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Abstract

ZnO:Co nanoclusters were synthesized by nanocluster-beam deposition with averaged particle size of 5 nm and porous structure, which were
for the first time adopted to construct a novel amperometric glucose biosensor. Glucose oxidase was immobilized into the ZnO:Co nanocluster-
assembled thin film through Nafion-assisted cross-linking technique. Due to the high specific active sites and high electrocatalytic activity of the
ZnO:Co nanoclusters, the constructed glucose biosensor showed a high sensitivity of 13.3 �A/mA cm2. The low detection limit was estimated to
be 20 �M (S/N = 3) and the apparent Michaelis–Menten constant was found to be 21 mM, indicating the high affinity of the enzyme on ZnO:Co
nanoclusters to glucose. The results show that the ZnO:Co nanocluster-assembled thin films with nanoporous structure and nanocrystallites have
potential applications as platforms to immobilize enzyme in biosensors.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Glucose biosensor, as one of the most popular biosensors,
has been intensively investigated due to its importance in clinics,
environment and food industry. Glucose oxidase (GOx) is often
used as the enzyme in glucose amperometric biosensors to cat-
alyze the oxidation of glucose and the reaction could be detected
in a form of current at the electrode. Since the first glucose
biosensor in 1962 (Clark and Lyons, 1962), extensive efforts
have been made on the improvement of the performance and
stability of enzyme electrodes, where modified electrodes with
various configurations and the performance of the constructed
biosensors have attracted great interests. Recent biosensor devel-
opment is based on combing the properties of biologically active
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substances with those of inorganic nanocrystalline materials.
These inorganic materials with nanostructure could provide
large surface to volume ratio and the increased surface activity,
making their unique advantages over other conventional materi-
als for enzymatic immobilization and signal transduction. They
could keep activity of enzyme due to the desirable microenvi-
ronment, and enhance the direct electron transfer between the
enzyme’s active sites and the electrode (Zhang et al., 2004).

Up to now, many inorganic nanomaterials, such as gold
nanoparticles and nanoclusters (Zhang et al., 2005; S. Zhao
et al., 2006; Bharathi et al., 2001), Au/polyaniline nanocom-
posite (Xian et al., 2006), carbon nanotube (Liu et al., 2005),
nanocrystalline diamond (Zhao et al., 2006), calcium carbonate
nanoparticles (Shan et al., 2007) and Ag dendritic nanostructures
(Wen et al., 2006), have been studied as signal transducers and
platforms for the enzyme immobilization in biosensors. ZnO
as a wide band gap (3.37 eV) semiconductor plays an impor-
tant role in optics, optoelectronics, sensors, and actuators due
to its semiconducting, piezoelectric, and pyroelectric proper-
ties (Norton et al., 2004; Sun and Kwok, 1999). Nanostructured
ZnO not only possesses high surface area, nontoxicity, good bio-
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compatibility and chemical stability, but also shows biomimetic
and high electron communication features (Tian et al., 2002;
Sberveglieri et al., 1995; Rodriguez et al., 2000), making it
great potential applications in biosensors. Zhang et al. (2004)
have reported a reagentless uric acid biosensor based on ZnO
nanorodes. Recently, GOx was immobilized on ZnO nanocombs
and nanorods to construct an amperometric biosensor for glu-
cose biosensing (Wang et al., 2006; Wei et al., 2006), showing
a sensitivity of 15–23 �A/mA cm2.

Nanoclusters, as a bridge between molecules and bulk mate-
rials, are aggregates of a small and finite number of atoms or
molecules, which could be ranged from several atoms up to large
nanoclusters made up of several tens of thousands of atoms.
The nanocluster-assembled thin films/materials have attracted
increasing interests due to novel properties and technological
applications. In addition to their small nanocrystallites in sev-
eral nanometers, ZnO-based nanoclusters possess nanoporous
network structure, making them different from previous ZnO
nanorods, nanocombs, nanowires and other low dimensional
nanostructures. In our group, the unique optical and magnetic
properties of the ZnO-based nanoclusters (Zhao et al., 2007)
have been demonstrated. Cobalt shows high electrocatalytic
activity for the oxygen reduction and low detecting potential
for hydrogen peroxide, posing it great potential application in
fuel cell and biosensor development (Cataldi et al., 1995). In
this work, ZnO:Co nanoclusters (doping 2% Co in ZnO) with
small average size of 5 nm and density as low as one-third of ZnO
bulk materials were developed and employed for the first time to
construct a novel amperometric glucose biosensor by taking the
advantages of the high electrocatalytic activity of ZnO and cobalt
and the high specific surface area of the nanocluster structure.

