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bstract

Due to their unique physicochemical properties, doped carbon nanotubes are now extremely attractive and important nanomaterials in bio-
nalytical applications. In this work, selecting glucose oxidase (GOD) as a model enzyme, we investigated the direct electrochemistry of GOD
ased on the B-doped carbon nanotubes/glassy carbon (BCNTs/GC) electrode with cyclic voltammetry. A pair of well-defined, quasi-reversible
edox peaks of the immobilized GOD was observed at the BCNTs based enzyme electrode in 0.1 M phosphate buffer solution (pH 6.98) by direct
lectron transfer between the protein and the electrode. As a new platform in glucose analysis, the new glucose biosensor based on the BCNTs/GC
lectrode has a sensitivity of 111.57 �A mM−1 cm−2, a linear range from 0.05 to 0.3 mM and a detection limit of 0.01 mM (S/N = 3). Furthermore,

he BCNTs modified electrode exhibits good stability and excellent anti-interferent ability to the commonly co-existed uric acid and ascorbic acid.
hese indicate that boron-doped carbon nanotubes are the good candidate material for the direct electrochemistry of the redox-active enzyme and

he construction of the related enzyme biosensors.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Modifying electrode surface on the molecular scale to allow
fficient electron transfer between the redox protein and the
lectrode is considered to be the foundation for understanding
he redox properties of protein and developing the third gener-
tion biosensor (Gooding et al., 2003; Zhang et al., 2007a,b,c).
evertheless, the redox sites of the protein are deeply seated

n the protein shell, the establishment of a fast electron transfer
etween enzyme (such as GOD) and the electrode is a significant
hallenge in designing enzyme-based sensors. Nanomaterials,
specially carbon nanotubes (CNTs), become an attractive mate-
ial in bioelectrochemistry for the direct electrochemistry of
nzymes because the direct electron communication between

he redox sites of protein/enzyme and the electrode could be
romoted by CNTs (Cai and Chen, 2004; Davis et al., 1997; Sun
t al., 2006; Salimi et al., 2007; Viticoli et al., 2006; Wang et al.,
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002a,b,c; Yamamoto et al., 2003; Zhao et al., 2002). However,
he direct electrochemistry of the immobilized protein/enzyme
n the CNTs modified electrodes and the performance of the
elated biosensors still need to be improved.

Recently, many attempts have been made in order to improve
he direct electron transfer between the redox-active sites of
nzymes and the electrode and to obtain the biosensor with
ood performance. In most cases, the direct electrochemistry
f protein/enzyme was carried out based on the synergic effect
f CNTs and other biocompatible materials. For example, Liu et
l. reported the direct electrochemistry of glucose oxidase and
lectrochemical biosensing of glucose with CNTs and chitosan
odified electrode (Liu et al., 2005). Based on the immobiliza-

ion of GOD on the quantum dots/carbon nanotubes electrode,
he direct electrochemistry of GOD was carried out and a glu-
ose biosensor with improved performance was constructed (Liu
t al., 2007). In addition, the stable films of biopolymer chi-

osan and carbon nanotubes were prepared by a layer-by-layer
elf-assembly technique and the property of the self-assembled
ultiplayer film in promoting the electron transfer of protein
as demonstrated by incorporating microperoxidase-11 in the

mailto:chenjinhua@hnu.cn
dx.doi.org/10.1016/j.bios.2007.11.009
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lm (Xu et al., 2005). In all of these studies, the direct electro-
hemistry of protein was improved, but it cannot be neglected
hat the fabrication of the electrodes is more complex and the
ntroduction of the biocompatible materials (such as chitosan)
ill increase the electrical resistance of the electrode.
On the other hand, it has been reported that the physico-

hemical properties of CNTs could be tailored by doping CNTs
ith foreign atoms (B or N atom) and the electronic, mechanic,

