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a b s t r a c t

A sensitive and selective amperometric glucose biosensor was obtained by using the electrodeposition
of Pt nanoparticles on iron oxide-multiwall carbon nanotubes/chitosan (FeyOx-MWCNTs/CS) magnetic
composite modified glassy carbon electrode (GCE) followed by the adsorption of glucose oxidase (GOx)
at the surface of the electrode. FeyOx-MWCNTs magnetic composite was characterized by transmission
electron microscopy (TEM). The modified process and the electrochemical characteristics of the result-
ing biosensor were characterized by cyclic voltammetry (CV), electrochemical impedance spectroscopy
(EIS), and chronoamperometry. The proposed biosensor exhibit excellent electrocatalytic activity and
good response performance to glucose. The influence of various experimental conditions was examined
for the determination of the optimum analytical performance. Under the optimal conditions, a linear
dependence of the catalytic current upon glucose concentration was obtained in the range of 6.0 × 10−6

to 6.2 × 10−3 M with a detection limit of 2.0 × 10−6 M, and a response time of less than 8 s. The appar-
ent Michaelis–Menten constant (Kapp

M ) was evaluated to be 9.0 mM. Furthermore, the sensitivity for the

determination of glucose at the GOx/Pt/FeyOx-MWCNTs/CS magnetic composite modified GCE is better
than at common GOx/Pt/MWCNTs/CS and GOx/Pt-FeyOx/CS composite modified electrodes. The proposed
biosensor has good anti-interferent ability and long-term storage stability after coating with Nafion, and

it can be used for the determination of glucose in synthetic serum.

© 2010 Elsevier B.V. All rights reserved.
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. Introduction

In recent years, the development of glucose biosensor has been
eceived considerable attention, because determination of glucose
oncentration is very important in food and fermentation analy-
is, textile industry, environmental monitoring, medical diagnosis,
nd many other fields [1,2]. Much effort has been focused on devel-
ping suitable techniques for precisely monitoring the glucose
evel in its biological environment. Those techniques employed
or glucose analysis involve a surface plasmon resonance biosen-
or [3], near-infrared optical biosensor [4], capacitive detection
5], electrochemiluminescene [6], colorimetry [7] and ampero-

etric biosensor, etc. [1,8–10]. Since the development of the
rst glucose biosensor, much attention has been focused on the

mprovement of the response performances of enzyme electrodes
or biosensor research [11]. Among these sensors, amperometric
lucose biosensors have received considerable interest, because
his class of technique is characterized by high sensitivity and selec-
ivity, easy operation, compatibility for miniaturization and low
ost.

The key step in the development of glucose biosensor is the
ffective immobilization of GOx on the electrode surface. During
ecent years, various approaches had been taken to immobilize
nzymes onto solid substrates including adsorption, covalent cou-
ling and tethering via an intermediate linker molecule [12,13].
owever, most of these biosensors were weak in retaining the
ioactivity of GOx and poor in sensitivity. Research for new materi-
ls and methods for immobilizing enzyme is still a very important
ubject to get more active and stable biosensors [14]. Recently,
agnetic nanoparticles have attracted increased interest due to

ts good biocompatibility, strong superparamagnetic, low toxicity,
nd easy preparation process. The successful applications of mag-
etic nanoparticles in the immobilization of bimolecular have also
een reported [15]. For example, Kaushik et al. have fabricated a
lucose biosensor for measuring glucose utilizing CH-Fe3O4 mag-
etic nanocomposite film on which GOx was adsorbed [16]. Cao
t al. have reported an electrochemical biosensors utilizing elec-
ron transfer in heme proteins immobilized on Fe3O4 nanoparticles
17].

