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Direct electron transfer between laccase and a glassy carbon electrode modified with carbon nanotubes
having a uniform inner tube diameter was observed by cyclic voltammetry in 0.10 M phosphate buffer.
The formal potential of +530 mV (vs. SCE) was very close to redox potential of T1 copper in laccase. No
direct electron transfer between laccase and a glassy carbon electrode modified with carbon nanotubes
having a tapered inner tube diameter was determined under the same condition. The possible application
of the laccase-catalyzed O2 reduction at these electrodes was successfully illustrated by constructing an
ascorbate/O2 biofuel cell.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Laccase (benzenediol: oxygen oxidorecuctases, EC 1.10.3.2) is
the simplest multi-copper oxidase consisting of four copper atoms
and no other cofactors, i.e., one type-1 (T1) copper ion and three
additional copper atmos including one type-2 (T2) and two type-
3 (T3 and T30) copper ions which form a trinuclear copper cluster
[1]. Laccase is capable of oxidizing phenols by the direct four elec-
trons reducing molecular oxygen to water at high potential. Conse-
quently, this property enables laccase to be widely used in the
construction of biosensors and biofuel cells [2–8]. With these sub-
tle properties, the bioelectrocatalytic reduction of oxygen by lac-
case has aroused extensive interest. However, the direct electron
transfer of laccase is generally difficult due to the complex struc-
tures of its redox centers and the unfavorable orientations of lac-
case at electrodes. Thus, in recent years the electron transfer
between laccase and the electrode was shuttled in most cases by
redox mediators, such as 2,20-azinobis (3-ethylbenzthiazoline-6-
sulfonic acid) diammonium salt (ABTS) and osmium-based poly-
mers [5–8].

Carbon nanotubes (CNTs), as a novel form of carbon, comprise
of one or several layers of graphene seamless cylinders nanostruc-
ture formed by rolling up along one axis (with a high aspect ratio).
The lamellar planes of sp2 carbon in graphite sheets are organized
in hexagons with a tremendously high degree delocalization of p-
electron [9]. Thus, carbon nanotubes are distinct from other kinds
of carbon-based materials, such as glassy carbon (GC), highly ori-
entated pyrolytic graphite (HOPG), fullerene and diamond. More-
ll rights reserved.
over, depending on the twist direction of the graphite sheet,
carbon nanotubes can display metallic, semiconducting and super-
conducting electron transport properties. The unique properties of
carbon nanotubes make them extremely attractive for electro-
chemical studies and electroanalytical applications, e.g., electroca-
talysis, protein electrochemistry, electrochemical sensors, and
especially for biosensors or biofuel cell [10,11]. In this Letter, we
studied the direct electron transfer and electrocatalysis properties
of laccase at two kinds of carbon nanotubes electrodes using cyclic
voltammograms.
2. Experimental

Carbon nanotubes having a uniform inner tube diameter (de-
noted as CNTs-1, diameters 10–30 nm) were purchased from
Shenzhen Nanotech Port Co., Ltd (Shenzhen, China). Carbon nano-
tubes having a tapered inner tube diameter (denoted as CNTs-2)
were synthesized by thermal chemical vapor deposition (CVD)
using Fe as the catalyst. A gas mixture of methane and hydrogen
was used in the CVD process with a growth temperature of about
600 �C. The CNTs-1 and CNTs-2 were purified by refluxing in
3.0 M HNO3 for 5 h prior to use.

For purification, the as-received laccase (E.C. 1.10.3.2, from Tra-
metes versicolor, purchased from Fluka) was dissolved into 0.10 M
pH 6.0 phosphate buffer to give a 100 mg mL�1 homogeneous solu-
tion, which was subsequently transferred to a dialysis bag. The
dialysis bag was immersed into 0.10 M pH 6.0 stirring phosphate
buffer for 1 h, and then the dialysis bag transferred to the fresh buf-
fer solution. After repeating this process three times, the dialysis
bag was immersed into the fresh buffer solution and was stored
at 4 �C in a refrigerator for night. The solution left in the bag was
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saturated with ammonium sulphate to give a suspension that was
centrifuged at the speed of 5000 rpm for 5 min. When repeat this
process two times, the precipitate was dissolved into a minimal
amount of 0.10 M pH 6.0 phosphate buffer, and then the obtained
solution was transferred into a dialysis tubing and concentrated by
centrifuging at the speed of 8000 rpm for 10 min. Final activity of
the purified laccase was 96 U mL�1 by measurement of laccase oxi-
dation of ATBS at 427 nm (e = 3.6 � 104 cm�1 M�1) [12]. 1.0 Unit of
laccase activity is defined as the amount of laccase that is used to
oxidize 1 lmol ATBS in 1 min. The resulting solution of laccase was
stored at 4 �C in a refrigerator.

