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The WOs5 nanoparticles film is first employed as a support matrix for confining cytochrome c (cyt. c¢), an
excellent model for studying electron transfer between the redox enzymes and the electrode. The surface
pK, of nanostructured WOs film is estimated to be ~2.74 using electrochemical method. The present
WOs; surface with negative charge at the neutral solution is very benefit for the adsorption of cyt. c with
positive charge and facilitates electron transfer of cyt. c. As a result, direct and fast electron transfer of cyt.
c is realized at the nanostructured WOs surface with the redox formal potential (E%) of —133.5+ 1.7 mV
(n=4) versus Ag/AgCl and heterogeneous electron transfer rate constant of 5.57 + 0.54 s~'. Experimental
data indicate that cyt. c is stably confined onto the WO3 nanoparticles film, possibly due to the electro-
static interaction between W03 nanostructures and cyt. ¢, and processes its enzymatic activity toward
H,0,. Based on these results, the third-generation biosensor for H,0; is developed with high selectivity,
free from not only common anodic interferences like ascorbic acid, uric acid, 3,4-dihydroxyphenylacetic
acid, and so on, but also cathodic interference—0O,. The remarkable analytical advantages, as well as the
characteristic of WO3 nanoparticles film such as biocompatibility, low-cost, and facile to miniature give
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a strong basis for continuous, on-line detection of H,O, under pathophysiological conditions.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

H,0,—the most stable reactive oxygen species (ROS), which
including superoxide anion (O,*~), hydrogen peroxide (H,0,), and
hydroxyl radical (*OH) has gained increasing attentions in a vari-
ety of research fields, because they are considered the mediators
of the biochemistry of cellular pathology and may be involved in
the etiology of aging and progressive neurodegenerative diseases,
such as Parkinson’s disease (Halliwell and Gutteridge, 1984; Hall
and Braughler, 1989; Maruyama et al., 1995; Henzler and Steudle,
2000). H,0, is also one of the productions of 0,°~ dismutation
from superoxide dismutase (SOD) (McCord and Fridovich, 1969),
and forms *OH in the presence of transition metals such as iron
and copper (Fenton reaction) (Theruvathu et al., 2001). As a con-
sequence, the physiological levels of H,O, are closely associated
with the degradation and formation of reactive free radials, such as
0,°~ and *OH (Mao et al.,, 2002). Therefore, a selective and sensi-
tive method for reliable and durable determination of H,0, is great
essential and very useful for gaining a full understanding of the
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role that H,0, and ROS play in pathology and physiology, and the
relationship between H,0, and environmental stresses and lipid
peroxidation.

Over the past years, a number of strategies, such as titrime-
try, spectrophotometry, chemiluminescence, and electrochemical
methods have been developed to detect H,0, (Shankaran et al.,
2003; De Mattos et al., 2003; Garjonyte and Malinauskas, 1999;
Sotomayor et al., 2003). Electrochemical approaches have been
gained increasing attentions for the determination of H,0, due to
their direct, real-time measurements, and capability for practical
applications (Gu et al., 2001; Lei et al., 2003; Tatsuma et al., 2001;
Dong and Li, 1997; Miah and Ohsaka, 2006; Tatsuma and Watanabe,
1991; Tatsuma et al., 1994). Mostly, the third-generation biosensors
based on direct electron transfer of enzymes and proteins have
paved an elegant way to detect H,O, due to excellent selectivity
and high sensitivity, in which cytochrome c (cyt. ¢) (Zhang, 2008;
Xiang et al., 2008; Jiang et al., 2006; Wang et al., 2002; Zhou et
al., 2008; Liu et al., 2007), horseradish peroxidase (HRP) (Mao and
Yamamoto, 2000; Ferapontova and Gorton, 2002; Karyakin et al.,
2000; Kenausis et al., 1997), hemoglobin (Hb) (Liu et al., 2004; Shi
etal., 2007; Sun et al., 2007; Lu et al., 2006a; Song et al., 1995), and
myoglobin (Mb) (Holt and Cotton, 1989; Yang et al., 1993) have been
widely employed. For this purpose, an amount of efforts have been
paid on direct electron transfer of enzymes. Cyt. c is an excellent
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model for studying the electron transfer of typical enzymes, since it
has the special biological function of transferring electrons between
membrane-bound enzyme complexes of cyt. c reductase and cyt. ¢
oxidase. In addition, in the view of further applications, cyt. c-based
H, 0, biosensor is capable of avoiding the interference of O, under
a reasonable applied potential, since cyt. c is not a specific protein
for O,, unlike Hb and Mb—the carriers of O, in biological system.
Therefore, in the past couple of decades, numerous applications
of chemically or non-chemically modified methods to direct elec-
tron transfer of cyt. ¢ have been exploited (Eddows and Hill, 1977,
Eddows and Hill, 1979; Oliver et al., 1988; Taniguchi et al., 1984;
Jiang et al., 2005; Yu and Ju, 2002; Wang and Wang, 2004).

