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a b s t r a c t

A novel noncovalent approach was developed for the functionalization of multi-wall carbon nan-
otubes (MWNTs) using the hydrophobin, HFBI. Owing to the amphipathic nature, HFBI can be adopted
onto the surface of MWNTs to form HFBI–MWNTs nanocomposite with good dispersion in water. The
HFBI–MWNTs nanocomposite was characterized by scanning electron microscopy (SEM), transmis-
vailable online 20 August 2010
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sion electron microscopy (TEM) and water contact angle measurements (WCA). Furthermore, a glucose
biosensor was developed based on HFBI–MWNTs by a one-step casting method. The resulting biosensor
displayed high sensitivity, wider linear range, low detection limit, and fast response for glucose detec-
tion, which implicated that the HFBI–MWNTs nanocomposite film holds great promise in the design of
electrochemical devices, such as sensors and biosensors.

© 2010 Elsevier B.V. All rights reserved.

iosensor

. Introduction

Due to their large surface area, unique structures, excellent elec-
rical conductivity, ultra-strong mechanical properties and high
tability, carbon nanotubes (CNTs) have been rapidly becoming
lectrode material (Peng et al., 2010). However, CNTs are commonly
nsoluble in all solvents and usually form tangled network struc-
ures containing various impurities (Chen et al., 1998; Wu et al.,
010). To overcome these limits, CNT surfaces are often tailored
sing either covalent (Balasubramanian and Burghard, 2005; Wu
t al., 2007) or noncovalent modification (Chen et al., 2001; Hecht
t al., 2006) strategies. Covalent surface modifications usually per-
urb the structures of nanotubes, and thus greatly change their
esirable physical and chemical properties. Alternatively, efficient
olubilization of CNTs has been demonstrated using the noncova-

ent adsorption of surfactants (Hu et al., 2007), polymers (Choi et
l., 2010), and biomolecules such as DNA (Li et al., 2009), polysac-
harides (Zhang et al., 2009a) and designed peptides (Salzmann
t al., 2008; Witus et al., 2007). Recently, protein encapsulation of

∗ Corresponding author. Tel.: +86 22 23506173; fax: +86 22 23506122.
∗∗ Corresponding author. Tel.: +86 22 23503340; fax: +86 22 23503692.

E-mail addresses: qiangchen@nankai.edu.cn (Q. Chen),
ingqiangqiao@yahoo.com.cn (M. Qiao).

956-5663/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.bios.2010.08.024
the CNTs was reported to be well dispersed in water (Hirano et al.,
2009; Kurppa et al., 2007).

Hydrophobins are small proteins (∼100 amino acids) that
play various roles in fungal physiology related to surface phe-
nomena, such as adhesion, formation of surface layers, and
lowering of surface tension (van Wetter et al., 2000; Wösten
et al., 1993; Wessels et al., 1991). As a remarkable property,
hydrophobins have both hydrophobic and hydrophilic parts which
make them easy to self-assemble at various interfaces to form
polymeric amphipathic membranes and effect the reversal of
the surfaces wettability. They are also among the most surface-
active molecules known. Their activity is at least similar to that
of traditional biosurfactants encompassing glycolipids, lipopep-
tides/lipoproteins, phospholipids, neutral lipids, substituted fatty
acids, and lipopolysaccharides (Wösten and de Vocht, 2000). How-
ever, in contrast to these surfactants, surface activity depends on
a conformational change of the molecules during assembly rather
than on a diffusion-limited adsorption to the interface (van derVegt
et al., 1996). Utilization of the properties of hydrophobins in appli-
cations such as coatings, emulsion stabilization, and separation

technologies has been discussed (Hektor and Scholtmeijer, 2005).
Recently, the ability of hydrophobins to improve the dispersibility
of hydrophobic particles in water (Kurppa et al., 2007; Lumsdon et
al., 2005) has been demonstrated. In addition, the protein presents
numerous reactive groups such as hydroxyls, amines, thiols, and

dx.doi.org/10.1016/j.bios.2010.08.024
http://www.sciencedirect.com/science/journal/09565663
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arboxylic acids which provide sites for further surface modifica-
ion of the CNTs.

In the present paper we report a simple method for the solubi-
ization of multi-wall carbon nanotubes (MWNTs) in water using

7.5-kDa hydrophobin, HFBI. The HFBI-functionalized MWNTs
HFBI–MWNTs) was stable in water and able to form uniform

WNTs film at Pt electrode when dried. Furthermore, an amper-
metric glucose biosensor based on HFBI–MWNTs and glucose
xidase (GOD) has been developed to evaluate the performance
f HFBI–MWNTs nanocomposite film in electrochemical applica-
ions. To the best of our knowledge, this is the first demonstration
f an electrochemical biosensor based on the integration of GOD
ith carbon nanotubes functionalized by hydrophobin.