onductive properties of CNTs could be improved obviously
Rubio et al., 1994; Wang et al., 2007; Yang et al., 2005; Zhang
t al., 2006a). Doping CNTs with foreign atoms has also been
eported to yield a large number of defective sites on to the nan-
tube surface (Jia et al., 2005a; Katz and Williner, 2004; Wang
t al., 2004). Boron- or nitrogen-doped carbon nanotubes have
ts potential applications in many fields, such as nanosized pho-
onic (Wang et al., 2002d) and electronic devices (Hamada et
l., 1992; Mickelson et al., 2003; Satio et al., 1992; Zhang et al.,
002; Zhao and Xie, 2003), superhard materials (Liu and Cohen,
989), electron field emitters (Teter and Hemley, 1996), and
ven sensitive chemical sensors (Shu and Kyeongiaem, 2003;
ang et al., 2006; Zhang et al., 2006b). Besides, nitrogen-

oped carbon nanotubes have been successfully used to study
he direct electrochemistry of protein (e.g. hemoglobin and
lucose oxidase) and good results were obtained (Jia et al.,
005a,b).

In this work, taking glucose oxdiase as a model enzyme,
e investigated the direct electrochemistry of glucose oxi-
ase and biosensing for glucose based on the boron-doped
NTs (BCNTs) modified electrode. The biosensor based on

he boron-doped CNTs modified electrode responded even more
ensitively to glucose than the un-doped CNTs modified elec-
rode.

. Experimental

.1. Apparatus and reagents

Electrochemical measurements were performed on a
HI660A electrochemical workstation (Chenhua Instrument
ompany of Shanghai, China) with conventional three-electrode
ell. A glassy carbon (GC) electrode was used as the working
lectrode. A saturated calomel electrode (SCE) and a platinum
ire were used as the reference and counter electrodes, respec-

ively. All the potentials in this paper were in respect to SCE.
xcept the specific statement, the electrochemical measure-
ents were carried out in a phosphate buffer solution (PBS,

.1 M, pH 6.98) at room temperature (25 ± 2 ◦C).
The un-doped CNTs with multi-walls and diameter of about

0–30 nm were obtained from Shenzhen Nanotech Port Com-
any. Further purification was accomplished by sonicating CNTs
n a mixture of concentrated sulfuric acid-nitric acid (3:1, v/v)
or about 3 h. The treated CNTs were filtered and washed with
ouble-distilled water, and then dried in a vacuum at 60 ◦C. The

esulting black powders were sonicated in double-distilled water
or about 1 h with a concentration of 0.5 mg mL−1. Glucose oxi-
ase (E.C. 1.1.3.4, 300 U mg−1) was purchased from Amresco
USA), and used without further purification. All other chemi-
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als were of analytical grade. Double distilled water was used
hroughout.

.2. Synthesis of boron-doped carbon nanotubes

Boron-doped carbon nanotubes were synthesized through a
ubstitution reaction. The detailed preparation procedure was
eferred to the reference (Han et al., 1999). In brief, the reaction
as carried out in the induction-heating system with a susceptor
ade of graphite. B2O3 powder was placed in an open sintered

raphite crucible and then covered with CNTs. Pure argon gas
as introduced to maintain the inert atmosphere during the over-

ll reaction. The temperature was held at 1400 K for 4 h and the
ollowing reaction occurred:

B2O3 + (2 + 3x)C(nanotubes) → 2BxC(nanotubes) + 3xCO

The products were refluxed in 2 M NaOH aqueous solution
or 2 h, filtered and washed with double-distilled water, and then
ried in a vacuum at 60 ◦C. The content of boron in the boron-
oped carbon nanotubes was determined by inductively coupled
lasma-atom emission spectroscopy (ICP-AES) and equal to ca.
wt.%.

