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Abstract. A high-performance amperometric glucose
biosensor was developed, based on immobilization
of glucose oxidase (GOx) on a copper (Cu) nanopar-
ticles/chitosan (CHIT)/carbon nanotube (CNT)-mod-
ified glassy carbon (GC) electrode. The Cu and CNT
had a synergistic electrocatalytic effect toward the
reduction of hydrogen peroxide in the matrix of
biopolymer CHIT. The Cu/CHIT/CNT modified GC
electrode could amplify the reduction current of hy-
drogen peroxide greatly. Besides, the Cu/CHIT/
CNT modified GC electrode reduces hydrogen per-
oxide at a much lower applied potential and inhibit
the responses of interferents. With GOx as an en-
zyme model, a new glucose biosensor was fabricat-
ed. The sensitivity of the sensor is due not only to
the large microscopic area but also to the high ef-
ficiency of transformation of H,O, generated by en-
zymatic reaction to current signal. The biosensor
exhibited excellent sensitivity (the detection limit
is down to 0.02 mM), fast response time (less than
4 sec), wide linear range (from 0.05 to 12 mM), and
perfect selectivity.
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The area of biosensors, especially enzyme-based am-
perometric electrodes, has received considerable at-
tention nowadays. These biosensors combine the
advantages of the electrochemical techniques with
the high substrate specificity of the enzymes. The
determination of glucose is one of the most popular
biosensor applications. Glucose is a key metabolite
for living organisms, particularly in the case of pa-
tients suffering diabetes. The detection of glucose is
also important in food and fermentation industry [1,
2], and there have been many papers on this subject.
Glucose electrochemical biosensors based on the en-
zymatic oxidation mediated by glucose oxidase have
generated considerable interest. The final goal of glu-
cose electrochemical biosensor lies in designing high-
performance sensors with appropriate characteristics
such as sensitivity, selectivity, response time, linearity,
stability and reproducibility [3].

Most of the electrochemical amperometric glucose
biosensors are based on the electrochemical oxidation
of hydrogen peroxide, which is formed in the course
of the enzyme-catalysed oxidation of glucose by dis-
solved oxygen [4]. The hydrogen peroxide can be
detected by oxidation at anodic potentials (>+0.6 V
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versus Ag/AgCl) [5, 6]. But at this relatively high
potential, there may be interferences from other oxi-
dasable species such as ascorbic acid (AA), uric acid
(UA) and acetaminophen (AP). That results in diffi-
culty for the quantitative analysis of the produced
hydrogen peroxide and the enzyme substrate. One ap-
proach to avoid interferents is detecting hydrogen per-
oxide at low potential.

Nanomaterials, such as carbon nanotubes (CNTSs)
and transition metallic nanoparticles, are widely ap-
plied in constructing glucose biosensor, recently.
CNTs are a new kind of carbon materials discovered
by lijima in 1991 [7]. The carbon of nanotubes are
seamless nanometer size tubes curled formatted by
monolayer or multilayer graphite flake [8]. Because
of the special tube structure, the carbon nanotubes
possess many unique properties such as good electri-
cal conductivity, strong adsorptive ability, excellent
bioconsistency. Owing to these properties, CNTs have
led to many new technical developments and are
widely used in the region of biosensor. It was found
that CNTs have a high electrocatalytic effect and a fast
electron-transfer rate [9-12]. The ability of CNTs to
promote the electron transfer of hydrogen peroxide [9—
11], suggests that CNTs have great promise as oxidase-
based amperometric biosensors. However, the ampero-
metric response of the CNTs-based glassy carbon
(GC) electrodes at low potential was not remarkable
toward H,O, [9]. So, the CNT modified GC elec-
trodes without any other modification could not en-
sure enough selective detection of H,0,. Transition
metallic nanoparticles, including gold, platinum, pal-
ladium, copper, and silver [13-22], can be used to in-
crease the electrochemical activities. Copper (Cu)
nanoparticles increase the response current and they
are relatively inexpensive, and they also have good
biocompatibility. In this paper, we suggest a new
nanocomposite, which was formed by combination
of Cu nanoparticles and single-walled carbon nano-
tubes (SWNTs) in the matrix of biopolymer chitosan
(CHIT). CHIT, a non-acetylated or partially deacety-
lated chitin can be found in the fungal cell wall and
the exoskeletons of lots of arthropods such as crabs
and shrimps. Because chitin is widely available,
CHIT is rather cheap. CHIT is also a multifunctional
polymer containing large numbers of reactive amine
groups together with hydroxyl groups which make
it a hydrophilic material and capable of reacting with
groups such as epoxy group [23]. These hydrophilic
groups are considered to play an important role in
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preferential water sorption and diffusion through the
CHIT membrane. Its excellent film-forming ability,
good adhesion, biocompatibility, and high mechani-
cal strength have gained growing interest in using
it to immobilize biomoleculars in recent years [24—
27]. We used CHIT to disperse Cu nanoparticles.
And also the enzyme immobilization relied on teth-
ering the amino groups of both CHIT and enzyme
with glutaraldehyde.

