 92 mV at 140 mV s~'.
These observations indicate that the adsorbed FAD displayed
a quasi-reversible one-electron transfer process on SWNT.
Furthermore, the linear relationship of the peak current with the
scan rate demonstrates that the electron transfer of the adsorbed
FAD was typical for a surface-confined electrode reaction. The
electron transfer rate of FAD/SWNT/GCE was determined by
the method of Laviron [21] and found to be 3.1 s~'.

SWNT/GCE that was incubated overnight at 4°C in
glucose oxidase (GOx) solutions resulted in spontaneous
adsorption of the enzyme onto the unannealed SWNT
(GOx/SWNT/GCE) and displayed the electroactivity shown in
figure 1(c) (solid curve). While the CV shows clear evidence
of electroactivity that was exactly coincident with that of
the adsorbed FAD (dotted curve), the ratio of peak current
to the electrode capacity current was much less than that of
adsorbed FAD. The large separation between the anodic and
cathodic base currents that establishes a large CV envelope
area indicates capacitative charging of the electrified interface
in the presence of the adsorbed protein. This suggests that
under the present conditions, either the globular protein shell
of GOx was still an obstacle for the direct electron transfer of
the enzyme to the electrode or that the enzyme loading onto
such unannealed SWNT/GCE was very limited. As shown
later, the AFM evidence refutes this latter possibility.

Similarly, FAD and GOx were also adsorbed onto
freestanding carbon nanotube paper (SWNTP) in both its
unannealed and annealed forms. FAD and GOx adsorbed on
unannealed SWNTP displayed similar CVs to those obtained
on unannealed SWNT/GCE, while the electrochemical
behaviours of FAD and GOx on annealed SWNTP were
totally and dramatically different. The similarity of electrode
responses of unannealed SWNT/GCE with adsorbed FAD and
of freestanding annealed SWNTP with adsorbed GOx indicates
that the GCE support had little or no influence on the overall
electrochemical behaviour of the SWNT. On the other hand, the
difference in behaviour of FAD and GOx on annealed SWNTP
indicates that the annealing step is an important contributor to
electrochemical behaviour.

Figure 2(a) shows the CV of FAD adsorbed onto annealed
SWNTP. FAD adsorbed on the annealed SWNTP displayed
an unsymmetrical CV and rather large AEp values (85 mV
at 10 mV s™', 146 mV at 50 mV s~! and 207 mV at
140 mV s7!). FAD adsorbed in this way (FAD/SWNTP)
displayed an irreversible transfer process, a dramatic change
when compared with that of FAD adsorbed on SWNT/GCE
made from the aqueous suspension of unannealed CNT (see
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Figure 1. CV of FAD and GOx adsorbed on SWNT/GCE. (a) GCE
in pH 7.0 phosphate buffer/0.1 M KCI containing 0.1 mM FAD
(dot/dash mixed curve); SWNT/GCE in pH 7.0 phosphate
buffer/0.1 M KClI containing 0.1 mM FAD (dashed curve);
FAD/SWNT/GCE in pH 7.0 phosphate buffer/0.1 M KCI (dotted
curve); FAD/SWNT/GCE in pH 7.0 phosphate buffer/0.1 M KCI
after leaving overnight (solid curve). Scan rate: 50 mV s~.

(b) FAD/SWNT/GCE in pH 7.0 phosphate buffer/0.1 M KCI at the
scan rates (mV s~!) of: 10, 25, 35, 50, 65, 80, 100, 120, 140 (from
inner to outer). (c) GOx/SWNT/GCE in pH 7.0 phosphate
buffer/0.1 M KCl (solid curve); FAD/SWNT/GCE in pH 7.0
phosphate buffer/0.1 M KCI (dotted curve). Scan rate: 50 mV s~!.

figure 1(b)). The electron transfer rate of FAD/SWNTP
was as low as 0.38 s~! when determined using the method
of Laviron [21]. This observed change may be caused by
FAD overloading due to the larger active surface area of the
annealed CNT. The unannealed SWNT formulation contains
about 30% additives (particularly surfactants), which might
decrease the effective or active surface area of the nanotubes
so that the overloading of FAD was avoided in the case of
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Figure 2. CV of FAD (a) and GOX (b) adsorbed on annealed
SWNTP in pH 7.0 phosphate buffer/0.1 M KCI at the scan rates
(mV s of 10, 25, 35, 50, 65, 80, 100,120, 140.