.3. Preparation of the GOD/BCNTs modified electrode

The glassy carbon electrode (3 mm in diameter, ca. 0.07-
m2) was polished to a mirror-like surface with 1.0 and 0.3 �m
lumina slurry and washed with double-distilled water. The elec-
rode was then pretreated electrochemically in 0.5 M H2SO4
queous solution by potential cycling in the potential range of
0.15 to 1.0 V at a scan rate of 50 mV s−1 until the stable cyclic

oltammogram was obtained.
Prior to use, BCNTs were pretreated by sonicating in a mix-

ure of concentrated sulfuric acid–nitric acid (3:1, v/v) for about
h, filtered and washed with double-distilled water, and then
ried in a vacuum at 60 ◦C. Under ultrasonic stirring, 1.5 mg
cid-treated BCNTs were added to 3 mL double-stilled water to
orm a stable black suspension (the concentration of BCNTs,
.5 mg mL−1). A 5 �L of BCNTs suspension was dropped on
he surface of the pretreated GC electrode and dried under an
nfrared lamp to form the BCNTs modified electrode. Then the
CNTs modified electrode was immersed into 0.1 M phosphate
uffer solution containing 10 mg mL−1 GOD for about 20 h at
◦C in refrigerator. Finally, the GOD/BCNTs modified elec-

rode was rinsed throughout with double distilled water to wash
way the loosely adsorbed enzyme molecules. For comparison,
he GOD/CNTs/GC and GOD/GC electrodes were also prepared
nder the same procedure. Those enzyme-modified electrodes
ere stored at 4 ◦C in refrigerator when not in use.

. Results and discussion

.1. Direct electrochemistry of GOD immobilized on the

CNTs/GC electrode

Fig. 1A presents the cyclic voltammograms of the bare GC,
NTs/GC, BCNTs/GC electrodes in 0.1 M deoxygenated phos-
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Fig. 1. Cyclic voltammograms of different electrodes in 0.1 M deoxygenated
p
B
(

p
c
i
i
B
t
b
c
a
i
b
r
a
t
g
f
(
s
t
e

t
i
a
t
A
o
e
w

e
t
m
e
t
i
a
2
a
d
n
b
t
i
e
t
f
t

(
w
f
(
w
1

f
i
s
p
a
(
r
d
e
c
t
potential separation value using the model of Laviron (Laviron,
1979). Taking a charge transfer coefficient α of 0.5, with a
scan rate of 30 mV s−1 and �EP = 26 mV, the electron trans-
fer rate constant of GOD at the BCNTs modified electrode was
hosphate buffer solution (pH 6.98) at the scan rate of 30 mV s−1. (A) (a)
CNTs/GC, (b) CNTs/GC, and (c) bare GC; and (B) (a) GOD/BCNTs/GC,

b) GOD/CNTs/GC, (c) GOD/GC.

hate buffer solution (pH 6.98) at the scan rate of 30 mV s−1. It
an be seen that the background current of BCNTs/GC electrode
s higher than that of the CNTs/GC and bare GC electrodes. This
s ascribed to the more defective sites of BCNTs introduced by
-doping (Wang et al., 2007), which would be favorable for

he immobilization of enzyme and the direct electron transfer
etween the modified electrode and GOD. The direct electro-
hemistry of GOD immobilized on the BCNTs/GC, CNTs/GC
nd GC electrodes were also investigated and the correspond-
ng results are shown in Fig. 1B. In Fig. 1B, except at the
are GC electrode (curve c), a pair of well-defined, quasi-
eversible redox peaks can be observed at both GOD/CNTs/GC
nd GOD/BCNTs/GC electrodes, indicating a good electron
ransfer between the redox center of GOD molecules and the
lassy carbon electrode without the help of the electron trans-
er mediators. On the other hand, the peak currents of curve
a) are much higher than those of curve (b). These demon-
trate that the GOD/BCNTs/GC electrode is more beneficial to
he direct electrochemistry of GOD than the GOD/CNTs/GC
lectrode.