2. Experiments

2.1. Reagents and material

The glucose oxidase (EC1.1.3.4, from Aspergillus niger,
200 units/mg), �-d-(+)-glucose, 25% glutaraldehyde and bovine
serum albumin (BSA) were obtained from Sigma–Aldrich and
used without further purification. The buffer solutions were
prepared from 0.08 M K2HPO4 and 0.02 M KH2PO4 (99.9%,
Sigma–Aldrich). All the solutions were prepared with a Mil-
lipore Q water (resistance: ∼18.0 M� cm−1). Glucose stock
solutions were prepared and kept overnight at room temper-
ature before use to allow mutarotation. The poly(ethylene
terephthalate) (PET) plate used as a substrate for electrode
was purchased from Goodfellow with a thickness of 200
�m.

2.2. Synthesis of nanocluster-assembled ZnO:Co thin films

ZnO:Co nanoclusters, produced by a magnetron sputtering
gas aggregation source, were obtained by a nanocluster-beam
deposition system as described in the literature (Chen et al.,
2005; Zhao et al., 2005). The growth region was cooled with
liquid nitrogen and kept the temperature at 170 K. A 2 in. metal
target consisting of 98% Zn and 2% Co was used and DC sputter-

ing power was 130 W. Ar, He and O2 gases with a corresponding
total pressure of 0.75 Torr were introduced into the system, and
ZnO:Co nanoclusters were thus formed and further deposited
onto the substrates.

2.3. Fabrication of PET/Ti/Au/ZnO:Co electrode

Metal Ti thin layer on PET plate was implanted by plasma
immersion ion implantation technology at 12 keV with a dose of
109 ions/cm3, where the Ti ions were obtained from the plasma
generated by a filtered cathodic vacuum arc source with an arc
current of 90 A. The Ti layer thickness including the penetra-
tion depth in PET was about 20 nm. After that, Au layer with
thickness of 30 nm was deposited on Ti-implanted PET sub-
strate by DC magnetron sputtering with power of 20 W at room
temperature. This process makes the Au layer well adhesive
to Ti/PET substrate with excellent conductivity (20 �/sq). The
obtained PET/Ti/Au electrode was then loaded to the chamber
of nanocluster-beam system for the deposition of ZnO:Co nan-
oclusters. The thickness of nanocluster-assembled thin film was
around 300 nm.

2.4. Immobilization of glucose oxidase on
PET/Ti/Au/ZnO:Co electrode

GOx solution was prepared by dissolving 30.0 mg GOx and
20 mg BSA in 1.0 mL phosphate buffer solution (PB, 0.1 M, pH
7.4). Cross-linking method was employed to immobilize glucose
oxidase on PET/Ti/Au/ZnO:Co electrode. In brief, 100 �L above
GOx solution, 50 �L 2.5% glutaraldehyde and 50 �L 0.5%
Nafion solution were mixed thoroughly. Subsequently, 4 �L
above mixture solution was applied onto the PET/Ti/Au/ZnO:Co
electrode surface and allowed to dry in air at room temperature.
Finally, 4 �L 0.5% Nafion was further coated on the enzyme
electrode to eliminate the possible fouling and prevent the leach-
ing of the enzyme. The enzyme electrodes were kept dry in
refrigerator at 4 ◦C when not in use.

2.5. Characterization and amperometric measurement

Surface morphology of ZnO:Co nanoclusters was character-
ized using atomic force microscopy (AFM) in tapping mode
(Dimension 3000 scanning probe microscope from Digital
Instrument). Transmission electron microscopy (TEM, JEOL
2010) operated at 200 keV was used for the examination of
microstructure of the obtained ZnO:Co nanoclusters on car-
bon coated copper gird. X-ray photoelectronic spectroscopy
(XPS) was used to study the chemical states of the film.
All the amperometric measurements of the enzyme electrodes
were carried out in an Autolab electrochemical analyzer (Auto-
lab/PGSTAT30, ECO CHEMIE, Netherlands). A conventional
three-electrode configuration was employed consisting of a fab-
ricated PET/Ti/Au/ZnO:Co electrode as the working electrode, a
platinum foil as the counter electrode, and a Ag/AgCl, KCl (3 M)
electrode as the reference electrode. The amperometric response
measurements were carried out in phosphate buffer solution (PB,
pH 7.4) at applied potential of 0.8 V versus Ag/AgCl reference
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