. Experimental

.1. Chemicals and reagents

MWNTs (10–20 nm diameter, 5–15 �m average length and
95% purity) were obtained from Shenzhen Nanotech Port Ltd.
o. (China). HFBI from Trichoderma reesei (pI 5.7, in 0.1 M NaCl
98% by agarose gel electrophoresis, lyophilized powder contain-

ng 30.9 wt.% HFBI) was isolated and purified as previously reported
Hou et al., 2008). GOD (EC 1.1.3.4, 235 units mg−1, from Aspergillus
iger), was purchased from Sigma. 4 mg mL−1 of GOD was prepared

n 0.1 M phosphate buffer solution (PBS, pH 6.8). Glucose solutions
ere left overnight before use to allow equilibration of anomers.
ll other reagents were of analytical grade. All aqueous solutions
ere prepared with doubly distilled water.

.2. Instrumentation

Electrochemical measurements were performed on a
otentiostat–Galvanostat (Model 283 with a software M270,
G&G Co.) A conventional three-electrode system comprising
he modified platinum disk electrode as working electrode, a
latinum wire (1 mm diameter) as counter electrode and an
g/AgCl (saturated KCl) as reference electrode was employed for
ll electrochemical experiments in an electrochemical cell filled
ith 20 mL of 0.1 M PBS at room temperature. In steady-state

mperometric experiment, the potential was set at +600 mV
nder gently magnetic stirring. Before all chronoamperometric
xperiments, the potential of each electrode was held at +600 mV,
llowing the background current to decay to a steady-state value.
he morphology of MWNTs was characterized by transmission
lectron microscopy (TEM, Tacnai T20, Philips) and scanning
lectron microscopy (SEM, QUANTA 200, FEI Co.). WCAs were
easured by an optical contact angle meter (OCA20, Dataphysics

nc.). All experiments were performed at room temperature,
25 ◦C.

.3. Dispersion of MWNTs in HFBI solutions

The preparation of HFBI-functionalized water-soluble MWNTs
as carried out as follows: 20 mg of pristine MWNTs was first dis-

olved in 10 mL 20 �g mL−1 HFBI aqueous solution under strong
tirring, and then dispersed in ultrasonic bath for at least 30 min.
he functionalized MWNTs were separated from the suspension by
entrifugation (10,000 rpm, 20 min) for twice.
.4. Fabrication of modified electrodes

Platinum disk electrodes (3 mm diameter) were polished before
ach experiment with chamois leather containing 0.05 �m alumina
owders, rinsed thoroughly with doubly distilled water, ultrason-
ctronics 26 (2010) 1104–1108 1105

ically cleaned in ethanol and doubly distilled water, and dried at
room temperature.

The HFBI–MWNTs nanocomposite films were prepared by cast-
ing a 6 �L of as-prepared HFBI–MWNTs dispersion onto the Pt
electrode and air-dried. Through the same method, the HFBI mod-
ified electrode was prepared with 20 �g mL−1 HFBI solution. For
preparing the HFBI–MWNTs–GOD/Pt electrode, the mixture con-
taining the same volume of HFBI–MWNTs dispersion and GOD
solution was homogenized by the ultrasonic dispersion of 10 min;
6 �L of the solution was cast onto the surface of a Pt electrode and
dried in air. The modified electrodes were put on a shelf with the
electrode surface upward at 4 ◦C when not in use. Each electrode
was dust-protected and kept at constant humidity conditions.

3. Results and discussion

3.1. Morphology

The HFBI–MWNTs suspension prepared by strong stirring and
ultrasonication can be readily dispersed in water and stable for at
least 45 days at room temperature, no phase separation with aggre-
gation of nanotubes at the bottom of the vials while the MWNTs
dispersed in water without adding HFBI were aggregated at the
bottom of the vials within 30 min (Fig. S1).

The nanostructures of the HFBI–MWNTs were investigated by
transmission electron microscopy (TEM). As shown in Fig. 1A,
the surface of pristine MWNTs dispersed in water looked clear
without any extra phase adhering to them. The HFBI–MWNTs
nanocomposite (Fig. 1B) seemed a little wider than that of the pris-
tine nanotubes, indicating that the protein wrapped around the
MWNTs. In the high magnification image, a core-shell structure
was clearly observed. The core with graphite sheets corresponded
to the tubes and the shell layer attached tightly to the outer graphite
sheet with a thickness of ∼4–10 nm. Due to the surface-active and
amphiphilic properties, HFBI has a high tendency to migrate to
hydrophobic–hydrophilic interfaces and was able to encapsulate
and dissolve hydrophobic molecules into aqueous media (Szilvay et
al., 2007; Linder et al., 2005). Proteins may act as pseudo surfactants
which adsorb onto the MWNTs through hydrophobic interactions,
while their hydrophilic groups interact with water and this pro-
cess eventually leads to complete debundling of MWNTs in protein
solutions.

