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ABSTRACT

Anovel electrochemical glucose biosensor was developed based on in situ covalent immobilization of glu-
cose oxidase (GOx) by one-pot chitosan (CS)-incorporated sol-gel process in the presence of Prussian blue
deposited multi-walled carbon nanotubes hybrids (PB/MWNTSs) using 3-isocyanatopropyltriethoxysilane
(ICPTES) as both a sol-gel precursor and a covalent coupling agent for GOx and CS. The electrode mod-
ified with the PB/MWNTs-GOx-CS-ICPTES sol-gel composite film showed good electrical conductivity
and effective low-potential electron transfer mediation toward H,0, reduction attributed to the incor-
poration of PB/MWNTs. The biosensor exhibited a linear response to glucose in the concentration range
from 2.5 x 10> to 1.3 x 10-3 M with a correlation coefficient of 0.9998, a detection limit of 7.5 x 10~ M,
a low response time (10s), good sensitivity and high anti-interference ability. Compared with the con-
trol biosensor based on the traditional tetraethoxysilane derived sol-gel composite film, the biosensor
showed a similarly small apparent Michaelis-Menten constant of 3.67 mM but much higher electrochem-
ical and biosensing stability.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Despite the impressive progress in the development of elec-
trochemical glucose biosensors due to their rapid response, high
sensitivity and intrinsic selectivity, there are still many challenges
and obstacles related to the achievement of a highly stable and reli-
able continuous glycemic monitoring (Wang, 2008). Most glucose
biosensors are based on the oxidation or reduction of enzymatically
produced H,0,, so the preparation of biosensing materials with
both efficient enzyme immobilization and good electrochemical
properties is of prime importance (Kang et al., 2008; Yu et al., 2008;
Zou et al., 2008; Kang et al., 2009). The chitosan-silica (CS-SiO,)
based organic-inorganic sol-gel composite films as biocompatible
enzyme immobilization matrix have showed great promise due to
their tunable porosity, high thermal stability and good film form-
ing ability under mild conditions (Wang et al., 2000; Wang et al.,
2003; Zou et al., 2008). However, enzymes immobilized by physical
adsorption in the CS-SiO, composite films have to be confronted
with the problem of enzyme leakage, leading to poor stability of
the fabricated biosensors (Kato et al., 2004; Molvinger et al., 2004;
Coradin et al., 2006).

As a particular silane coupling agent, 3-
isocyanatopropyltriethoxysilane (ICPTES) has attracted increasing
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interest in the synthesis of SiO,-based organic-inorganic hybrid
materials with polymers, such as CS (Biazzotto et al., 2000; Silva
et al., 2005; Garcia-Sanchez et al., 2009; Kumbar et al., 2010). The
good covalent coupling reactivity of the isocyanate group toward
the amino group without severe conditions and the spontaneous
sol-gel process of the triethoxysilane group allow the convenient
preparation of covalently cross-linked organic-inorganic hybrid
materials (Li et al., 2009). Furthermore, the isocyanate group has
been widely applied in enzyme immobilization (Ozmen et al.,
2009a; Ozmen and Yilmaz, 2009; Ozmen et al., 2009b; Romaskevic
etal., 2010). Thus, covalently cross-linked enzyme-CS-SiO, sol-gel
composite films with synergistic benefits of good biocompatibility
and effective immobilization of enzyme might be obtained using
ICPTES as both the covalent coupling agent for enzyme, CS and the
sol-gel precursor. Nevertheless, the poor electrical conductivity
and the required relatively high working potentials of most SiO,-
based sol-gel materials remain as problems to be solved (Li et al.,
2004).

Prussian blue deposited carbon nanotubes hybrids, combining
the efficient facilitation effect of CNTs on electron transfer (Tang
etal., 2004; Guanetal.,2005; Huangetal.,2006; Tsai and Tsai, 2009)
with the effective low-potential electron transfer mediation effect
of Prussian blue toward the reduction of H,0, (Ahmadalinezhad
et al., 2009; Chiu et al., 2009; Wang et al., 2009; Li et al., 2010),
are attracting particular interest in the area of electrochemistry
(Zhai et al., 2009; Zhang et al., 2009). To the best of our knowl-
edge, no attempt has been made to fabricate biosensors with
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synergistic merits of the covalently cross-linked enzyme-CS-SiO,
sol-gel composite film and Prussian blue deposited carbon nan-
otubes hybrids. This paper developed a novel strategy to fabricate
glucose biosensors based on in situ covalent immobilization of glu-
cose oxidase (GOx) by one-pot CS-incorporated sol-gel process in
the presence of Prussian blue deposited multi-walled carbon nan-
otubes hybrids (PB/MWNTSs). ICPTES was used as both the sol-gel
precursor and the covalent coupling agent for GOx and CS. Due to
the good electrochemical properties of the PB/MWNTs-modified
electrode, as well as the improved effectiveness of enzyme immo-
bilization provided by the sol-gel covalent immobilization process,
the fabricated biosensor is highly sensitive, selective and stable.

