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1. Introduction

The direct electron transfer between protein and electrode has
received increasing attention because of its importance in
elucidating the intrinsic thermodynamic and kinetic properties
of proteins and its potential application in bioelectronic devices
[1]. Recently, the techniques of protein-film to incorporate protein
into films, such as composite films, polymer films and lipid films on
pyrolytic graphite electrodes, were developed [2].

Nanotechnology could provide a novel way to facilitate the
electron transfer between protein and the electrode. CNTs are
novel nano-sized material and have been widely used in materials,
electronic and physical fields due to their unique properties [3–5].
However, the CNTs have very high thermo-stability and until now
it cannot dissolve in any solvent, which limits the further
development and application of CNTs remarkably. Chi is a
polysaccharide biopolymer, which has been extensively used in
chemical and biomedical fields because of its desirable properties
such as nontoxicity, biocompatibility, biodegradability, good film-
forming ability [6]. In this paper, we have used Chi to functionalize

CNTs through nanocovalent way, in order to form super-molecular
adducts without impairing the physical properties of the CNTs
surface.

2. Experimental

Carbon nanotubes (CNTs, diameter 40–60 nm approximately)
obtained from Department of Physics, HongKong University of
Science and Technology, and were purified with nitric acid. Hb
(MW 66,000) and Chi (from Crab Shells, minimum 85% deacety-
lated) were purchased from Sigma. Hydrogen peroxide (30%, w/w)
was from Beijing Chemical Company. All other chemicals were of
analytical grade.

Chi was dissolved in 0.10 M acetic acid and stirred for 24 h to
form 6.0 mg mL�1 solution, after the undissolved material was
filtered, the pH was adjusted to about 5.0 using 1.0 M NaOH. The
CNTs were dispersed into Chi solution, and the mixture was
sonicated for 1 h to obtain a homogeneous and black dispersion
containing 2 mg mL�1 CNTs. A total of 4 mL of the dispersion was
coated onto the glassy carbon (GC, 3 mm diameter) electrodes
(Chi-CNTs/GC) with a microsyringe, and the electrode was dried in
air. The Hb was co-assembled onto the CNTs by immersing the Chi-
CNTs/GC electrodes into 0.10 M PBS containing 10 mg mL�1 Hb for
8 h. The ultimate electrodes (Hb/Chi-CNTs/GC) were rinsed with
distilled water before electrochemical measurements.
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A B S T R A C T

This study describes the noncovalently functionalization of carbon nanotubes (CNTs) with natural

biopolymer chitosan (Chi) as substrate for hemoglobin (Hb) immobilization. The noncovalently Chi-

functionalized CNTs possessed an improved solubility in aqueous solution and was beneficial to form

three-dimensional configuration of the CNTs film electrode. The adsorbed Hb in Chi-CNTs interface

showed a pair of quasi-reversible redox peak with a formal potential of�0.34 V (vs. SCE) in 0.10 M pH 7.0

phosphate buffer solution and possessed good bioelectrochemical catalytic activities toward the

reductions of H2O2.
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Electrochemical experiments were carried out by using an
electrochemical workstation (CHI 650C, CHI, Austin, TX), with a
conventional three-electrode cell. The modified GC electrodes
were used as the working electrode, a platinum spiral wire as the
counter electrode, and a saturated calomel electrode (SCE) as the
reference electrode. The electrolyte was bubbled with high-purity
nitrogen for at least 30 min prior to experiments. All electro-
chemical measurements were performed at ambient temperature
(18 � 2 8C).

3. Results and discussion

The biocompatible solubilization of CNTs is believed to be
significant for the biological applications of the CNTs. Unmodified
CNTs have tendency to aggregate in water and other solvents due
to the strong van der Waals forces, as shown in insets b and c of
Fig. 1. However, the CNTs functionalized with Chi can form
homogeneous and black dispersion in aqueous solution, and
suspension can keep stable at least 2 weeks, as shown in inset of
Fig. 1. There would be an electrostatic interaction between
positively charged polycation of Chi and negatively charged CNTs,
and it would decrease the van der Waals forces among CNT bundles

by wrapping the CNTs in polymer chains as reported previously [3].
Moreover, such functionalized CNTs would exist on the solid
substrate both in the separated single CNT state and in the small
bundles of the CNTs state, as shown by SEM image of Fig. 1. This
feature is attractive for the further development of electrochemical
biosensors and biofuel cells because such a three-dimensional
configuration of the CNTs film electrode could essentially result in
an increase in the quantity of attached enzymes.