On the other hand, it is well known that CNTs have unique
tructure, high chemical stability and high surface-to-volume
atio, which have been attained considerable attention and have
een regarded as a promising candidate for fabricating chemi-
al sensors [18,19]. In particular, recent studies demonstrated the
apability of CNTs to promote the electron transfer reactions of
nzymatically generated species, such as hydrogen peroxide and
-nitrophenol [20,21]. Actually, several CNTs-based unmediated
lucose biosensors have been reported [22,23]. Just recently, the
esearch interest has extended to modify CNTs with other nano-
aterials so as to improve dispersity of CNTs in solvents or impart

ew optical, electric, magnetic properties of CNTs [24,25]. Vari-
us CNTs-based composites have been derived from decorating
NTs with metals, metal oxides, and semiconducting nanoparti-
les [26–28]. More importantly, more and more researches have
een conducted towards decorating CNTs with iron oxide and
reparing magnetic carbon nanomaterials due to their potential
pplications in electric device, magnetic data storage and hetero-
eneous catalysis. Based on the good biocompatibility of Fe3O4
NPs and excellent electrochemical behavior and catalytic prop-

rty of CNTs, the Tyr/MNPs-CNTs/GCE biosensor showed broad
inear responses and high sensitivity for the determination of phe-

ol [29].

In this work, an electrocatalytic enzyme biosensor based on Pt
anoparticles-decorated FeyOx-MWCNTs magnetic composite sub-
trate was developed. The prepared FeyOx-MWCNTs/CS composite
ossessed high surface area, good mechanical stability, and good
sis B: Enzymatic 66 (2010) 8–14 9

conductivity, which provided a compatible microenvironment for
maintaining the activity of the immobilized enzyme, and increased
the enzyme loading. Furthermore, the Pt nanoparticles were elec-
trodeposited in the MWCNTs-FeyOx magnetic composite in order
to improve the electrocatalytic behavior for hydrogen peroxide
which is released by the action of GOx upon glucose. The result-
ing Pt/FeyOx-MWCNTs magnetic material brings new capabilities
for electrochemical devices by using the synergistic action of Pt
nanoparticles, MWCNTs and FeyOx. Then, the immobilization of
GOx onto electrode surfaces was carried out by Pt nanoparticles
which has large specific surface area and good biocompatibility. At
last, an amperometric glucose biosensor was fabricated by modify-
ing Nafion on the as-prepared electrode. Nafion was coated on the
top of the GOx/Pt/FeyOx-MWCNTs/CS composite modified GCE in
order to improve the anti-interferent ability and prevent the loss of
the GOx. The electrochemical characteristics of the biosensors were
described, including the sensitivity, detection limit, linear range,
response time, and stability.

2. Experiments

2.1. Reagents and apparatus

Glucose oxidase (E.C 1.1.3.4, 151,000 unit/g) and Chitosan
(deacetylating grade: 70–85%) were purchased from Sigma (St.
Louis, MO, USA). The multi-walled carbon nanotubes (MWCNTs,
>95% purity) were obtained from Chengdu Organic Chemicals Co.,
Ltd., of the Chinese Academy of Science. Prior to use, MWCNTs
were treated with concentrated nitric acid in order to intro-
duce carboxylic acid groups according to report [30]. �-d-glucose
and H2PtCl6 were bought from Chongqing Chemical Reagent Co.
(China). Double distilled water was used throughout this study.
Other chemicals and solvents used were of analytical grade and
were used as received.

CV measurements were carried out with a CHI 660a elec-
trochemistry workstation (Shanghai CH Instruments, Shanghai,
China), with a conventional three-electrode system consisted of
a modified GCE as working electrode, a platinum wire as auxil-
iary electrode, and a saturated calomel electrode (SCE) as reference
electrode. All potentials were measured and reported versus the
SCE. The morphology and the composition of the FeyOx-MWCNTs
were estimated from TEM (H660, Hitachi Instrument Co., Japan).
EIS measurements were carried out with a Model (IM6e, ZAHNER
elektrik, Germany) and the frequency range is at 100 mHz–10 kHz
at 220 mV versus SCE.

