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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-
eywords:
rotein film voltammetry
r4+-nucleotide nanocomposite
ydrogen peroxide sensor

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

2O2 a
onth
range up to 148.47 �M H
initial activity within 1 m

. Introduction

The development of high sensitive and selective methods for
2O2 determination is a very important analytical task in many
elds, with particular emphasis on biosensors based on oxidase
nzymes [1]. Oxidase enzymes can catalyze H2O2 reduction and
llow the direct electron transfer between active site and electrode
urface [2,3]. In the last years, the number of sensors measur-
ng H2O2 increased considerably. A variety of materials, including
anoparticles [4], sol–gels [5], polymers [6] and carbon nanotubes
7], have been employed to immobilize enzymes. The use of the

aterials for immobilization admits a low-potential measurement
f H2O2 with advantageous analytical characteristics, such as lit-
le interfacial problem, high limiting sensitivity, and large dynamic
ange [4–7]. These sensors, even if sensitive, suffer from short-
omings for low stability and limited binding of enzymes to solid
urface [8]. Moreover, the introduction of enzymes into films may
ncrease configurational complexity of sensors. Till now, there are
everal challenges concerning the simplification of fabrication and
he retention of activity for sensors to be made more robust. The

evelopment of reliable materials is crucial, and that of new fabri-
ation strategies is still a prevailing subject.

Electroconductive zirconia (ZrO2) and zirconium phosphate
�-ZrP) have already been employed as good matrices for immo-

∗ Corresponding author. Tel.: +86 0571 87952009; fax: +86 0571 87952363.
E-mail address: lryang@zju.edu.cn (L. Yang).

925-4005/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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re obtained for this sensor. The sensor assay can retain a value of 91.7%
.

© 2009 Elsevier B.V. All rights reserved.

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

http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
mailto:lryang@zju.edu.cn
dx.doi.org/10.1016/j.snb.2009.05.015
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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
06 Y. Qiao et al. / Sensors and

o achieve H2O2 sensing with improved properties. Due to high
ffinity between Mb and Zr(AMP)2, the nanocomposite refereed
o Zr(AMP)2–Mb, can be easily formed via monolayer adsorption
f Mb molecules onto particles, indicating a reliable film-material
reparation. Using self-assembly, it is able to fabricate the elec-
rode surface with simplicity. The obtained electrode configuration
as been characterized and used for H2O2 detection. The most
dvantage within electrode building is that noncovalently bound
anocomposite, which is stable against washing-off in water, may
e easily purified.

. Experimental

.1. Preparation of Zr(AMP)2 nanoparticles

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

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

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

.3. Characterizations and electrochemical experiments

The X-ray photoelectron spectroscopy (XPS) is recorded on an
SCLABMK II spectrometer (VG Co., UK) using the Al K� radiation.
he particles are dispersed in pure water. A drop of suspension solu-
ion 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)
s taken with a computerized Philips PW 1710 diffractometer in

continuous mode over the 2� range of 3–50◦. Electrochemical
mpedance spectroscopy (EIS) is done at a potential of −3.7 mV
ersus SHE, using an EGG-283 potentiostat/galvanostat (Prince-
on Applied Research). Atomic force microscopy (AFM) is carried
ut on a Nanoscope IIIa multimode digital microscope (Santa Bar-
ara, CA, USA) in a taping mode. The vibrating frequency range
f 0–273.77 kHz and the scan rate of 1 Hz are employed. A vol-
me of 100 �l of suspension solutions (0.1 mg/ml) of Zr(AMP)2 and
r(AMP)2–Mb is dropped on the mica (∅ 5 mm) surfaces, and the
lms are formed by drying overnight. All images are recorded at
0 ± 2 ◦C, and relative humidity ≤ 55%.

Cyclic voltammetry (CV) is performed on an Autolab PGSTAT-30
igital potentiostat/galvanostat (Eco Chemie BV, Utrecht, Nether-

ands), using anaerobic potassium phosphate (10 mM, pH 7.0)
s base electrolyte. A three-electrode system, which is consist-

ng 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
mployed. All potentials except specific statement are quoted ver-
us the Ag/AgCl electrode (236.3 mV, at 20 ◦C). The procedure for
he film electrode preparation is followed by immersing a clean
ors B 141 (2009) 205–209

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.
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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Fig. 2. The 2 �m/2 �m atomic force microsco

n absolute immobilization state. The use of nanocomposite with
dentical compositions, a reliable method for film-material prepara-
ion, is yet failed to solve at present. In this case, a quantitative study
s performed with immobilized Mb, and the resulted nanocompos-
te at a maximal Mb adsorption capacity is used throughout all
ests.