The CNTs-1 and CNTs-2 were dispersed into N,N-dimethylform-
amide to give a 2 mg mL�1 homogeneous dispersion. A 4 lL of the
CNTs-1 (or CNTs-2) dispersion was dip-coated onto the pretreated
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Fig. 1. (A) HRTEM image of CNTs-1. (B) TEM images of CNTs-2, inset is the HRTEM image
(bottom). (D) Cyclic voltammograms (CVs) observed at CNTs-1 (dashed line), CNTs-2 (do
PBS. Scan rate: 100 mV s�1. Inset is the enlargement of the dotted line. (E) CVs observed
KCl. Scan rate: 100 mV s�1. Inset is the impedance spectroscopy.
GC electrodes and dried at ambient temperature for at least 1 h.
Then 6 lL of the purified laccase was mixed with 2 lL of 1%
(wt.%) bovine serum albumin (BSA, Sigma) to give a laccase-BSA
mixture, which was coated onto the CNTs-modified GC electrodes
and then cross-linked with glutaraldehyde by applying 2 lL of
40 mM glutaraldehyde onto the electrodes. The resulting elec-
trodes (denoted as laccase/CNTs-(1 or 2) modified GC electrode)
were dried at ambient temperature and rinsed with distilled water
before use and stored at 4 �C in a refrigerator while not use. In or-
der to ensure the reproducibility of the experimental results, five
electrodes were prepared for each electrochemical measurement.

Electrochemical experiments were carried out with a computer-
controlled electrochemical analyzer (CHI 650C, Chen-Hua, Shang-
hai) in a two-compartment and three-electrode cell. The modified
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of the area marked by the black arrows. (C) FT-IR spectra of CNTs-1 (top) and CNTs-2
tted line) modified and bare (solid line) GC electrodes in N2-saturated 0.10 M pH 6.0
at CNTs-1 and CNTs-2 modified GC electrodes in 5 mM K3Fe(CN)6 containing 0.10 M
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GC electrodes were used as working electrodes, with a platinum
spiral wire as the counter electrode, and a saturated calomel elec-
trode (SCE) as the reference electrode. A 0.10 M phosphate buffer
(pH 6.0) was used as the supporting electrolyte. The electrolytes
were deaerated for at least 30 min with pure N2 gas, which was
kept flowing over the solution during the electrochemical mea-
surements. All electrochemical measurements were performed at
least three times at ambient temperature (18 ± 2 �C). For assem-
bling the biofuel cell, the laccase and glassy carbon electrode mod-
ified with CNTs-1 or CNTs-2 was used as the cathode for the O2

reduction, the glassy carbon electrode modified with CNTs-2 (trea-
ted via sonication in 1:3 concentrated nitric–sulfuric acid) was
used as the anode for the oxidation of ascorbate. FT-IR spectra were
obtained on a Perkin–Elmer Spectrome 100 spectrometer (Perkin–
Elmer Company, USA) at room temperature. Transmission electron
micrographs were recorded on a transmission electron microscope
(TEM, Philips Tecnai 10) using an accelerating voltage of 200 kV.
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Fig. 2. CVs observed at laccase/CNTs (solid line), CNTs (dashed line) and BSA/CNTs
(dotted line) modified GC electrodes in N2-saturated 0.10 M pH 6.0 PBS. Scan rate:
10 mV s�1. The CNTs were CNTs-1 (A) and CNTs-2 (B).
3. Results and discussion

Fig. 1A and B illustrated the bright field TEM image of experi-
mental carbon nanotubes, in which the CNTs-1 exhibited inner
uniform tubular morphology (as shown in Fig. 1A), whereas the
CNTs-2 showed inner tapered tube structures (as shown in
Fig. 1B). The structures of CNTs-1 and CNTs-2 were further ex-
plored by FT-IR spectrometry, as shown in Fig. 1C. For the CNTs-
1, the bands at 1711 cm�1 and 1187 cm�1 were attributed to the
C@O and C–O stretching vibrations of the carboxylic groups,
respectively [13]. The FT-IR spectrum of the CNTs-2 showed only
a band at 1638 cm�1 which was attributed to the stretching mode
v(C@O) of quinone groups [13]. These results revealed the produc-
tion of associated carboxylic acid groups on the CNTs-1 surface and
the production of quinone groups on the CNTs-2 surface,
respectively.