In this paper, we report a biosensor based on elec-
trodeposition of Cu nanoparticles onto a CNT modi-
fied GC. The electrodeposition method was selected
to produce Cu nanoparticles on electrode surfaces be-
cause this method is easy to be carried out and the
layer thickness can be controlled. The experiment
results showed that Cu nanoparticles and CNTs pro-
vided a remarkable synergistic effect toward the re-
duction of H,0,. The Cu/CHIT/CNT/GC electrode
shows better transduction and more sensitive response
at low applied potential toward H,O, with rapid re-
sponse time. Considering the excellent performance
of Cu/CHIT/CNT/GC electrode toward H,O,, glu-
cose oxidase (GOx) was immobilized at the modified
nanostructured electrode to assemble a new glucose
biosensor. The electrochemical performance of the
modified electrode has been investigated by elec-
trochemical impedance spectroscopy (EIS) and am-
perometric i—¢ curve. The experimental conditions
related to the preparation and characterizations of
the sensor have also been studied in detail. The sen-
sor exhibits excellent performances, such as relative
low detection limit, short response time, large cur-
rent density, storage stability and high sensitivity.
Additionally, the effect of the interferents (AA, UA
and AP) can be prevented significantly due to a low
applied potential.

To the best of our knowledge, this new modified
method for the development of amperometric glucose
biosensors has not been explored so far.

Experimental

Apparatus and reagents

All electrochemical experiments were performed with a CHI 660A
electrochemical workstation (Shanghai Chenhua Instrument Co.,
China) in conjunction with a three-electrode system: a glassy carbon
electrode (diameter 3mm) was used as a working electrode, a
platinum foil was applied as a counter electrode, and a saturated
calomel electrode (SCE) served as a reference electrode. All po-
tentials were reported with respect to the reference electrode.
Amperometric measurements were carried out under stirred con-
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ditions. All experiments were performed at room temperature. The
micrographs of CNT and Cu/CHIT/CNT modified electrodes were
investigated by scanning electron microscopy (SEM, JEOL JSM-
6700F, Japan).

Single-walled carbon nanotubes were purchased from Shenzhen
Nanotech Port Co., Ltd. (Shenzhen, China, www.seasunnano.com).
Glucose oxidase (E.C. 1.1.3.4, Type II from Aspergillus niger, 50
000U g™") was purchased from Amresco (USA, www.amresco-
inc.com). 3-D glucose was purchased from ICN Biomedicals Inc.
(USA). Glucose stock solutions were allowed to mutarotate at room
temperature overnight before use. Chitosan (MW~1 x 10%; 75-85%
deacetylation) were purchased by Sigma (St. Louis, Mo, USA, www.
sigmaaldrich.com). All of the other chemicals were analytical grade
and used without further purification. Phosphate buffer solution
(PBS, 0.067 M, pH 7.0) was used as the supporting electrolyte in
all measurements, and doubly distilled water was used throughout.