2.2. Preparation of FeyOx-MWCNTs magnetic composite

The magnetic composite was prepared according to the liter-
atures [31] with a little modification. In a typical synthesis, the
magnetic composite was prepared from a suspension of 0.41 g pre-
treated MWCNTs in a 75 mL solution of 1.49 g FeCl3·6H2O and 0.76 g
FeSO4·7H2O at 75 ◦C under N2 condition. Then the NaOH solution
(30 mL, 0.5 M) was added dropwise into the mixture with vigor-
ously agitation until the pH value reached 11. The mixture was aged
at 75 ◦C for 4 h and was washed three times with doubly distilled
water. The obtained sample was dried in an oven at 60 ◦C for 10 h.
The relevant chemical reactions can be expressed as follows:

Fe2+ + 2Fe3+ + 8OH− + MWCNTs → MWCNTs/Fe3O4 + 4H2O (1)

2Fe3+ + 5OH− + MWCNTs → MWCNTs/Fe2O3 + 2H2O + H+ (2)
2.3. Preparation of FeyOx-MWCNTs/CS composite material

Appropriate amount of MWCNTs-FeyOx composite was mixed
with 0.2% of CS (0.05 mM acetic acid). The mixture was stirred for
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resistance, Ret. This resistance controls the electron transfer kinet-
ics of redox probe ([Fe(CN)6]4−/3−) at the electrode interface. It can
Scheme 1. The stepwise fabrication processes of the modified electrode.

h, and then it was sonicated for 50 min. Finally, the MWCNTs-
eyOx/CS composite was formed.

.4. Configuration of different modified electrodes

The bare GCE was polished successively with 0.3 and 0.05 �m
l2O3 before modification, rinsed with double-distilled water, and
onicated in acetone and double-distilled water for 5 min, respec-
ively.

First, 10 �L of FeyOx-MWCNTs/CS composite was dropped
nto the cleaned GCE surface and then dried in air. The
eyOx-MWCNTs/CS/GC obtained was thoroughly rinsed with
ouble-distilled water and then immersed in 5.0 mL 1% H2PtCl6
olution for 110 s under the potentials of −0.2 V, to carry out the
lectrodeposition of Pt nanoparticles. Following that, the fresh solu-
ion of GOx (10 mg/mL) was prepared in phosphate buffer solution
PBS, 0.1 M, pH 7.0) and 10 mL solution of freshly prepared GOx
as mechanically spread onto the desired FeyOx-MWCNTs/CS/GCE

nd allowed to dry slowly at 4 ◦C. At last, these GOx/FeyOx-
WCNTs/CS/GCE bioelectrodes were coated with an extra 2.5 �L

ayer of 0.5% Nafion. For comparison, the electrode without MWC-

Ts, and FeyOx were prepared similarly. When these biosensenors
ere not in use, they were stored at 4 ◦C in a refrigerator. The

abricated procedure of the biosensor was shown in Scheme 1.

Fig. 1. TEM images of the samples: (a) MWC
Fig. 2. EIS of the electrode at different stages: (a) bare GCE, (b)
FeyOx-MWCNTs/CS/GCE, (c) Pt/FeyOx-MWCNTs/CS/GCE, (d) GOx/Pt/FeyOx-
MWCNTs/CS/GCE, (e) Nafion/GOx/Pt/FeyOx-MWCNTs/CS/GCE. Supporting
electrolyte: 5 mM [Fe(CN)6]4−/3− solution.

3. Results and discussion

3.1. Characterization of the MWCNTs and FeyOx-MWCNTs
composite and evaluation of the electrochemical performance of
the glucose biosensor

Fig. 1a is the TEM micrograph of MWCNTs. It can be seen that
the MWCNTs shows well-graphitized walls without any remarked
coverage with other materials, the diameter of the nanotubes is
about 30 nm. Fig. 1b shows a TEM micrograph of a typical iron oxide
nanoparticles-decorated MWCNTs. It is found that the iron oxide
nanoparticles were attached on the surface of the MWCNTs, and the
sizes of the particles ranged from 16 to 28 nm. This feature endows
the FeyOx-MWCNTs composites with a high surface area.