Fig. 2 presents the comparative thermogravimetric studies of
the solid-state samples of pure Chi, Chi-CNTs and pure CNTs. As can
be seen in Fig. 2, the thermal decomposition of pure Chi involved
depolymerization and decomposition of glucosamine units of Chi
at �200 to 400 8C, which is followed by the oxidative decomposi-
tion of the residues in the temperature range �400 to 790 8C. The
TGA of Chi-CNTs composite sample shows that it decomposes

Fig. 1. SEM images of Chi-CNTs. Inset shows the photographs of 2 mg mL�1 CNTs

dispersions into aqueous solution of Chi (a), DMF (b) and water (c) for 2 weeks.

Fig. 2. TGA curves of Chi, CNT and Chi-CNT composite samples.

Fig. 3. UV–vis absorption spectra of Hb/Chi-CNTs (a), Hb (b) and Chi-CNTs (c) film

on ITO glass.

Fig. 4. CVs obtained at Hb/Chi-CNT/GC (solid line), Hb/CNT/GC (dashed line) and

Chi-CNT/GC (dotted line) electrodes in 0.10 MN2-saturated phosphate buffer. Scan

rate, 100 mV s�1.

W. Zheng et al. / Applied Surface Science 255 (2008) 571–573572



Author's personal copy

within the temperature range �200 to 550 8C in two steps, which
generally resembles the thermal decomposition of Chi sample.
However, the TGA of CNTs sample shows that it is more stable than
Chi and Chi-CNTs composite. The mass loss of CNTs sample takes
place in the temperature range �450 to 790 8C.

The position of the Soret absorption band of iron heme may
provide information of the denaturation of heme proteins [7]. Fig. 3
shows the UV–vis spectra of the Hb/Chi-CNTs (curve a), Hb (curve
b), and Chi-CNTs (curve c) films on ITO glass, respectively. The
Soret absorption band of the Chi-CNTs/Hb composite film is the
same as that of the Hb film at 408 nm, but the Chi-CNTs film shows
no absorption peaks under the same condition. This indicates that
the Hb embedded in the Chi-CNTs composite film has similar
structure to the native of Hb, and retains its near-native
conformations.

Fig. 4 shows the cyclic voltammograms of the Hb/Chi-CNTs/GC
(solid line), Hb/CNTs/GC (dashed line) and Chi-CNTs/GC (dotted
line) electrodes in 0.10 M PBS (pH 7.0). As can be seen in Fig. 4, a
pair of redox peaks are observed at the Chi-CNTs/GC electrode at
about �0.10 V (dotted line), which is due to the redox process of
the oxygen-containing groups on the CNTs surface [8,9]. However,

a pair of well-defined redox peaks is observed at the Hb/Chi-CNTs/
GC electrode (solid line). The formal potential E0 is about �0.34 V
(vs. SCE), and the separation of peak potentials (DEp) is 60 mV s�1,
the peaks are located at the characteristic potentials of heme
Fe(III)/Fe(II) redox couples of the proteins, similar to other report
[10]. These results indicate the Chi-CNTs composite film could
provide a favorable microenvironment for Hb to exchange
electrons with the electrode and facilitate the rate of electron
transport.

Fig. 5 shows the catalytic reduction of H2O2 at the Hb/Chi-CNTs
modified GC electrodes. It can be seen that, when H2O2 is added to
the buffers, the reduction peak on the Hb/Chi-CNTs film electrodes
increases in height at approximately �0.42 V (vs. SCE), accom-
panied by a decrease and disappearance of the oxidation peak.
Moreover, the reduction peak current increases with increasing the
concentration of H2O2 in PBS. These results indicate that the Hb
entrapped in the composite film possesses the electrocatalytic
activity to H2O2.

4. Conclusions

In this paper, we found that the Chi-functionalized CNTs could
essentially solubilize in water and is beneficial to form three-
dimensional configuration of the CNTs film electrode. It was
proved to be very useful for conducting direct electron transport of
adsorbed Hb in Chi-CNTs composite film. The Hb can retain its
original conformation and own the bioelectrocatalytic activity to
H2O2 reduction, which can provide a basis for the development of
the biosensors and biofuel cells without addition of mediators or
promoters.
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Fig. 5. CVs obtained at Hb/Chi-CNT/GC electrode in 0.10 M N2-saturated phosphate

buffer in the absence (dotted line) and presence of 10 mM H2O2 (solid line a), 20 mM

H2O2 (solid line b). Scan rate, 100 mV s�1.
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