Purification of SWNTs

The SWNTs were purified according to the literature [28]. Briefly,
SWNTs were heated in air at 600 °C for 2 h, and then soaked in 6 M
HCI solution for 24h and centrifuged. The precipitate was rinsed
with deionized water and dried under air. The SWNTs were chemi-
cally functionalized by ultrasonic agitation in a mixture of sulfuric
acid and nitric acid (3:1) for 8 h. Then SWNTs were washed with
deionized water (untii pH 7.0 was reached) and separated by
centrifuging three times and then dried.

Electrochemical deposition of Cu and preparation
of Cu/CHIT/CNT/GOx electrode

Prior to the electrochemical deposition of Cu, the GC electrode was
polished first with alumina slurry (followed by 0.3 and 0.05 pm),
then rinsed thoroughly with redistilled water, and ultrasonically
agitated successively in ethanol and redistilled water for 10 min each.
The electrodes was then cleaned by cyclic voltammetry (CV) be-
tween —0.5 and +1.2V at 50mVsec™! in 0.067 M PBS (pH 7.0),
until a stable profile was obtained. For the activation of the electrode
surface, the cycling was terminated by stepping the potential to
-+1.2V for 3 min. The prepared electrodes were dried under a nitro-
gen stream and used for modification immediately.

The 2mg of SWNTs were dissolved in 2mL doubly distilled
water. The mixture was sonicated for 15 min until a black suspen-
sion was formed. The CNT modified electrode was prepared by
casting 6 uL. of the dispersion on the surface of a GC electrode
and air-dried at room temperature.

The electrode was then ready to the electrochemical deposition
of Cu. In this paper, Cu was electrochemically deposited by CV
method in a 0.1wt% of chitosan solution containing 20.0 mM
CuCl,. The 0.1wt% CHIT solution was prepared by dissolving
0.1 g of CHIT flakes into 100 mL of 2.0% acetic acid solution and
stirred for 3 h at room temperature until complete dissolution. The
CHIT solution was stored in refrigerator at 4 °C when not in use.

The GOx was immobilized onto the Cu/CHIT/CNT modified
GC electrode surface by cross-linking the enzyme through glu-
taraldehyde with bovine serum albumin (BSA). Enzyme solu-
tion was prepared in PBS (pH 7.0) with the concentration of
45mgmL~!. The glucose biosensor was constructed by mixing
100 pL of GOx with 100 pL 2.5% glutaraldehyde and 100 pL of
BSA (1% w/w) solution, and then dropping 6 pL of the compos-
ite solution on the Cu/CHIT/CNT modified GC electrode sur-
face. The resulting enzyme electrode dried and then stored in the
refrigerator at 4 °C.

For comparison, Cu/CHIT modified GC electrode was also pre-
pared with the same method, which is cycling the bare GC electrode
in a 0.1 wt% of chitosan solution containing 20.0 mM CuCl,.

Results and discussion

Preparation of Cu/CHIT/CNT modified GC electrode

The amperometric response characteristics of the
Cu/CHIT/CNT electrode are affected by the loading
mass of Cu nanoparticles. The sweeping cycles of
copper and the concentration of copper are mainly
affecting factors. The Cu/CHIT/CNT modified GC
electrode is fabricated by cycling in the potential range
from —0.4 to +0.6 V at a scan rate of 50mV sec™! for
different cycles in a 0.1 wt% of chitosan solution con-
taining 20.0mM CuCl,. The loading mass of Cu in-
creases as the sweeping cycles increases. The effect of
the different sweeping cycles of copper on the re-
sponse current was investigated and the corresponding
results are shown in Table 1. From Table 1, it can be
observed that the response current of the biosensor
first increases with the increase of the Cu loading.
The significant increasing response current owe to
the catalytic property of Cu nanoparticles. However,
the particle size of Cu will increases with the farther
increase of the sweeping cycles and the corresponding
catalytic activity of Cu particle becomes low. The
maximum value can be obtained when the sweeping
cycles are 3. In the following experiments, 3 cycles
was selected as the Cu CV scanning cycles.