EIS of [Fe(CN)6]4−/3− solution is a valuable and convenient
method to give information on impedance changes of the elec-
trode surface in the modification process. In EIS, the semicircle
diameter in the impedance spectrum equals the electron-transfer
be seen that a well-defined semicircle curve was obtained with the
bare GCE (Fig. 2a). After FeyOx-MWCNTs/CS composite was covered
onto the GCE, the diameter of the semicircle increased (Fig. 2b),

NTs and (b) FeyOx decorated MWCNTs.
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ig. 3. CV of the electrode at different stages: (a) bare GCE, (b)
eyOx-MWCNTs/CS/GCE, (c) Pt/FeyOx-MWCNTs/CS/GCE, (d) GOx/Pt/FeyOx-
WCNTs/CS/GCE, (e) Nafion/GOx/Pt/FeyOx-MWCNTs/CS/GCE. Supporting

lectrolyte: 5 mM [Fe(CN)6]4−/3− solution; scan rate, 50 mV/s.

howing that the composite film blocked the electron transfer
f the electrochemical probe. Though FeyOx-MWCNTs composite
an increase electron mobility at the electrode surface, the “block
ffect” induced by non-conductive CS made the diameter of the
emicircle increase. When the Pt nanoparticles electrodeposited
n the FeyOx-MWCNTs/CS/GCE, a straight line was observed in the
IS of the resulting electrode (Fig. 2c). This may be ascribed to
he excellent conductivity of the Pt nanoparticles [32]. With the
Ox adsorption on Pt nanoparticles (Fig. 2d), an obvious semi-
ircle domain was obtained, implying an increase of Ret of the
edox probe on the GOx/Pt/FeyOx-MWCNTs/CS/GCE. This increase
s attributed to the non-conductive properties of GOx, which would
bstruct electron transfer of the electrochemical probe. At the last
tep of assembly, Nafion was tied to the GOx (Fig. 2e), Ret increased
gain. This increase is attributed to the non-conductive properties
f Nafion, which would obstruct electron transfer of the electro-
hemical probe. The above results could clearly confirm the success
f the assembly of the electrode.

CV is a simple and easy mean to show the changes of
lectrode behavior after each assembly step, because the
lectron transfer between the solution species and the elec-
rode must occur by tunneling through either the barrier
r the defects in the barrier. Fig. 3 shows the CVs of bare
CE (Fig. 3a), FeyOx-MWCNTs/CS/GCE (Fig. 3b), Pt/FeyOx-
WCNTs/CS/GCE (Fig. 3c), GOx/Pt/FeyOx-MWCNTs/CS/GCE

Fig. 3d) and Nafion/GOx/Pt/FeyOx-MWCNTs/CS/GCE (Fig. 3e) in
mM [Fe(CN)6]4−/3− solution with a scan rate of 50 mV/s. At

he bare GCE, well-defined oxidation and reduction peaks of
Fe(CN)6]4−/3− were observed at 260 mV and 134 mV (Fig. 3a).
fter the electrode was modified with FeyOx-MWCNTs/CS com-
osite, a large decrease in peak current was observed (Fig. 3b). The
ecrease was attributed to the non-conductive properties of CS
nd semiconductive properties of FeyOx. Compared with Fig. 3b,
remarkable peak current increase was observed in Fig. 3c, owing

o the Pt nanoparticles which played an important role similarly
o a conducting wire or electron conduction tunnel. When the
Ox was assemblied on the electrode, the peak current clearly
ecreased (Fig. 3d), indicating that the non-conductive GOx was
ncorporated on the Pt/FeyOx-MWCNTs/CS/GCE. A further decrease
n peak current is observed (Fig. 3e) after Nafion film was covered
nto the electrode. The reason was that Nafion was negatively
harged and hindered the diffusion of ferricyanide ion toward
he electrode surface. On the basis of the EIS and CV results,
sis B: Enzymatic 66 (2010) 8–14 11

we can conclude that GOx is successfully immobilized on the Pt
nanoparticles.

3.2. Optimum conditions of the glucose biosensor

In order to obtain an efficient biosensor for determination of
glucose, the influence of pH, applied potential and deposition time
on the response of the modified electrode were investigated. The
change of chronoamperometric current at various pHs ranged from
4.5 to 8.5 under constant glucose concentration (6.0 × 10−5 M) was
shown in Fig. 4. It can be seen that the response increased clearly
from pH 4.5 to pH 7.0, and reached the maximum at pH 7.0, then
the further increase of PBS pH led to decrease of the response
(Fig. 4A), indicating that the catalytic response were controlled by
the enzymatic activity. So the PBS of pH 7.0 was selected for further
experiments.

