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a b s t r a c t

A protein thin film-modified electrode sensor, that features both generalizability and simplicity in design
toward reagentless detection of hydrogen peroxide with high sensitivity and reliability, is reported here.
Within this electrode device, the film active material of the nanocomposite of myoglobin and zirconium
(iv) ion-adenosine monophosphate dianion particles forming via monolayer adsorption of protein, is fab-
ricated on a glassy carbon surface using self-assembly technique. The electrode modification helps in
facilitating the direct electron transfer kinetics of protein at the formal potential (E◦′) of 12.3 mV versus
SHE (pH 7.0). As a result, the potential applied in H2O2 determination through reduction can be shifted
to −3.7 mV, a useful characteristic for further applications. Furthermore, the electrode configuration pro-
vides sufficient operational stability for sensing. Detection limit of 0.06 �M and the linear calibration
range up to 148.47 �M H2O2 are obtained for this sensor. The sensor assay can retain a value of 91.7%
initial activity within 1 month.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The development of high sensitive and selective methods for
H2O2 determination is a very important analytical task in many
fields, with particular emphasis on biosensors based on oxidase
enzymes [1]. Oxidase enzymes can catalyze H2O2 reduction and
allow the direct electron transfer between active site and electrode
surface [2,3]. In the last years, the number of sensors measur-
ing H2O2 increased considerably. A variety of materials, including
nanoparticles [4], sol–gels [5], polymers [6] and carbon nanotubes
[7], have been employed to immobilize enzymes. The use of the
materials for immobilization admits a low-potential measurement
of H2O2 with advantageous analytical characteristics, such as lit-
tle interfacial problem, high limiting sensitivity, and large dynamic
range [4–7]. These sensors, even if sensitive, suffer from short-
comings for low stability and limited binding of enzymes to solid
surface [8]. Moreover, the introduction of enzymes into films may
increase configurational complexity of sensors. Till now, there are
several challenges concerning the simplification of fabrication and
the retention of activity for sensors to be made more robust. The
development of reliable materials is crucial, and that of new fabri-
cation strategies is still a prevailing subject.

Electroconductive zirconia (ZrO2) and zirconium phosphate
(�-ZrP) have already been employed as good matrices for immo-
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bilization of proteins [9,10]. But their little mechanical rigidity
together with the low affinity toward proteins binding has
restricted further applications [8,11,12]. Generally, the structure of
proteins in immobilization is a genuine concern not only because of
apprehensibility of binding mechanisms but also for the potential-
ity of better practical uses. Recent work [10] has demonstrated that
the protein structure may undergo a slight unfolding with adsorp-
tion onto ZrO2 nanoparticles. To tackle these problems, materials
grafting with DNA [11] and nucleotide [13] appear promising can-
didates for the development of sensors. The genetic groups, that
link through chemical bonding [14] in materials, can be con-
sidered as the systems for connecting proteins to electrode and
for binding proteins with good compatibility. So far, DNA has
been exploited electron transfer enhancement of proteins [15,16].
Despite of this, entrapment of proteins with the matrices of mere
nucleic acids leads to the obtained films with drawbacks, such as
low stability [17] and little diffusibility [18], due to flexible and poly-
morphic structural features of nucleic acids. Our previous study [13]
has reported that nanogranules of Zr4+-uridine monophosphate
dianion monohydrate, Zr(UMP)2·H2O, can be easily synthesized
under mild conditions. The film of myoglobin (Mb) supported by
Zr(UMP)2·H2O reveals excellent analytical performances in H2O2
detection, as characterized by electrochemical method. Moreover,
Mb folds into a native-like structure after immobilization.

Here the preparation of new nanoparticles of Zr4+-adenosine
monophosphate dianion, abbreviated as Zr(AMP)2, is introduced in
order to obtain its stable composite with Mb, to construct the elec-
trode building based upon nanocomposite film modification, and
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to achieve H2O2 sensing with improved properties. Due to high
affinity between Mb and Zr(AMP)2, the nanocomposite refereed
to Zr(AMP)2–Mb, can be easily formed via monolayer adsorption
of Mb molecules onto particles, indicating a reliable film-material
preparation. Using self-assembly, it is able to fabricate the elec-
trode surface with simplicity. The obtained electrode configuration
has been characterized and used for H2O2 detection. The most
advantage within electrode building is that noncovalently bound
nanocomposite, which is stable against washing-off in water, may
be easily purified.

2. Experimental

2.1. Preparation of Zr(AMP)2 nanoparticles

Colorless nanoparticles of Zr(AMP)2 are obtained by the reaction
of zirconium tetrachloride (ZrCl4, Merck-Schuchardt) with adeno-
sine monophosphate disodium (AMPNa2, Serve) in a stoichiometric
ratio of 1:2 (mol/mol). The reaction is carried out in dilute solution
of cetyl trimethylammonium bromide (0.1% (w/w) CTAB, Beijing
Chemical Plant) [13]. After fleet stirring (8000 rpm) for 10 h at 4 ◦C,
the suspension is centrifuged at 13,300 rpm for 15 min. The pellets
are washed with ethanol, dried and then characterized.