The concentration of copper is another influencing
factor in the loading mass of Cu nanoparticles. The
Cu/CHIT/CNT modified GC electrodes prepared at
different concentrations of copper result in obvious-
ly diverse amperometric responses (Table 2). It was
found that the maximum response current can be ob-

Table 1. Effect of sweeping cycles of copper

Sweeping cycles 1 2 3 4 5 6 7

Current response  6.37 7.99 1047 893 754 6.75 5.15

(nA)

Table 2. Effect of copper concentration

Copper 5 10 15 20 25 30 40 50
concentration

(mM)

Current 7.68 792 876 10.52 9.17 7.49 7.35 6.53

response (HA)
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served when the chitosan solution containing 20 mM
CuCl,. We preferred to set the concentration of cop-
per in the chitosan solution as 20 mM in the follow-
ing works.

Morphologies and electrochemical characteristics
of Cu/CHIT/CNT modified GC electrode

The micrographs and element composition of Cu/
CHIT/CNT modified GC electrode has been investi-
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Fig. 1. SEM image of: (a) CNT, (b) Cu/CHIT/CNT modified
GC electrode surface and (c) EDS pattern of the Cu/CHIT/CNT
electrode
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Fig. 2. N?/quist plots for
Fe(CN),’>*" containing 0.1 M KCl. (a) Bare GC electrode, (b)
CNT modified GC electrode, (¢) Cu/CHIT/CNT modified GC
electrode

gated by SEM and energy-dispersive spectroscopy
(EDS), and the corresponding results are shown in
Fig. 1. Figure la displays a typical morphology of
the CNT modified GC electrode. Compared to this,
Fig. 1b shows Cu nanoparticles with spherical shape
lie on the CNT modified GC electrode surface. The
diameter of Cu particle is about 30 nm. From Fig. lc,
EDS result indicates that C, Cl and Cu are the major
elements, which implies that the particles on the GC
electrode are CNTs and Cu nanoparticles.

EIS is a powerful technique for studying the in-
terface properties of surface-modified electrodes [29].
The complex impedance can be presented as the sum
of the real, Z.., and imaginary, Z;,,, components that
originate mainly from the resistance and capacitance
of the cell, respectively. Figure 2 illustrates the results
of electrochemical impedance analysis on different
types of modified electrodes. It shows Nyquist plots
of a bare GC electrode (curve a), a CNT modified GC
electrode (curve b) and a Cu/CHIT/CNT modified
GC electrode (curve ¢) in a 5mM [Fe(CN)g]>~/4~
redox probe solution. The perturbation voltage was
5mV and the frequency range was 1Hz-100KHz.
The semicircle located near the origin is probed by
higher frequencies, which means that the dynamics of
electron transfer in higher frequency range is observed
and the current due to voltage excitation is under ki-
netic control. The low frequency region, where the
slope of Z. vs. Z;, is unity, is dominated by mass
transfer of the redox species to and from the interfa-
cial region [30]. It could be observed that the diameter
of the semicircles located near the origin decreased
with the modified process of the GC electrode. The
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semicircle of curve b is remarkably smaller than curve
a. This obvious change indicates the CNTs accelerate
electron transfer of the electrochemical probe. And
the semicircle of curve c is even smaller which means
that the Cu nanoparticles/CNTs facilitated the elec-
tron-transfer process on the electrode surface once
more. Hence, it is clear that the Cu/CHIT/CNT mod-
ified GC electrode is more suitable for electrochemi-
cal biosensing and sensing due to its perfect smaller
electron transfer resistance.