On the other hand, the surface average concentration of elec-
roactive GOD (Γ , mol cm−2) can be estimated from the charge
ntegration of the cathodic peak in the cyclic voltammogram,
ccording to the formula of Q = nFAΓ , where Q is the charge, F is
he Faraday constant, n is the number of electrons transferred and
is the area of the GC electrode (cm2). Therefore, the amounts
f the electroactive glucose oxidase at the GOD/BCNTs/GC
lectrodes are estimated to be 1.94 × 10−9 mol cm−2 (n = 2),
hich is about two times higher than that at the GOD/CNTs/GC

F
G
b

ectronics 23 (2008) 1272–1277

lectrode (9.8 × 10−10 mol cm−2). The surface average concen-
rations of GOD at the BCNTs/GC and CNTs/GC electrodes are

uch higher than that (2.86 × 10−12 mol cm−2) at the bare GC
lectrode (Xu et al., 2003; Zhang et al., 2007a). This indicates
hat the BCNTs modified electrode is much favorable for the
mmobilization of GOD because of its rough surface (Wang et
l., 2007). Furthermore, just as N-doped CNTs (Banks et al.,
004, 2005; Jia et al., 2005a; Katz and Williner, 2004; Wang et
l., 2004), BCNTs provide a large number of edge-plane-like
efective sites at the surface and a better electron-conductive
etwork, which will improve greatly the direct electron transfer
etween the adsorbed GOD and the electrode. All those imply
hat the boron-doped carbon nanotubes not only facilitate the
mmobilization of enzymes onto the electrode, but also improve
lectron shuttle between the redox active sites of enzyme and
he electrode. The BCNTs will be the good candidate materials
or the direct electrochemistry of the redox-active enzyme and
he construction of the related enzyme biosensors.

The anodic peak potential (Ep,a) and cathodic peak potential
Ep,c) of curve a in Fig. 1B are respectively −0.464 and −0.49 V
ith a small peak potential separation (�Ep = 26 mV), proving a

ast electron transfer process. Additionally, the formal potential
E0 = 1/2(Ep,a + Ep,c)) can be calculated and equals to −0.477 V,
hich is close to the values reported previously (Tinoco et al.,
978; Ju et al., 2002; Liu and Ju, 2002, 2003).

The effect of the scan rate on the cyclic voltammetric per-
ormance of the GOD/BCNTs/GC electrode has also been
nvestigated. Fig. 2 shows the plot of the peak currents versus
can rates. From Fig. 2, it can be seen that the anodic and cathodic
eak currents increase with the increase of the scan rate and
linear relationship can be observed from 20 to 500 mV s−1

linear regression equation: anodic peak, y = 2.014x − 0.038,
= 0.999; cathodic peak, y = −2.109x − 0.059, r = 0.999). This
emonstrates that the redox reaction of GOD at the BCNTs/GC
lectrode is a surface-controlled process, not a diffusion-
ontrolled process (Liu et al., 2007; Shi et al., 2007). The electron
ransfer rate constant (ks) has been estimated from the peak
ig. 2. The dependence of the anodic (a) and cathodic (b) peak currents of the
OD/BCNTs/GC electrode on the scan rates in 0.1 M deoxygenated phosphate
uffer solution (pH 6.98).
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.56 s−1, which is lager than that at the CNTs modified electrode
1.16 s−1). This implies further that the BCNTs modified elec-
rode facilitates the electron transfer between the redox-active
ites of enzyme and the electrode.

It is well known that the direct electrochemistry of GOD is
two-electron coupled with two-proton reaction, which under-
oes a redox reaction as follows (Huang et al., 2005; Liu and Ju,
003; Liu et al., 2007):

OD-FAD + 2e− + 2H+ ↔ GOD-FADH2 (1)

Therefore, the pH value of the solution has influence on the
lectrochemical behavior of GOD at the BCNTs/GC electrode.
ig. 3(A) shows cyclic voltammograms of the GOD/BCNTs/GC
lectrode in the solutions with different pH values. The pH val-
es of the solutions were adjusted by adding 0.1 M HCl or 0.1 M
OH into 0.1 M PBS (pH 6.98). Stable and well-defined cyclic
oltammograms can be observed in the pH range of 4.0–8.0. An
ncrease in solution pH causes a negative shift of both cathodic
nd anodic peak potentials. Fig. 3(B) shows the effect of solu-
ion pH on the formal potential (E0′) of the GOD/BCNTs/GC
lectrode, and it can be seen that the formal potential of the
OD/BCNTs/GC electrode depends linearly on the pH value in

he range of 4.0–8.0 with a slop of −61.5 mV/pH (r = 0.999),

hich is close to the theoretical value of −58.6 mV/pH accord-

ng to the reaction shown in Eq. (1) (Huang et al., 2005; Liu and
u, 2003; Liu et al., 2007).