.3. Electrochemical impedance spectroscopy (EIS) studies

EIS is used to monitor the growth of films with the redox
robe of Fe(CN)6

3−/4− (0.1 mM) in potassium phosphate (pH 7.0).
he experiments are performed at −3.7 mV versus SHE because
his is the potential used in H2O2 determination. Fig. 4 shows the
mpedance spectra in the form of Nyquist diagrams at electrode
urface. It is seen that the presence of electroconductive Zr(AMP)2
nd Zr(AMP)2–Mb dramatically modifies the EIS response of the
ystem. For the films of both Zr(AMP)2 and Zr(AMP)2–Mb, a semi-
ircle is clearly observed at high frequencies, where the diameter is
elated to the films resistance (Rct) [20]. By analyzing low frequency
egion, it is possible to observe a transition from semi-infinite dif-

usion (in the case of non-modified electrode) to finite diffusion for
lm-modified electrodes. On the other hand, comparing the diam-
ter of the semicircle presented in EIS, it is clear that the Rct for
r(AMP)2–Mb film is higher than that of Zr(AMP)2 film, similar vari-

ig. 3. Adsorption isotherm of Mb onto Zr(AMP)2 particles (pH 7.0, T = 20 ◦C, t = 5 h,
= Mb bound/Mb total, Ce = residual concentration of Mb in solution after adsorp-

ion).
ages for Zr(AMP)2 (a) and Zr(AMP)2–Mb (b).

ations of which have also been observed for the films of ZrO2 after
adsorption by hemoglobin and horseradish peroxidase [4,11] or the
film of �-ZrP doped with Mb [21].

The Mb adsorption is also testified by AFM measurement
(Fig. 2b). It is seen in image that the presence of protein influ-
ences the surface morphology of particles greatly. A highly
irregular-stacking structure, consisting of much globular aggregates
compared to those of Zr(AMP)2, is identified for Zr(AMP)2–Mb. The
maximal deposit height is about 60 nm.

3.4. Electrochemical experiments

CV is performed to assess redox of the nanocomposite assem-
blies on electrode surface as characterized in 10 mM potassium
phosphate, pH 7.0 (Fig. 5). The CV diagram presents two obvious
peaks, corresponding to the Mb reduction and oxidation. At a scan
rate of 20 mV s−1, the formal potential (E◦′), defined as the average
of anodic potential (Epa) and cathodic potential (Epc), is calculated
to be −0.224 V (12.3 mV versus SHE), and the peak separation �Ep,

(Epa–Epc) is 102 mV. The reduction current (Ipc) and integrated
charge (Q) of 24.78 nA and 0.26 �C, respectively, is obtained for
Zr(AMP)2–Mb film electrode at the scan rate. According to the rela-
tion [22]: Q = nFA� * (n, F, A, � * represents electron transfer number,

Fig. 4. Impedance spectroscopy spectra, proving the immobilization of colloidal
Zr(AMP)2 (b) and Zr(AMP)2–Mb (c) layers on electrode surface as compared to bare
electrode (a).
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ig. 5. Cyclic voltammograms for Zr(AMP)2–Mb (solid line) and Zr(AMP)2 (dash line)
lms on glassy carbon electrode (10 mM potassium phosphate, pH 7.0, at 0.02 V s−1,
nd 20 ◦C).

araday’s constant, electrode area and electroactive concentration
f Mb, respectively), the � * is found to be 0.90 × 10−10 mol cm−2 for
r(AMP)2–Mb film electrode. In consideration with the Mb mono-
ayer amount of 0.47 × 10−10 mol cm−2 and the crystallographic
imension of 2.5 nm × 3.5 nm × 4.5 nm [23], about two layers of
anocomposite fabricated on electrode surface keep active when
b is bound to particles via monolayer adsorption.