2. Experimental
2.1. Materials and reagents

GOx (EC 1.1.3.4, Type II, lyophilized powder, 109 units/mg,
from Aspergillus niger) was obtained from Amresco. D-(+)-glucose
(99.5%) and CS (90%) were obtained from Sigma. MWNTSs (carboxyl
functionalized, 95%, 20-40nm) were purchased from Shenzhen
Nanotech. Port. Co., Ltd. (Shenzhen, China). ICPTES (99%) was
obtained from Diamond Advanced Material of Chemical Inc. (Hubei,
China). Tetraethoxysilane (TEOS) was purchased from Shanghai
Reagent Co. (Shanghai, China). Phosphate buffer solution (PBS,
0.05 M) containing K; HPO4, KH,PO4 and 0.1 M KCl was employed as
the supporting electrolyte. Aqueous solutions were prepared with
deionized water (18.2 M2 cm) from a Milli-Q purification system.

2.2. Instruments

Electrochemical measurements were performed on a PARSTAT
2273 electrochemical workstation (PE Co., USA) with a stan-
dard three-electrode system comprising a platinum wire as the
counter electrode, a saturated calomel electrode (SCE) as the ref-
erence electrode and a modified glassy carbon electrode (GCE,
4mm in diameter) as the working electrode. The electrochemi-
cal impedance spectroscopy (EIS) was carried out in pH 6.9 PBS
containing 10 mM Kj3[Fe(CN)g]/K4[Fe(CN)g] and 0.5M KCl in the
frequency range from 10 KHz to 10 MHz. The measurements of glu-
cose concentration in serum samples were carried out by adding
the serum with a certain volume into the electrochemical cell
with 30 mL PBS under stirring. Scanning electron microscopy (SEM)
measurements were made on a Quanta 200 FEG scanning elec-
tron microscope (FEI Co., USA) at an accelerating voltage of 30 kV.
Absorption spectra were recorded on a Cary 4000 UV-vis spec-
trophotometer (USA).

2.3. Fabrication of the composite film modified GCE

Prussian blue deposited multi-walled carbon nanotubes hybrids
(PB/MWNTs) were synthesized according to the literature (Zhai
et al., 2009). 0.25% CS solution was prepared by dissolving 0.25g
CS in 100 mL 1.0% acetic acid with sonication for 1 h. Before elec-
trode modification, GCE was successively polished with 0.3 and
0.05 pm aluminasslurry, followed by rinsing thoroughly with deion-
ized water. After successive sonication in ethanol and deionized
water, the electrode was dried at room temperature.

2.3 mg PB/MWNTs were dispersed in 500 wL 0.25% CS solution
with sonication for 15 min, then 80 L ICPTES was added. The mix-
ture initially composed of two phases was vigorously stirred for
4h at room temperature, followed by the addition of 2.9 mg GOx.
After the mixture was gently stirred for 1.5 h at 4°C, a homogenous
sol-gel solution was obtained. Then, the sol-gel solution (7 L)
was casted on the surface of GCE, dried at 4°C in a refrigera-
tor for 12 h, resulting in the sol-gel composite film modified GCE
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Fig. 1. Electrochemical impedance spectra of (a) GCE, (b) CS-ICPTES-GCE,
(c) GOx-CS-ICPTES-GCE and (d) PB/MWNTs-GOx-CS-ICPTES-GCE in 10mM
K5[Fe(CN)g]/K4[Fe(CN)g | containing 0.5 M KCI.

(PB/MWNTSs-GOx-CS-ICPTES-GCE). Finally, the modified electrode
was immersed in pH 6.9 PBS at 4 °C for 24 h before the electrochem-
ical measurements. For the comparative study, a control biosensor
based on the PB/MWNTs-GOx-CS-TEOS sol-gel composite film was
prepared in parallel using TEOS with the same content of silica to
that of ICPTES. All modified electrodes were stored in pH 6.9 PBS at
4°Cin arefrigerator when not in use.