Electrocatalytic activity of the prepared electrodes
toward H>0,

Figure 3 compares the response currents of 0.5 mM
H,O, in PBS (pH 7.0), recorded at —0.2V,
50mVsec~!, at different modified electrodes. The
amperometric response of 0.5 mM H,0, of CNT mod-
ified GC electrode (curve a), Cu/CHIT modified GC
electrode (curve b), Cu/CHIT/CNT modified GC elec-
trode (curve c) is about 5 pA, 1 pA and 10 pA, respec-
tively. The catalysis of H,O, at the Cu/CHIT modified
GC electrode is not very effective at —0.2 'V as the cur-
rent response of is relatively small. And according to
curve a, we can see the response current is not linear and
very tiny as the concentration of H,0O, increasing.
However, the Cu/CHIT/CNT modified GC elec-
trode responds more sensitively and faster to H,O,,
which amplified the current by two times compared
with that of CNT modified GC electrode, ten times
compared with that of the Cu/CHIT electrode. This
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Fig. 3. Amperometric responses at (@) CNT modified GC, (b)
Cu/CHIT modified GC, (¢) Cu/CHIT/CNT GC electrodes upon
subsequent addition of 0.5 mM H,0, in 0.067M PBS (pH 7.0) at
—0.2 V. The inset shows amperometric responses at Cu/CHIT/
CNT GC electrode upon sequential addition of (a) 0.5mM
H,0,, (b) 0.5mM UA, (¢) 0.5mM AP, (d) 0.5mM AA (indicated
by arrows) at —0.2V

indicates that the electrocatalytic activity of the Cu/
CHIT/CNT modified GC electrode has been im-
proved greatly by Cu nanoparticles and CNTs. The
Cu nanoparticles used in this work, dispersed on the
surface of CNTs, may provide a large available sur-
face and enhance the electrocatalytic activity for HO,
electrooxidation.

The results in Fig. 3 may suggest that the interest-
ing three-dimensional structure of the Cu/CHIT/CNT
GC electrode, which combined the advantages of
CNTs (nano size effect, good conductivity, and elec-
trocatalytic activity) with those of Cu nanoparticles
(good biocompatibility, huge surface area, and good
catalytic activity), may possess special properties (en-
hanced catalytic activity, good biocompatibility, and
three-dimensional nano structure) that are favorable
for the immobilization of the GOx [31]. The structure
might also have good electrochemical performance.

The inset in Fig. 3 shows amperometric responses
upon sequential addition of 0.5mM H,0,, 0.5 mM
AA, 0.5mM UA, and 0.5mM AP to the Cu/CHIT/
CNT/GC electrode at an applied potential of —0.2'V.
The response of H,O, was remarkable while there
were essentially negligible current responses of AA,
UA, and AP, which indicated that the interference
could be eliminated due to the low applied potential.
So the modified electrode has a good anti-interferent
ability.

Effect of the applied potential

The applied potential was changed from —0.3 to
+0.1V at the Cu/CHIT/CNT/GC electrode in stir-
ring phosphate buffer solution toward 0.5 mM H,0,.
The response currents were 11.18, 10.52, 7.98, 7.03
and 5.84 pA with the corresponding applied potential
were —0.3, —0.2, —0.1, 0 and +0.1V, respectively. It
can be observed that the response current decreased
with the increase of applied potential. Taking into
account sensitive response, effective avoiding of inter-
ference, and operational stability, —0.2 V was selected
as the applied potential in subsequent experiments.

The Cu/CHIT/CNT/GOx biosensor
for the amperometric determination of glucose

The perfect performance of the Cu/CHIT/CNT/GC
electrode toward the reduction of H,O, makes it at-
tractive to fabricate biosensors based on the determi-
nation of H,0,. Here, GOx was selected as a model
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Table 3. The influence of the buffer solution pH
pH 5.5 6.0 6.5 7.0 7.5 8.0

Current 0.41 050 0.62 070 056 044
response ([LA)

enzyme. The enzyme was immobilized onto the Cu/
CHIT/CNT/GC electrode surface by cross-linking it
through glutaraldehyde with BSA.

The influence of the buffer solution pH is very es-
sential to the sensitivity of the biosensors, because the
bioactivity of GOx and the stability of Cu nanoparti-
cles are pH dependent. As shown in Table 3, the max-
imum current for glucose was obtained around pH 7.0.
Therefore, the PBS with pH 7.0 was chosen as the
optimal supporting electrolyte.