.5. H2O2 determinations

The H2O2 sensing for Zr(AMP)2–Mb film electrode is studied
y using CV technique (Fig. 6). Within a potential window from
1.0 to 0.4 V, Zr(AMP)2 film electrode gives no response when
ipping in H2O2 solution. However, Zr(AMP)2–Mb film on elec-
rode displays obvious reduction peaks at the Epc of about −0.24 V
−3.7 mV versus SHE). The height for reduction peaks is enhanced
reatly, while that for corresponding oxidation peaks is decreased
nd ultimately disappeared when H O concentration (C ) is
2 2 H2O2
ncreased. The difference in the reduction potentials with/without

2O2 is about 30 mV. These results are in accordance with a fast
lectrocatalysis for H2O2 reduction [24]. Defined as the difference
etween the Ipc in the presence and that in the absence of H2O2,

ig. 6. Cyclic voltammograms for Zr(AMP)2–Mb film electrode in 0.00, 37.20, 60.70,
4.19, 107.69, 139.02, 178.18, 256.50, 299.57 and 393.56 �M H2O2 solutions, respec-
ively (from up to down) at 0.02 V s−1, and 20 ◦C.
Fig. 7. Plot of Icat versus CH2O2 for H2O2 sensor. Line is the calibration result.

the electrocatalytic current (Icat) varies linearly with CH2O2 in the
beginning and levels off thereafter, revealing a catalytic kinetics in
Michaelis–Menten manner. The CH2O2 at the lever-off response is
164.9 �M for Zr(AMP)2–Mb film. A Lineweaver–Burke plot for Icat

versus CH2O2 gives an apparent Michaelis–Menten constant (KM) of
only 92.46 �M for this film.

Fig. 7 shows the calibration curve obtained at −0.24 V fixed
potential for the sensor developed in this work. CV is sampled
after a 30-s delay when H2O2 is added in potassium phosphate
(pH 7.0). The response signal for sensing refers to the Icat obtained
with Zr(AMP)2–Mb thin film-modified electrode in H2O2 solution.
The obtained detection limit is 0.06 �M (calculated as three times
the Standard Deviation of phosphate blank), and the linear calibra-
tion range is extending up to 148.47 �M. The regression equation
is: Icat (nA) = −2.08 + (12.51 ± 0.12) × CH2O2 (�M), r = 0.999. There
were already reported Mb films for H2O2 sensing [13,25], having the
detection limit of 1.52 and 4.00 �M, and the linear range of 180.14
and 1500 �M, respectively. The sensor in this work gives very low
limit of detection, indicating high sensitivity. The dynamic parame-

ter for CH2O2,d.r./CH2O2,d.l. (d.r. = dynamic range, and d.l. = detection
limit) is extending over 1.4 and 0.8 orders of magnitude as com-
pared to those for reported sensors, and this may be probably
explained by the fact that the conductivity of reported films is dif-

Fig. 8. Detection stability for sensor (148.47 �M H2O2 in potassium phosphate, at
0.02 V s−1, and 20 ◦C).
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ered from that of self-assembly film in this work. It is known that an
lectrode modification in the self-assembly process can make less
verpotential of reduction, and can result in facilitated kinetics and
nhanced activity of immobilized protein. Also, high immobiliza-
ion efficiency of protein via monolayer adsorption, may contribute
o improving analytical performances of our sensor fabrication.

The electrode Relative Standard Deviation (R.S.D.) for five paral-
el determinations is 3.2%, which is comparable with those obtained
rom other Mb films [4,11,13,25]. The sensor has a good stability
hen working inside dynamic range (Fig. 8). A decrease in activity

s only 8.3% after the H2O2 (148.47 �M) assays for 10 times at an
nterval of 3 days. No significant change is seen in storage condi-
ions (potassium phosphate 7.0, 4 ◦C, dark). This sensor can retain
nly 25% original activity beyond 2 months because of the severe
esorption of protein.

. Conclusion

In this work, the fabrication and electrochemical characteriza-
ion of electrode sensor, based upon Zr(AMP)2–Mb nanocomposite
lm modification, were reported. The film active material has
chieved very stable adsorption and connection to electrode, as
roved by impedance spectroscopy, atomic force microscopy and
yclic voltammetry, respectively. The sensor gives improving detec-
ion limit (down to 0.06 �M) and dynamic range (up to 148.47 �M)
or H2O2 measurement. The parallel H2O2 sensing is reliable
ecause the nanocomposite, which is apart from the mixture with
on-immobilized protein, can be obtained in a way of repeata-
ility. It is propose that this kind of film-material preparation,
ogether with simple fabrication technique may be commercially
eveloped toward the construction of stable and sensitive sensor
latforms.
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