3. Results and discussion
3.1. Characterization of the composite film modified electrode

The morphology of the composite film was characterized by
SEM. After the deposition of PB on MWNTSs, a large number of
closely arranged PB nanoparticles with diameter around 50 nm
were randomly deposited on MWNTSs surfaces. The PB/MWNTSs-
GOx-CS-ICPTES sol-gel composite film showed a typical compact
and dense morphology of sol-gel composite films with uniformly
incorporated PB/MWNTs (see SFig. 1 in Supplemental materials).

The PB/MWNTs-GOx-CS-ICPTES-GCE showed a pair of well-
defined redox peaks with a formal potential of +0.193V, which
corresponded to the redox conversion between PB and Prussian
white (PW) (see SFig. 2 in Supplemental materials). Both the
cathodic and anodic peak currents were linearly dependent on the
square root of the scan rate in the range from 10 to 260 mV/s,
indicating a diffusion-controlled electrochemical process. In addi-
tion, PB in the composite film showed high stability under neutral
and basic pH attributed to the synergistic protective effect of
the Si-O-Si sol-gel networks, MWNTs and CS (see SFig. 3 in
Supplemental materials).

Fig. 1 shows the typical Nyquist plots of the modified electrodes
in K3[Fe(CN)g]/K4[Fe(CN)g]. The electron transfer resistance (Ret)
for the redox process of the probe increased drastically after the
CS-ICPTES sol-gel composite film was modified on the GCE (b).
When GOx was immobilized in the above film, a further increased
Ret was observed (c). Significantly, after the further incorporation
of PB/MWNTs, the Rer decreased dramatically (d), indicating that
the incorporated PB/MWNTs facilitated the electron transfer of the
probe to the electrode attributed to the well known facilitation
effect of MWNTs.

The PB/MWNTs-GOX-CS-ICPTES-GCE showed a typical
chronoamperometric response upon the successive addition
of H,0, at —0.1V (see SFig. 4 in Supplemental materials). The
reduction current increased steeply and then reached 95% of the
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Fig. 2. Chronoamperometric response of PB/MWNTs-GOx-CS-ICPTES-GCE upon
the successive addition of glucose at —0.1V. (Inset) Calibration plots of
chronoamperometric responses of (a) PB/MWNTs-GOx-CS-ICPTES-GCE and (b)
PB/MWNTs-GOx-CS-TEOS-GCE vs. glucose concentration.

steady-state current within 10s after the addition of H,O0, with
a wide linear response range from 1.3 x 1074 t0 6.9 x 10~3M and
a sensitivity of 38.1 pAmM~! cm~2. The result indicated that the
incorporated PB/MWNTs can act as the effective low-potential
electron transfer mediator for H,0, reduction, which was of
particular importance for the sensitive and selective biosensing of
glucose.

3.2. Amperometric response of the composite film based
biosensor to glucose

The PB/MWNTs-GOx-CS-ICPTES-GCE showed a typical
chronoamperometric response upon the successive addition
of glucose at —0.1V as shown in Fig. 2. The time to reach 95% of the
steady-state current was less than 10s. The linear response range
to glucose was from 2.5 x 10> to 1.3 x 10~3 M with a correlation
coefficient of 0.9998 and a sensitivity of 15.2 uAmM~!cm—2
(Inset a). The detection limit was calculated to be 7.5x 10-6M
defined from a signal/noise ratio of 3. It was noteworthy that
the sensitivity was much higher than 5.94 pAmM~! cm~2 of the
previously reported GOx-CS-methyltrimethoxysilane/PB-GCE (Tan
et al., 2005). Meanwhile, the PB/MWNTs-GOx-CS-TEOS-GCE as
the control biosensor also showed a typical chronoamperometric
response to glucose with a similar linear response range from
2.5x 107> to 1.1 x 10~3 M, a correlation coefficient of 0.9986, a
detection limit of 5.3 x 10~6 M, a response time less than 105, and
a similar sensitivity of 13.5 pAmM~! cm~2 (Inset b).