Fig. 4B shows the dependence of the chronoamperometric cur-
rent response to constant concentration (6.0 × 10−5 M) glucose on
the applied potential in the range from 0 to 0.7 V. Although amper-
ometric current increased gradually when the applied potential
shifted from 0 to 0.7 V, an applied potential of 0.3 V was selected for
the amperometric determination of glucose. Because we not only
could obtain sufficient current responses but also could minimize
the risk for interfering reactions of other electroactive species in
the solution at 0.3 V.

The effect of deposition time on the chronoamperometric cur-
rent response was examined from 90 s to 130 s, and the results were
shown in Fig. 4C. It can be seen that the response increases sharply
from 90 s to 110 s, and reach the maximum at 110 s, then the further
increase of deposition time led to roughly decrease of the response
(Fig. 4C). The reason was that the decrease of the real surface area
of the electrode resulting from the deposition of a large amount of
Pt nanoparticles on the electrode surface. Therefore, a deposition
time of 110 s was selected for the amperometric determination of
glucose.

3.3. Amperometric response of glucose biosensor

We compared the chronoamperometric response of differently
modified electrodes with successive injections glucose to a contin-
uous stirring 5 mL PBS under the optimized conditions. As shown in
Fig. 5, Nafion/GOx/Pt/FeyOx-MWCNTs/CS/GCE (Fig. 5c) showed the
best response to the addition of the same glucose concentration.
As controlled experiment, the Nafion/GOx/Pt/MWCNTs/CS/GCE
(Fig. 5b) and Nafion/GOx/Pt/FeyOx/CS/GCE (Fig. 5a) exhibited less
sensitive amperometric responses to glucose as the lack of FeyOx

or MWCNTs. This phenomenon is consistent with the fact that
the synergistic action of FeyOx and MWCNTs made the biosen-
sor have excellent electrocatalytic activity. Without the GOx,
the Nafion/Pt/FeyOx-MWCNTs/CS/GCE (Fig. 5d) also appeared cer-
tain electrochemical catalysis response to glucose, which can be
attributed to the inherent catalysis of Pt nanoparticles.

3.4. Chronoamperometric response and calibration curve

Fig. 6 represents the amperometric response curve of the
Nafion/GOx/Pt/FeyOx-MWCNTs/CS/GCE under the optimal condi-
tions. The response current increases with increasing concentration
of glucose as illustrated in Fig. 6. There is an excellent linear relation
of the current with concentration of glucose from 6.0 �M to 6.2 mM,

as shown in the lower inset of Fig. 6. The linear regression equation
is i (�A) = −7.5 + 13.6 [glucose] (mM) with a correlation coefficient
of 0.995. The detection limit can be estimated for 2.0 �M defined
from a signal/noise ratio of 3. In addition, the proposed biosensor
reached 95% of steady-state current within 15 s.
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Fig. 4. Dependence of the current response of biosensor to 0.06 mM glucose on
the pH of buffer solutions at an applied potential of 0.3 V (A) and on the applied
potential in 0.1 M PBS (pH 6.0) (B), the influence of deposition time on the response
of the biosensor with successive injection of different concentration of glucose into
a stirred solution of 0.1 M PBS (pH 7.0) (C).
Fig. 5. The chronoamperometry response at applied potential of 0.3 V with succes-
sive injection of different concentration of glucose into a stirred solution of 0.1 M PBS
(pH 7.0) for Nafion/GOx/Pt/FeyOx/CS/GCE (a), Nafion/GOx/Pt/MWCNTs/CS/GCE (b),
Nafion/GOx/Pt/FeyOx-MWCNTs/CS/GCE (c), Nafion/Pt/FeyOx-MWCNTs/CS/GCE (d).