Figure 4 illustrates the typical current-time plots for
the Cu/CHIT/CNT/GOx electrode upon the succes-
sive step addition of glucose solution. The Cu/CHIT/

1pA

Fig. 4. The current-time responses of the Cu/CHIT/CNT GC
electrode to the successive addition (indicated by arrows) of
0.5 mM glucose solutions: 0.067M PBS, pH 7.0, 25°C, —0.2V
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Fig. 5. Calibration curve of the response of Cu/CHIT/CNT GC

electrode to glucose concentration in PBS (pH 7.0). Inset: calibra-
tion curves covering the lower concentration range
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CNT/GOx biosensor was used to detect glucose in
0.067M PBS (pH 7.0) at —0.2V. The response of
the biosensor to the injection of glucose is very fast
(within 4 sec).

Using the optimum conditions established in the
above studies, the calibration of the Cu/CHIT/CNT/
GOx electrode is depicted in Fig. 5. The steady-state
currents gradually increased with increasing concentra-
tion of glucose, and exhibited a linear relationship with
the concentration of glucose in the range from 0.05
to 12 mM with a detection limit of 0.02 mM (estimated
at S/N=3), and a correlation coefficient of 0.9964.
The linear ranges in other glucose biosensors are
0.02-5.7mM [13], 0.02-6 mM [14], 0.002-2.5 mM
[22]. The Cu/CHIT/CNT/GOx electrode show higher
linear range than many of these studies. It can be con-
cluded that the prepared biosensor possessed excellent
electrocatalytic behavior toward glucose.

The performances of the glucose biosensor in prac-
tical applications are usually interfered with by AA,
UA, and AP. For 0.5 mM glucose solution, the inter-
ferences from the coexisting 0.5 mM AA, 0.5 mM UA,
and 0.5M AP were 0.15, 0.47, and 0.75% respective-
ly, which could be neglected owing to the low applied
potential (—0.2'V).

Reproducibility and stability of Cu/CHIT/CNT/
GOx/GC electrode

The reproducibility of five Cu/CHIT/CNT/GOx/GC
electrodes was estimated by the response to 0.5 mM
glucose at the potential of —0.2 V. The results reveal
that the sensor has satisfied reproducibility with a

1.2

1.0

0.8 »\\’\‘\‘\\‘
L
Y
<

0.4

0.2

0.0 : . . : .

0 5 10 15 20 25
Time/days

Fig. 6. Stability of enzyme electrode stored in PBS (pH 7.0) at
4°C. The determination solution is 0.5 mM glucose plus PBS (pH
7.0). The applied potential is —0.2 V
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mean change of the response current of 0.04 pA and a
relative standard deviation of 4.5%.

The stability of the Cu/CHIT/CNT/GOx/GC elec-
trode under storage conditions (PBS, pH 7.0, 4 °C) was
investigated using the same PBS containing 0.5 mM
glucose, and the corresponding result is shown in
Fig. 6. In this figure, Ai is the different current of
the enzyme electrode after storage. In the figure, only
8% loss of the response current can be observed
within 5 days. With the experiment prolonged, the
response current decreases. After 20 days, the re-
sponse current is still retained at 77.5% value of the
initial response. Good stability may be attributed to
the enzyme entrapped strongly in the copper nanopar-
ticles that is stable in the neutral medium. The de-
crease of the response current may result from the
decrease of the enzyme activity during storage, the foul-
ing of the enzyme electrode. Based on Fig. 6, it implies
that the three-dimensional structure of the Cu/CHIT/
CNT/GOx/GC electrode is compatible with the im-
mobilized enzyme and is helpful to maintain the bio-
activity of GOx.

Conclusion

A new and attractive amperometric biosensor has
been developed, based on the combination of Cu
nanoparticles with CNTs in the matrix of biopolymer
CHIT. The nanocomposite has synergistic effects of
the catalysis towards H,O, with remarkable current
and rapid response. Besides, the Cu/CHIT/CNT/
GC electrode could effectively eliminate interference.
The resulting Cu/CHIT/CNT/GC electrode shows
good characteristics such as a large determination
range, good sensitivity, fast response time, high sta-
bility, and excellent selectivity.
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