ig. 3. (A) Cyclic voltammograms of the GOD/BCNTs/GC electrode in the
eoxygenated solutions with different pH values of (a–e): 8.0, 6.98, 6.05,
.0, 4.08. Scan rate: 30 mV s−1. (B) Plot of the formal potential of the
OD/BCNTs/GC electrode as a function of pH value.
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ig. 4. Cyclic voltammograms of the GOD/BCNTs modified electrode in 0.1 M
a) deoxygenated and (b) air-saturated phosphate buffer solution (pH 6.98) at a
can rate of 30 mV s−1.

.2. Electrocatalytical behavior of the GOD/BCNTs/GC
lectrode

The effect of the dissolved oxygen on the electrochemical
ehavior of the GOD/BCNTs/GC electrode was investigated and
he corresponding results are shown in Fig. 4. From Fig. 4, a pair
f well-defined, quasi-reversible redox peaks was observed in
oth deoxygenated and air-saturated PBS (pH 6.98). However,
he reduction peak current of the GOD/BCNTs/GC electrode
n air-saturated PBS is larger than that in deoxygenated PBS
nd the oxidation peak current is in reverse. It confirms that
ioxygen dissolved in the solution is catalytically reduced at the
OD/BCNTs modified electrode:

Similar results have been reported on the other GOD-
mmobilized electrodes (Liu and Ju 2003; Liu et al., 2007; Zhang
t al., 2007a).

More importantly, when glucose was added into air-saturated
BS, the reduction peak currents at the GOD/BCNTs/GC elec-

rode decreased gradually with the increase of the concentration
f glucose, as shown in Fig. 5A. According to the following
nzyme-catalyzed reaction,

lucose + GOD(FAD) → gluconolactone + GOD(FADH2)

(3)

It can be explained that glucose is the substrate of GOD,
hose presence will result in an enzyme-catalyzed reaction and
ecrease the concentration of the oxidized form of GOD. Thus,
he addition of glucose restrains the electrocatalytic reaction
nd leads to the decrease of the reduction current (Liu and Ju
003; Liu et al., 2007). Based on the decrease of the reduction
urrent, the concentration of glucose can be detected without
he interference of coexistied electroactive-substance, which is

ifferent from the common glucose amperometric sensors based
n the detection of the consumption of oxygen (Shinohara et al.,
988) or the production of hydrogen peroxide (Pan et al., 2005;
u et al., 2007).
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Fig. 5. (A) Cyclic voltammograms of the GOD/BCNTs/GC electrode in 0.1 M
air-saturated phosphate buffer solution (pH 6.98) containing 0, 0.05, 1.2, and
3.8 mM of glucose (from bottom to top) at the scan rate of 30 mV s−1. (B)
D
a
a

r
G
c
w
c
i
o
t
i
F
c
o
o
M

(
u
e
e

w
s
c
t
b

Fig. 6. Cyclic voltammograms of the GOD/BCNTs/GC electrode in 0.1 M
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ependence of the decreased reduction peak current of (a) the GOD/CNTs/GC
nd (b) the GOD/BCNTs/GC electrodes on the concentration of glucose in 0.1 M
ir-saturated phosphate buffer solution (pH 6.98).

Fig. 5B shows the relationship between the decrease of the
eduction peak current and the glucose concentration at the
OD/CNTs/GC (a) and GOD/BCNTs/GC (b) electrodes. The

urrent values of the GOD/BCNTs/GC electrode change linearly
ith the concentration of glucose up to 0.3 mM with a correlation

oefficient (r) of 0.994, and deviates from the linear relationship
n the higher concentration region. The similar result can also be
bserved at the GOD/CNTs/GC electrode. However, the detec-
ion limit of the GOD/BCNTs/GC electrode (0.01 mM, S/N = 3)
s lower than that of the CNTs/GC electrode (0.03 mM, S/N = 3).
urthermore, the sensitivity of the GOD/BCNTs/GC electrode is
alculated to be 111.57 �A mM−1 cm−2, much higher than that
f the GOD/CNTs/GOD electrode (40.14 �A mM−1 cm−2) and
ther glucose biosensors reported in literatures (Liu et al., 2007;
amedov et al., 2002; Zhao and Ju, 2006).
On the other hand, the apparent Michalis–Menten constant