the results shown in figure 1. On the other hand, figure 2(b)
shows the CV of GOx adsorbed on the annealed SWNTP.
There is a significant increase in measured electroactivity
when compared with that on the unannealed SWNTP (not
shown) and SWNT/GCE (shown in figure 1(c)). Unlike
FAD, GOx adsorbed on the annealed SWNTP (GOx/SWNTP)
displayed almost symmetrical CV shapes with equal reduction
and oxidation peak heights and with a formal potential of
—441 mV. The peak potential of GOx/SWNTP is close to
that of FAD, indicating that the electroactivity of the adsorbed
GOx on annealed SWNTP did result from the FAD moiety of
the enzyme molecule. Multiple scan rate cyclic voltammetry
(MSRCV) of the GOx/SWNTP shows that the redox peak
separation changed from 43 mV at 10 mV s~', through
71 mV at 50 mV s~ !, to 87.5 mV at 140 mV s~'. The
corresponding peak width at half-height changed from 74 mV
at 10 mV s, through 109 mV at 50 mV s, to 124 mV at
140 mV s~ 1, Obviously, like FAD/SWNT/GCE, the adsorbed
GOx on the annealed SWNTP (GOx/SWNTP) also displayed
a quasi-reversible one-electron transfer process. The linear
relationship of the peak current with the scan rate likewise
shows that the adsorbed GOx performed as a surface-confined
electrode reaction. The electron transfer rate of GOx/SWNTP
was found to be 1.7 s~' when determined by the method
of Laviron [21]. This value is lower than that found for
FAD/SWNT/GCE because of the steric hindrance arising from
the association of FAD with the apo-protein component of the
enzyme.
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Figure 3. AFM tapping-mode images (height profiles) of GOx adsorbed on SWNTP. (a) The annealed SWNTP. (b) GOx on the annealed
SWNTP. (c) The unannealed SWNTP. (d) GOx on the unannealed SWNTP.

(This figure is in colour only in the electronic version)

These results demonstrate that after annealing, the
elegantly simple physico-chemical adsorption of GOx to the
surface of the annealed SWNT results in direct electron
transfer to the cofactor of the enzyme. Moreover, the
enzyme loading was large enough to support readily detectable
redox currents. Figure 3 shows the images, obtained by
atomic force microscopy (AFM), of GOx adsorbed on both
the annealed SWNTP and the unannealed SWNTP*. The
surfactant molecules, shown as aggregates on the unannealed
SWNTP in figure 3(c), were removed during the high-
temperature annealing process (compare figures 3(a) and (c)).
It is also very clear that the globular protein (GOx) molecules
were adsorbed on the larger available surface area of ‘clear’
annealed SWNTP (see figures 3(a) and (b)). The unannealed
SWNTP also allowed considerable adsorption of GOx (see
figures 3(c) and (d)). At a glance, the unannealed SWNTP
appears to have globular adsorbates (about 10-20 nm)
that resemble the globular features found on GOx/SWNTP.
Furthermore, the unannealed SWNTP, after being exposed
to GOx, is more densely covered by these globular features
but displays less GOx-related electroactivity. This arises, we
believe, because the adsorbed surfactant effectively prevents
access to those features that enable direct electroactivity of
GOx at the SWNT surface.

There is little doubt that the active surface area of CNT
increases dramatically after annealing; the MSRCV data with
FAD confirms this view. More importantly, the resulting sur-
faces allowed direct electron transfer to adsorbed GOx. It is
believed that nanoscale ‘dendrites’ of CNT project outwards
from the surface and act like bundled ultra-microelectrodes that
allow access to the active site and permit direct electron transfer

4 AFM tapping-mode images (height profiles) were taken with Digital

Instruments Nanoscope III atomic force microscope (Digital Instruments,
USA).
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to the adsorbed enzyme. In other words, during the adsorption
of GOXx, the protein confers its surfactant-like qualities to the
surface of the annealed SWNTP and in so doing the protein
adsorption permits small assemblies of CNT (possibly individ-
ual nanotubes) to approach and be physically located within
the electron tunnelling distance of the prosthetic group FAD of
the enzyme. Thus, the SWNTP surface, because of its nanos-
tructured topology, allows the enzyme to be adsorbed and the
electrode to be positioned close to the electroactive prosthetic
group. The elegant simplicity arises because the electrode
structure and the enzyme both share the same length scale. The
enzyme is able to be adsorbed onto the surface of the SWNT
bed without losing its overall biological shape, form and/or
function. The present results suggest the analogy of piercing
a balloon with a long sharp needle such that the balloon does
not pop. Instead, by a gentle twisting action the needle can
be made to enter the balloon without the balloon losing its in-
tegrity or its air. The needle, once having pierced the outer skin
of the balloon could now interact with the contents of the bal-
loon. In this way, some number of SWNTs are able to ‘pierce’
the glycoprotein shell of the GOx and gain access to the redox
sites and be established within tunnelling distance of the redox
active co-factor (FAD) of the enzyme. This then will allow
direct electron transfer. Such access is not generally accorded
to the smooth, polished surfaces of traditional electrodes.
However, did the adsorbed GOx, while demonstrating
electroactivity at the SWNTP surface, still retain its glucose-
specific enzyme activity? Shown in figure 4 is confirma-
tory evidence that GOx adsorbed onto the annealed SWNTP,
while directly electroactive, still retained its enzyme specific
activity and was responsive to glucose. Figure 4(a) shows
the CV obtained in oxygen-free buffer solution (solid curve,
also see figure 2(b)), which was later re-aerated to oxygen-
saturation and another CV obtained (dotted curve). Under
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Figure 4. Electrochemical detection of enzyme activity of GOx
adsorbed on annealed SWNTP. (a) CV of GOx adsorbed on
annealed SWNTP in the O,-free pH 7.0 phosphate buffer/0.1 M
KCL (solid curve); in the O,-saturated buffer (dotted curve); and
after addition of glucose to the final concentration of 25 mM
(dashed curve). Scan rate: 50 mV s~!. (b) Chronoamperometric
record of GOx adsorbed on annealed SWNTP in O,-saturated pH
7.0 phosphate buffer/0.1 M KCI at a constant potential of —475 mV
while glucose was added at 226 s to a final concentration of 25 mM.