The surface morphology and microstructure of an indicator elec-
trode greatly impacts its reactivity and performance. Scanning
electron microscopy (SEM) was employed to gain insights into
the surface morphology of HFBI–MWNTs modified electrodes, as
shown in Fig. 1C. It is clear that a highly uniform HFBI–MWNTs
film was formed on the surface without assembling into tangled
ropes, which was in agreement with the TEM images observations
(Fig. 1B), suggesting HFBI should be an excellent dispersant for
carbon nanotube dispersion.

3.2. Water contact angles

Apart from the effective solubilization to MWNTs, characteriza-
tion by WCA measurements revealed another merit of the protein
improving the hydrophilicity of modified surface. It is known that
the improvement in hydrophilicity enhances the biocompatibility
of the nanostructure surface for the immobilization of proteins,
thereby preserving their natural structure and bioactivity.
The hydrophilicity of the bare and HFBI–MWNTs modified plat-
inum surface was assessed by determining the contact angle of
water droplets. The reported WCA values are averages of three mea-
surements made on different positions of the sample surface. The
results showed that the WCA of platinum surface decreased from
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Fig. 1. TEM images of (A) pristine MWNTs and

4.3◦ (±2.0◦) to 13.2◦ (±2.0◦) (n = 3) after modified by HFBI–MWNTs
Fig. S2), indicating the surface hydrophilicity was remarkably
mproved. We attempted to make an explanation to this change
rom two aspects. For the protein wrapped MWNTs, the hydropho-
ic part of HFBI faces to the wall of CNT, and the hydrophilic patch
urns outside, inducing the reversal of the surface hydrophilicity. In
ddition, once coating, the non-conjugated HFBI will self-assemble
n the platinum surface as most documents have reported (Corvis
t al., 2005; Kisko et al., 2009). Besides, the WCA values of mod-
fied surfaces were not changed even after storing for several
ays.

.3. Electrocatalytic activity of HFBI–MWNTs conjugates
embrane

Cyclic voltammogram of the ferricyanide system is a convenient
nd valuable tool to monitor the characteristics of the surface of
odified electrode. CVs of bare Pt, HFBI/Pt and HFBI–MWNTs/Pt
onducted in 0.1 M KCl containing 20 mM [Fe(CN)6]3− are shown
n Fig. 2A. The peak current (ip) of [Fe(CN)6]3− increased and the
eak-to-peak separation (�Ep) decreased in the order of HFBI/Pt,
are Pt and HFBI–MWNTs/Pt. A couple of well-defined peaks
ere observed for the HFBI–MWNTs/Pt at +290 mV and +142 mV.
FBI–MWNTs; (C) SEM image of HFBI–MWNTs.

The peak-to-peak separations (�Ep) were 280.5 mV, 186 mV
and 148 mV for HFBI/Pt, bare Pt electrode and HFBI–MWNTs/Pt,
respectively, indicating the faster electron-transfer kinetics on
HFBI–MWNTs modified electrode.

As shown in Fig. 2B, the ip vs. square root of the scan rate
was linear, which suggested a diffusion control in the process. The
microscopic electroactive areas of the modified GCEs were obtained
according to the Randles–Sevcik equation (Zhang et al., 2009b):

ip = 2.69 × 105AD1/2n3/2�1/2C (1)

where n is the number of electrons participating in the redox
reaction and is equal to 1, A is the area of the electrode
(cm2), D is the diffusion coefficient of the molecule and is
(6.70 ± 0.02) × 10−6 cm2 s−1. C is the concentration of the probe
molecule in the solution and is 20 mM, and � is the scan
rate (V s−1). The active surface area for HFBI–MWNTs/Pt was
0.0916 ± 0.0022 cm2 compared to 0.0707 cm2 for bare Pt electrode
and 0.0481 ± 0.0092 cm2 for HFBI/Pt. Herein, the electron-blocking

effect of HFBI was greatly improved after incorporating MWNTs
and the HFBI–MWNTs modified Pt elecrode showed better elec-
troactivity than both of the other two. The conclusion was further
proved by CVs of bare Pt, HFBI/Pt and HFBI–MWNTs/Pt in 0.1 M PBS
(pH6.8) (Fig. 2 inset).
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ig. 2. (A) Cyclic voltammograms of bare Pt, HFBI/Pt and HFBI–MWNTs/Pt in 0.1
lectrodes above in 0.1 M PBS (pH 6.8) (B) The HFBI–MWNTs modified electrodes at 1
nd 300 mV s−1 (from inner to outer) in 0.1 M KCl containing 20 mM [Fe(CN)6]3− . In

The stability and repeatability of the HFBI–MWNTs modified
t electrode were tested in the ferricyanide system as described
efore. Only 1.18% decrease of oxidative currents from the 2nd to
0th cycle at the scan rate of 50 mV s−1 was observed (Fig.S3) and
he RSD of peak current for the 20 cycles was 2.9%, indicating good
tability and repeatability.