2.2. Adsorption of Mb on Zr(AMP)2 particles

In order to examine Mb (IEP 7.1) [19] adsorption on particles
as a function of protein concentration, a volume of 80 �l of Mb
aqueous solution (C = 14 mg/ml) is added to colloidal suspension
of particles (C = 0.5 mg/ml, V = 1.0–6.0 ml, pH 7.0). The mixtures are
incubated for 5 h at room temperature, and then adsorbed protein
is recovered by centrifuging at 13,300 rpm for 15 min. The pellets
are washed, and the supernatants are collected for determination
of free protein. Protein concentration is assayed by UV spectra
(� = 409 nm, ε = 160,000 M−1 cm−1). The amount of adsorbed pro-
tein is calculated from the difference between the value of protein
concentration in initial solution and that in supernatants.

2.3. Characterizations and electrochemical experiments

The X-ray photoelectron spectroscopy (XPS) is recorded on an
ESCLABMK II spectrometer (VG Co., UK) using the Al K� radiation.
The particles are dispersed in pure water. A drop of suspension solu-
tion of particles (1.0 mg/ml) is placed onto a clean silicon wafer
(0.5 cm × 0.5 cm) and dried. The X-ray powder diffraction (XRPD)
is taken with a computerized Philips PW 1710 diffractometer in
a continuous mode over the 2� range of 3–50◦. Electrochemical
impedance spectroscopy (EIS) is done at a potential of −3.7 mV
versus SHE, using an EGG-283 potentiostat/galvanostat (Prince-
ton Applied Research). Atomic force microscopy (AFM) is carried
out on a Nanoscope IIIa multimode digital microscope (Santa Bar-
bara, CA, USA) in a taping mode. The vibrating frequency range
of 0–273.77 kHz and the scan rate of 1 Hz are employed. A vol-
ume of 100 �l of suspension solutions (0.1 mg/ml) of Zr(AMP)2 and
Zr(AMP)2–Mb is dropped on the mica (∅ 5 mm) surfaces, and the
films are formed by drying overnight. All images are recorded at
20 ± 2 ◦C, and relative humidity ≤ 55%.

Cyclic voltammetry (CV) is performed on an Autolab PGSTAT-30
digital potentiostat/galvanostat (Eco Chemie BV, Utrecht, Nether-
lands), using anaerobic potassium phosphate (10 mM, pH 7.0)
as base electrolyte. A three-electrode system, which is consist-
ing of a glassy carbon edged plane (∅ 2 mm), a platinum sheet
(0.8 cm × 0.8 cm) and an Ag/AgCl tip (1.0 M KCl), respectively, is
employed. All potentials except specific statement are quoted ver-
sus the Ag/AgCl electrode (236.3 mV, at 20 ◦C). The procedure for
the film electrode preparation is followed by immersing a clean

glassy carbon electrode into colloidal suspension of Zr(AMP)2–Mb
(0.1 mg/ml) for 20 min, drying under argon atmosphere for 1 h, and
rinsing the electrode surface for three times with potassium phos-
phate. The Zr(AMP)2 film electrode is obtained with similar method.

3. Results and discussion

3.1. Characterizations of prepared Zr(AMP)2 particles

The Zr and P mass percent is examined by XPS (Fig. 1). It gives a
molar ratio of 1:2 between Zr and P, which indicates evidently that
this compound has a molecular formula of Zr(AMP)2 (Anal. (%): P
7.75 and Zr 11.41; Found (%): P 7.78 and Zr 11.38). The XRPD pattern
shows wide and unseparated peaks, revealing little crystallinity for
material (inset). The surface characteristic for a deposit of mate-
rial is tested by AFM (Fig. 2a). As can be clearly seen, the plate-like
nanoparticles with a diameter and a height of about 60 and 20 nm,
respectively, are observed in the 2 �m/2 �m image. The deposit dis-
plays floccular and collapsing morphology, probably because of low
fracture toughness [12], and little crystallinity as characterized with
XRPD.

3.2. Adsorption isotherm

The Mb adsorption test is done with colloidal suspension of
Zr(AMP)2 particles. The inorganic particles with nucleotide group
locating at the surfaces are negatively charged at the pH used
in experiment. It is suggested that the presence of various lysine
residues distributed over Mb surface may be responsible for elec-
trostatic interactions with negatively charged particles [10]. In
this study, the dependence of Mb adsorption on its concentra-
tion is evaluated at different protein/support ratios under same
conditions, and the result is shown in Fig. 3. A plateau is seen
at 0.24 ± 0.01 mg Mb bound/mg support, which is comparable
with those for Mb adsorbed on phosphate-grafted ZrO2 particles
(0.28 mg Mb bound/mg support) [10]. According to the Langmuir
model [9], the plateau for a maximal Mb adsorption capacity is
compatible with a monolayer of the molecules on particles.

It is a special likelihood for the preparation of stable nanocom-
posite with ease due to high affinity of particles toward Mb binding.
The product is treated by successive centrifugation and washing, in
order to allow the separation of non-adsorbed protein. After above
steps for purification, a uniform protein structure is realized in

Fig. 1. X-ray photoelectron spectroscopy pattern of synthesized particles. The P and
Zr mass contents are calculated from the peak area ratios using cofactors of P2p 0.39
and Zr3d 2.10, respectively. Inset: X-ray powder diffraction pattern of particles on Ti
foil.
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