The apparent Michaelis–Menten constant Kapp
M was generally

used to evaluate the biological activity of immobilized enzyme and
it could be calculated according to the Michaelis–Menten equation
[33]:

1
Iss

= 1
Imax

+ Kapp
M

ImaxC
.

where Iss is the steady-state current after the addition of substrate,
C referred to the glucose concentration, and Imax is the maximum
current measured under saturated substrate conditions and Kapp

M
stands for the apparent Michaelis–Menten constant of the system.
The value of the apparent Michaelis–Menten constant (Kapp

M ) can
be calculated from the slope (Kapp

M /Imax) and the intercept (1/Imax)
for the plot of the reciprocals of the steady-state current (Iss) ver-
sus glucose concentration (C). Thus the Kapp

M value for the modified
app
electrode was calculated to be 9.0 mM. The low value of KM indi-

cates that GOx immobilized in Pt/FeyOx-MWCNTs/CS film retains its
bioactivity and has a high biological affinity to glucose. The results
were compared with those of other glucose biosensing systems,
as shown in Table 1. The comparative data suggest the superior-

Fig. 6. Typical current–time response of the biosensor on successive injection of
different concentration of glucose into a stirred solution of 0.1 M PBS (pH 7.0) at an
applied potential of 0.3 V in the time intervals of 40 s. Inset shows linear calibration
curves.
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Table 1
Comparison of the performance of different glucose biosensors.

Electrode modifier Linearity (mM) Detection limit (�M) Kapp
M (mM) Response time (s) Ref.

CNTs/PtNP/CH-MTOS/GOx 0.0013–6.00 0.3 7.90 5 [34]
Au-CS/Pt/GOx 0.50–16.00 7.0 10.5 8 [35]
ACS-MWCNTs-Pt-GOx 0.05–10.50 6.18
Ti/TiO2/Au/PB/GOx 0.015–4.00 5.0
CS-Fe3O4/GOx 0.50–22.00 50
Proposed biosensor 0.006–6.20 2.0
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ig. 7. Effect from the possible interferents in glucose biosensors. The arrows show
he each moment at the injection of the interfering compounds: (a) 0.3 mM glucose;
b) 0.9 mM ascorbic acid; (c) 0.9 mM l-cysteine; (d) 0.9 mM threonine; (e) 0.9 mM
ric acid; (f) 0.3 mM glucose.

ty of the present biosensor over some earlier reported glucose
iosensors, especially the characteristics of linearity range, detec-
ion limit, and response time.

.5. Storage stability of the glucose biosensor

The storage stability of the glucose biosensor was studied in
he current work. To evaluate the storage stability of the glu-
ose biosensor, the Nafion/GOx/Pt/FeyOx-MWCNTs/CS modified
CE was stored at 4 ◦C when not in use. After storage for 1 week, the

esponse of the biosensor was maintained about 91.5% of the initial
alues. The biosensor still retained 86.8% of its original values for
t least 2 weeks. The decreased current may be attributed to the
nzymes which partly lose the bioactivity for long storing time.

.6. Interference determination

Interference studies were performed with the present biosen-
or in the presence of the selective receptor in a competitive study.
our interfering substances (ascorbic acid, l-cysteine, threonine,
ric acid) were used to evaluate the selectivity of the biosensor.
mperometric responses were obtained by injection of 0.3 mM glu-
ose and interfering species of different concentration. From the
hronoamperometric curve (Fig. 7), we can see that the four tested
ubstances did not significantly interfere with the determination
f glucose when the proposed biosensor was employed. This was
argely due to the low working potential (about 0.3 V), no electro-
hemical reactions occurred at this potential.
. Conclusions

In this work, a novel glucose biosensor was obtained by using
he electrodeposition of Pt nanoparticles in FeyOx-MWCNTs/CS

[
[

[
[

11.02 5 [36]
– 10 [37]
0.141 5 [16]
9.00 8 Present work

composite modified GCE followed by adsorption of GOx at the
Pt/FeyOx-MWCNTs/CS composite. FeyOx-MWCNTs act as efficient
conduits for electrons and effective supports for Pt nanoparticles.
The combination of FeyOx-MWCNTs and Pt nanoparticles in the
biosensor results in the improvement of analytical performance,
characterized by broader linear range and lower detection limit
for glucose determination, as compared to those MWCNTs and
FeyOx-based glucose biosensors. The immobilization of GOx at
Pt/FeyOx-MWCNTs/CS composite modified GCE by adsorption pro-
vides a good microenvironment for GOx and retains its bioactivity.
In addition, these composite materials can also conveniently extend
to the immobilization of other biomolecules. Such a proposed strat-
egy would be potentially useful for the preparation of other enzyme
sensor.
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