.4. Chronoamperometric response

Since the modified electrode exhibits large active surface area
nd, fast electron-transfer kinetics and stable electrochemistry,
t can be used as electron-transfer mediator to shuttle electrons
etween analytes and the electrode. GOD was selected as a model
nzyme to evaluate the electrocatalytic ability of the HFBI–MWNTs
odified Pt electrode. The glucose electrochemical biosensor is

ased on the amperometric detection of H2O2, which is generated
uring the course of the GOD-catalyzed oxidation of glucose in the
resence of dissolved oxygen (Guiseppi-Elie et al., 2002). The typ-

cal current–time response of HFBI–MWNTs–GOD/Pt electrode for

lucose detection at +600 mV was obtained in Fig. 3A. The biosensor
eached 95% of the steady-state current within 8 s after the addi-
ion of glucose. After five independent repeating experiments, the
teady-state calibration curve was fitted and shown in Fig. 3B. With
he increasing glucose concentration, the amperometric response

ig. 3. (A) Typical amperometric response of the biosensor to successive addition of gluc
FBI–MWNTs films modified Pt electrodes. Inset: Lineweaver–Burk plot of 1/iss vs. 1/C. E
l containing 20 mM [Fe(CN)6]3−at 50 mV s−1. Inset: cyclic voltammograms of the
−1, 20 mV s−1, 50 mV s−1, 80 mV s−1, 100 mV s−1, 150 mV s−1, 200 mV s−1, 250 mV s−1

lots of oxidation and reduction peak currents vs. v1/2.

increased linearly in the range from 0.025 mM to 2.05 mM with a
correlation coefficient of 0.998 (RSD varied from 3.2% to 4.7%, n = 5).
The dynamic curve showed a sensitivity of 115.96 �A mM−1 cm−2

with a detection limit of 8.2 �M at the signal-to-noise ratio of 3.
The apparent Michaelis–Menten constant (Kapp

m ), which gives
an indication of the enzyme–substrate kinetics for the glucose
biosensor based on HFBI–MWNTs films, can be calculated from the
Lineweaver–Burk equation (Kamin and Wilson, 1980):

1
iss

=
(

Kapp
m

imax

)(
1
C

)
+

(
1

imax

)
(2)

where iss is the steady-state response current when substrates are
added, imax is the maximum current measured in saturated sub-
strate conditions, and C represents the bulk concentration of the
substrate. The Kapp

m determined in the present studies (Fig. 3B, inset)
was calculated to be 2.45 mM. The resulting biosensor displayed
better performance than our group’s previous investigation (Zhao
et al., 2007), which constructed only used HFBI. The latter biosen-

sor showed detection limits of 90 �M, linear range from 0.5 mM
to 20 mM, sensitivity of 4.214 �A mM−1 cm−2 and Kapp

m of 16.8 mM.
Although additional calibration tests are required before further
fabrication processes, this system is highly promising for the future
development of glucose sensing.

ose into stirring PBS (pH 6.8) at +600 mV. (B) Steady-state calibration curve of the
rror bars = ±standard deviation and n = 5.
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The influences of ascorbic acid, uric acid and acetaminophen
n the glucose response were minimized due to the optimum per-
eability of hydrophobin film (Zhao et al., 2007). In addition, this

ensor has good stability (remains 83% of its initial response after
eing kept for one month) and reproducibility (parallel detection
or five times with a RSD of 4.3%). It is notable the maximum cur-
ent response did not appear right after the enzyme modification of
lectrode, but presented itself four days after the modification. The
ossible reason is related to protein rearrangement on the electrode
urface and bioactivity recovery of enzyme (Zhao et al., 2007).

. Conclusion

In summary, the hydrophobin HFBI demonstrates an effi-
ient ability to be a solubilizing agent for MWNTs. The resulting
FBI–MWNTs nanocomposite film with both merits of HFBI and
WNTs exhibited high hydrophilicity, fast electron-transfer kinet-

cs and excellent electrocatalytic activity. The glucose biosensor
ased on HFBI–MWNTs displayed high sensitivity, low detec-
ion limit, and fast response for glucose detection. The novel
FBI–MWNTs film can be easily applied to other types of substrate
lectrodes and surfaces and this will further broaden the electro-
nalytical applications.
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