We further investigated the electrochemical properties of CNTs-
1 and CNTs-2. On the one hand, a pair of stable and well-defined
redox peaks was observed at the CNT-1 modified GC electrode in
0.10 M phosphate buffer of pH 6.0 at 100 mV s�1 (dashed line in
Fig. 1D). The formal potential was �0.10 V (vs. SCE), attributed to
the redox process of the oxygen-containing groups produced
[14]. On the other hand, a very small redox peak was observed at
the CNT-2 modified GC electrode (inset of Fig. 1D). This observa-
tion along with the FT-IR spectral data confirmed that the surface
properties of the two kinds of CNTs were different. The charging
current of CNT-1 modified GC electrode was apparently larger than
that of bare GC electrode, whereas the charging current of CNT-2
modified GC electrode was almost identical to that of bare GC elec-
trode. Moreover, when the CNT-1 modified GC electrode was im-
mersed into a 5.0 mM aqueous solution of potassium ferricyanide
(in 0.10 M KCl), the peak current was higher and peak-to-peak sep-
aration (87 mV) was smaller than that observed at CNT-2 modified
GC electrode and bare GC electrode (approximately 116 mV and
133 mV) at 100 mV s�1, respectively (Fig. 1E). At the same time,
compared with bare GC electrode, a very low electron-transfer
resistance on CNTs-1 modified GC electrode and CNTs-2 modified
GC electrode to the redox probe dissolved in the electrolyte solu-
tion was observed (inset of Fig. 1E). This indicated that the effective
electrode surface area, surface charge and density of electroactive
sites were significantly enhanced by the use of the CNTs-1 than
that of CNTs-2 when modifying the GC electrode.

Carbon nanotubes could represent a new sort of carbon-based
materials and possess unique structural and electronic properties
that are distinct from GC materials commonly used in
electrochemistry [15,16]. Several groups have investigated the
electrochemical activation of carbon nanotubes and proposed that
those atoms at the tube ends of carbon nanotubes would behave as
the edge plane of HOPG and favor their electrochemical properties,
and those atoms at the sidewall of the carbon nanotubes would
resemble the basal plane of HOPG and showed very slow electron
transfer kinetics [10,17,18]. Although it was not clear whether the
carbon nanotubes with different inner structure (uniform tube or
bamboo-like tube) had different ratio of atoms edge planes, and
at the basal planes or whether they behave differently during the
preparation and purification, it was clear that the surface proper-
ties of the two CNTs are different in the present study. It was the
differences in surface properties that leaded to the dissimilar elec-
trochemical behavior and performance of these CNTs as electrode
materials. The CNTs-1 modified GC electrode exhibited a larger
electrochemically accessible surface area and a faster electron
transfer rate at the electrode/electrolyte interface, which would
be very attractive for the investigations of electron transfer prop-
erty of enzymes and for the development of enzyme-based electro-
chemical biosensors and biofuel cells suitable for electrode
materials.

Direct electron transfer of laccase at carbon-based electrodes
without mediators, such as glass carbon [19], spectrographic
graphite, highly ordered pyrolytic graphite [20] and diamond
[21] had been reported. However, the redox properties of laccase
were difficult to determine directly by using cyclic voltammetry.
Instead, the previous studies mainly investigated the bioelectrocat-
alytic activity of the laccase immobilized onto the electrodes to-
ward the reduction of oxygen. In this study, no voltammetric
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response was observed to indicate that direct electron transfer be-
tween laccase and the CNTs-2 modified GC electrodes in an N2-sat-
urated 0.10 M phosphate buffer of pH 6.0 at 10 mV s�1 had
occurred (Fig. 2B). However under the same experimental condi-
tion, a pair of well-defined voltammetric peaks were recorded for
the laccase at CNTs-1 modified GC electrode with a formal poten-
tial E00of +530 mV (vs. SCE) (Fig. 2A). The E00 was very close to the
redox potential of T1 site of the laccase from Trametes versicolor
(ca. 780 mV vs. NHE, i.e., 540 mV vs. SCE) [22,23]. It indicated that
CNTs-1 could facilitate the direct electron transfer of the enzyme
and enhance the electrochemical signal. The reason might be that
the CNTs-1 had more electroactive sites per unit of electrode area
in comparison to CNTs-2. Similar behavior was obtained at the gold
electrode modified with self-assembled alkanethiol monolayers, in
which a pair of well-defined voltammetric response was recorded
for the laccase from Rhus vernicifera with a midpoint potential of
+410 mV (vs. NHE), consistent with the T1 copper reduction poten-
tial as determined by potentiometric titration [24].