3.3. Michaelis-Menten constant of the composite film based
biosensor

According to the Lineweaver-Burk equation (Zou et al., 2008;
Wei et al., 2010), the apparent Michaelis-Menten constant (Kp,)
of the biosensor (PB/MWNTs-GOx-CS-ICPTES-GCE) and the con-
trol biosensor (PB/MWNTs-GOx-CS-TEOS-GCE) were calculated to
be 3.67 and 2.75 mM, respectively. The slightly higher K, of the
biosensor than that of the control biosensor indicated that the
covalent coupling reaction between GOx and ICPTES could impair
the biological activity of immobilized GOx to a small extent.
Nevertheless, the Ky, of the biosensor based on the PB/MWNTs-
GOx-CS-ICPTES sol-gel composite film was smaller than reported
ones of immobilized GOx (Kang et al., 2008; Zou et al., 2008;
Liang et al., 2008; Liu et al., 2009; Wang et al., 2009), indicat-
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Fig. 3. Cyclic voltammograms of (A) PB/MWNTs-GOx-CS-TEOS-GCE and (B)
PB/MWNTSs-GOx-CS-ICPTES-GCE in pH 6.9 PBS at 50 mV/s before (a) and after (b)
the storage in vigorously stirred PBS for 24h at 4°C.

ing that the PB/MWNTs-GOx-CS-ICPTES sol-gel composite film can
still provide a biocompatible microenvironment for immobilized
GOx.

3.4. Stability of the composite film based biosensor

Cyclic voltammograms of the modified electrodes in pH 6.9
PBS before (a) and after (b) the storage in vigorously stirred
PBS for 24h at 4°C were studied to evaluate the immobi-
lization effectiveness of components in the sol-gel composite
films (Fig. 3). The cyclic voltammogram of the PB/MWNTs-
GOx-CS-TEOS-GCE (A) changed obviously after the storage. The
relatively poor electrochemical stability indicated poor struc-
tural stability of the sol-gel composite film. In the case of TEOS
as the sol-gel precursor, GOx and CS could be only weakly
bonded to the Si-O-Si sol-gel networks. Quantities of compo-
nents, especially GOx, on the film surface might be leached
out during the storage, leading to an increase in porosity of
the film, which could not only promote the electron transfer
but also facilitate the mass transport of glucose into the film
(Liang et al., 2008). The resulting promotion of electron trans-
fer could be confirmed by an obvious increase in peak currents
of the PB/MWNTs-GOx-CS-TEOS-GCE after the storage (b). On
the contrary, the PB/MWNTs-GOx-CS-ICPTES-GCE showed a neg-
ligible change of cyclic voltammogram after the storage (B),
demonstrating the effective immobilization of components in the
PB/MWNTs-GOx-CS-ICPTES sol-gel composite film through strong
urea bonds.

In addition, the biosensing stability of the biosensors during
the storage in vigorously stirred PBS was investigated (see SFig.
5 in Supplemental materials). The response of the PB/MWNTs-
GOx-CS-TEOS-GCE to 0.1 mM glucose increased obviously as the
storage time increased within 24h attributed to the resulting
increase in porosity of the composite film during the storage. The
response began to decrease after 36 h, and obvious fragmentations
around the edge of the composite film were found. Nevertheless,
the PB/MWNTs-GOx-CS-ICPTES-GCE showed much more stable
response during the storage. This result further confirmed the
effective immobilization of components in the PB/MWNTs-GOx-
CS-ICPTES sol-gel composite film.

The reproducibility of the biosensor was studied by successively
detecting 0.1 mM glucose for 10 times, and the RSD of responses
was 3.83%. In addition, the RSD of responses to 0.1 mM glucose at
five independently prepared biosensors was 5.08%, indicating good
reproducibility of the biosensor.
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The addition of 0.1 mM uric acid and 0.1 mM ascorbicacid had no
apparent influence on the response to 0.1 mM glucose, indicating
high anti-interference ability of the biosensor.

The glucose concentration in a fetal bovine serum sample was
determined to be 4.80+0.28 mM, in good agreement with the
value of 4.92 + 0.040 mM obtained using the traditional enzymatic
method in a local hospital. The recovery test was carried out by
adding 0.1 mM glucose to the serum samples, which produced a
recovery of 102.2 £2.72%.

4. Conclusions

A new strategy for fabricating glucose biosensors has been
developed which features an effective combination of the syn-
ergistic merits of the CS-incorporated sol-gel process, in situ
covalent cross-linking technique and Prussian blue deposited car-
bon nanotubes hybrids. The biosensor, based on in situ covalent
immobilization of GOx by one-pot CS-incorporated sol-gel process
in the presence of PB/MWNTSs using ICPTES as both the sol-gel pre-
cursor and the covalent coupling agent for GOx and CS, exhibited
a good sensitivity, a low detection limit, fast response, high anti-
interference ability and excellent stability, attributed to both the
efficient enzyme immobilization and good electrochemical proper-
ties of the PB/MWNTs-GOx-CS-ICPTES sol-gel composite film. The
proposed strategy provided a promising platform for constructing
a large number of other biosensors.
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