these conditions the catalytic reduction peak current for oxygen
(2FAD+0, — 2FAD* +O§_) is clearly observed as the dotted
curve. Next, a chronoamperometric experiment at a constant
potential of —475 mV was carried out under constant stirring.
Upon the addition of glucose, the monitored current was dra-
matically increased as shown in figure 4(b). This is in agree-
ment with the subsequent CV that shows an almost perfect
return to the oxygen-free condition (the dashed curves in fig-
ure 4(a)) as the presence of glucose promotes the consumption
of oxygen. These results demonstrate that molecular oxygen
was consumed at the electrode interface (glucose + O, — glu-
conolactone + H,O,) and accordingly confirms that the oxidase
still maintained its specific enzyme activity. Two months later,
both the electroactivity and the apparent enzyme activity were
still measurable at about 70% of the initial value.

We have demonstrated that CNT, when combined with a
member of the important family of oxidase enzymes such as
GOx, offer the opportunity for research of the electron transfer
chemistry of these biological redox molecules. This system
also allows external potentiation of redox enzyme/protein
activity for biological reaction engineering as well as the
construction of novel biosensors and nanobiosensors. Our
work is now directed to covalent immobilization of cofactors

and oxidoreductases to the acid sites of single CNTs for the
construction of nanobiosensors that could be used in the study
of sub-cellular kinetics.

Experimental details

Flavin adenine dinucleotide (FAD, Product No: F-6625) and
GOx (GOx, Product No: G-7016) were obtained from

o o
N cHy i cn,
99 9E I990H
PN 2H + 2 )\ "
+—

OH : -OH
on N( ‘ N\> on
o o
I N I

. .
S I
! !
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Sigma. GOx (l-oxidoreductase, EC 1.1.3.4) is a FAD-
dependent enzyme that catalyses the oxidation of 8-D-glucose
by molecular oxygen. The working solution of pH 7.0, 33 mM
phosphate buffer containing 0.1 M KCI was prepared as usual.
Aliquots (10 ul) of 0.4 g 17! aqueous suspension of SWNT
were deposited on GCE (GCE, 3 mm diameter) and allowed
to dry under ambient conditions to form SWNT-modified
electrodes (SWNT/GCE). A certain area of carbon nanotube
paper (SWNTP, unannealed and annealed) was also used as
working electrodes. The resulting electrodes were sequentially
rinsed with water, methanol, water and the working buffer just
before carrying out CV experiments in 0.1 mM FAD or being
incubated overnight at 4°C in 100 ul of the working buffer
containing 2 mg of GOx. FAD or GOx was thus spontaneously
adsorbed onto the SWNT electrodes. Modified electrodes were
rinsed completely with the working buffer solution prior to
use and so the following electrode constructs were obtained:
FAD/SWNT/GCE, GOx/SWNT/GCE, FAD/SWNTP and
GOx/SWNTP. All electrochemical experiments were carried
out at 20 £ 1°C using a computer-controlled EG&G
Potentiostat/Galvanostat Model 273 (Princeton Applied
Research). The electrochemical cell was equipped with a
working electrode as described above, a Ag/AgCl (3.0 M NaCl)
reference electrode and a platinum wire counter electrode.
Prior to measurement, 4 ml of 33 mM phosphate buffer
containing 0.1 M KCI was carefully bubbled with argon for
at least 20 min to remove oxygen. The CNTP was first heated
to 150 °C in a convection oven to remove residual solvent and
then transferred to a tube furnace and annealed at 10 °C min~"
from ambient to 450 °C while purging in an argon atmosphere.
AFM tapping-mode images (height profiles) were taken with
a Digital Instruments Nanoscope III atomic force microscope
(Digital Instruments, USA).
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