K
app
m ), an indicator of enzyme-substrate reaction kinetics, is

sed to evaluate the biological activity of the immobilized
nzyme. K

app
m can be calculated using the Lineweaver–Burk

quation:

1

Iss
= 1

Imax
+ K

app
m

Imax
Cglucose (4)

here Iss is the steady-state response current after the addition of

ubstrate, Imax is the maximum current under saturated substrate
onditions, and Cglucose is the bulk concentration of glucose. In
his work, Kapp

m of the GOD/BCNTs/GC electrode is estimated to
e ∼0.2 mM, which is smaller than that reported the literatures

4

t

ir-saturated phosphate buffer solution (pH 6.98) containing 0 mM glucose
a), 0.5 mM glucose (b), 0.5 mM glucose + 0.01 mM AA (c) and 0.5 mM glu-
ose + 0.01 mM UA (d). Scan rate: 30 mV s−1.

Liu and Ju 2003; Liu et al., 2007). The smaller K
app
m value

ndicates that the immobilized GOD possesses higher enzymatic
ctivity and the GOD/BCNTs/GC electrode exhibits a higher
ffinity for glucose than that reported (Liu and Ju, 2003; Liu et
l., 2007).

The effect of the possible interfering species, such as uric acid
nd ascorbic acid, on glucose detection was also investigated and
he corresponding results are shown in Fig. 6. From Fig. 6, no
bvious interference of 0.01 mM uric acid and 0.01 mM ascor-
ic acid can be observed for the cyclic voltammetric response
f 0.5 mM glucose. This indicates that the GOD/BCNTs/GC
lectrode has a good selectivity.

The reproducibility of the glucose biosensor was also investi-
ated by detecting 0.05 mM glucose successively for ten times,
he relative standard deviation (R.S.D.) is 3.5%, demonstrating
he biosensor has a good reproducibility. For the operational
tability of the GOD/BCNTs/GC electrode, we did two control
xperiments: (1) the electrode was investigated by examining
he cyclic voltammetric peak currents of GOD after continu-
usly scanning for 40 cycles. There was nearly no decrease of
he voltammetric response, indicating the enzyme electrode is
table in buffer solution. (2) The enzyme electrode was stored
n buffer solution at 4 ◦C in refrigerator for 10 days and then
ycled in PBS, the redox peak currents retain 90% of their
nitial response values. In comparison, the operational stabil-
ty of the GOD/CNT/GC electrode was also investigated. It
as found that the cyclic voltammetric peak currents of GOD

etain 91% of their initial response values after continuously
canning for 40 cycles. Besides, the redox peak currents retain
0% of their initial response values after stored in buffer solu-
ion at 4 ◦C in refrigerator for 10 days. This implies that the
OD/BCNTs/GC electrode has better operational stability than
OD/CNT/GC electrode. The good operational stability of the
OD/BCNTs/GC electrode is attributed to the good biocompati-
ility of the BCNTs, which provides a perfect microenvironment
or GOD to retain its bioactivity.
. Conclusion

In this paper, B-doped carbon nanotubes (BCNTs) were used
o construct a GOD electrode. The direct electrochemistry of
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OD was performed successfully and the immobilized GOD
etained its bioactivity. The GOD/BCNTs/GC electrode dis-
layed a high sensitivity (111.57 �A mM−1 cm−2) and a wide
inear range up to 0.3 mM for glucose response. Additionally,
he biosensor based on the BCNTs modified electrode exhibited
ood stability and selectivity. Due to the simple construction
nd good sensing properties, the BCNTs modified electrode will
rovide a new electrochemical platform for the direct electro-
hemistry of the redox-active enzymes.
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