As mentioned above, direct electron transfer between laccase
and the modified electrode was expected to be important for the
development of the cathode of biofuel cell because it could reduce
the overpotential of oxygen reduction to water. Thus the bioelect-
rocatalytic activity of the laccase immobilized onto the two kinds
of CNTs modified GC electrodes toward the reduction of oxygen
was further studied. Fig. 3 illustrated the polarization curves ob-
tained for the catalytic reduction of oxygen at laccase-modified dif-
ferent CNTs electrodes in 0.10 M phosphate buffer (pH 6.0). As
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Fig. 3. Polarization curve of the laccase/CNTs (solid line) and CNTs (dashed line)
modified GC electrodes in 0.10 M PBS (pH 6.0) saturated with air. Scan rate, 1 m-
V s�1. The CNTs were CNTs-1 (A) and CNTs-2 (B).
could be seen, the oxygen reduction commencing at +100 mV
was observed at both CNTs-1 modified GC electrode (dashed line,
Fig. 3A) and CNTs-2 modified GC electrode (dashed line, Fig. 3B).
However the current density of the oxygen reduction for CNTs-1
modified GC electrode was higher. We ascribed this to the different
density of active sites between these two CNTs modified GC elec-
trodes, which was introduced during the synthesis and purification
process. The electrocatalytic current of oxygen reduction started at
+530 mV (vs. SCE) at the laccase/CNTs-1 modified GC electrode (so-
lid line, Fig. 3A) and laccase/CNTs-2 modified GC electrode (solid
line, Fig. 3B). The potential for the O2 reduction at the laccase/CNTs
modified electrode positively shifted ca. +430 mV, which essen-
tially indicated that the O2 reduction was catalyzed by laccase.
Moreover, the reduction potential at the laccase/CNTs modified
GC electrodes was shifted less than the thermodynamic equilib-
rium potential of the four-electron reduction of oxygen under the
present conditions (i.e., +870 mV vs. NHE) [25]. These results indi-
cated the laccase-catalyzed O2 reduction could reduce the overpo-
tential of oxygen reduction to water and be suitable for
constructing biofuel cells. To demonstrate such a possibility, we
combined this O2 reduction cathode with an anode where a
CNTs-2 modified GC electrode was used as the electrode for the
oxidation of ascorbate biofuel to make an ascorbate/O2 biofuel cell.
Fig. 4 displays the polarization curve (s) and the performance (d)
of the assembled ascorbate/O2 biofuel cell in 0.10 M phosphate
buffer (pH 6.0) containing 1.0 mM ascorbate in the anodic com-
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Fig. 4. Polarization (s) and performance (d) curves of the assembled ascorbate/O2

biofuel cell. Anodic compartment, 0.10 M phosphate buffer containing 1.0 mM as-
corbate; Cathodic compartment, 0.10 M phosphate buffer under ambient air. The
CNTs were CNTs-1 (A) and CNTs-2 (B).



W. Zheng et al. / Chemical Physics Letters 457 (2008) 381–385 385
partment. The cathodic compartment was performed under ambi-
ent air. The open circuit voltage of the biofuel cell for two kinds of
CNTs was ca. 0.62 V, but the maximal power density was
10.0 lW cm�1 for CNTs-1 (Fig. 4A) and 0.94 lW cm�1 for CNTs-2
(Fig. 4B), respectively. This was possibly due to the less number
of electroactive sites at CNTs-2, resulting in the decrease of current
density of O2 reduction at the laccase/CNTs-2 modified GC biocath-
ode (Fig. 3). Compared with the previous report of those mediated
by electron transfer mediators [3,5], the maximal power density of
10.0 lW cm�1 in the present study was small [5] or similar [3],
however the open circuit voltage of 0.62 V was relatively higher
[3,5].

4. Conclusions

In this study, we have revealed the direct electron transfer
properties of laccase and different carbon nanotubes modified
glassy carbon electrodes using cyclic voltammetry. The direct elec-
tron transfer of laccase was largely facilitated and an excellent bio-
electrocatalytic activity toward the reduction of oxygen onto the
carbon nanotubes having a uniform inner tube diameter was
exhibited because of its larger density of electroactive sites, which
would lead to a larger electrochemically accessible surface area.
This demonstration might be not only fundamentally helpful for
understanding the relationship between the structure of carbon-
based materials and interfacial electron transfer properties of lac-
case, but also practically useful for the development of novel kinds
of CNTs-based biosensors and biofuel cells.
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