With the development of nanomaterials, nanostructured semi-
conductors like TiO, and ZnO were reported useful for promoting
electron transfer of heme proteins, and consequently for develop-
ing biosensors (Zheng et al., 2008; Liu et al., 2005; Zhang et al.,
2004, 2007; Xiao et al., 2007; Lu et al., 2006b; Lin and Chen, 2006;
Zhao et al.,, 2006; Deng et al., 2008). However, to the best of our
knowledge, few papers were concerned with the direct electron
transfer of cyt. c at WO3 nanostructures (Feng et al., 2006). In the
present work, it is the first time that direct electron transfer of
cyt. ¢ was achieved at WO3 nanostructures with formal potential
of —109.0 + 1.7 mV versus Ag|AgCl, without any mediators or pro-
moters. A combination of direct electrochemistry of cyt. ¢ at the
nanostructured WOs3 surface and enzymatic catalytic activity of
cyt. c toward H, 0, paved a way for constructing a third-generation
H,0, biosensor with high selectivity. Besides this advantage, the
present third-generation H, O, biosensor exhibited broad dynamic
linear range, low-detection limit, and quick response time.

2. Experimental
2.1. Reagents and materials

Horse heart cyt. c (MW 13,000) was obtained from Sigma and
used without further purification. Other reagents were of analytical
grade and used as received. ITO-coated glass plates with a square
resistance of ~10 2 cm~2 were obtained from Shenzhen Nanbo Dis-
play Technology Co. Ltd. (Shenzhen, China). All the solutions were
prepared with Milli-Q water and were deaerated with high-purity
nitrogen before experiments. All electrochemical experiments were
carried out at room temperature.

2.2. Fabrication and modification of nanostructured WO3 film

ITO-coated glass plates were thoroughly cleaned by sonication
for 30 min in the following solvents successively: soapy water, neat
ethanol, 1M NaOH and water. The WO3 nanoparticles film was
prepared by spin-coating method, using the sol mixed with WO3
powder (20-50 nm) and deionized water under sonicating for 2 h,
followed by annealed at 500°C for 1h under air atmosphere. The
nanostructured WO3 film was modified with cyt. ¢ by immersing
the WOs film into PBS (pH 7.2) of cyt. ¢ (0.2 mM) for about 0.5-3 h at
3°Cin refrigerator. Hereafter, cyt. c modified-nanostructured W03
electrode will be referred as WOs/cyt. c.

2.3. Apparatus and measurements

A CHI 660 and CHI 832 electrochemical work stations (CH
Instruments) were employed in all electrochemical measurements,
which were carried out with a conventional two compartment
three-electrode electrochemical cell. The reference electrode was
a KCl-saturated Ag|AgCl electrode, while the auxiliary electrode
was a platinum wire. SEM images were taken by a Quanta 200 FEG
(FEI Company). XRD pattern was obtained by a D/max2550VB3+/PC
X-ray diffractormeter using Cu (40kV, 100 mA).

200 (B)

Intensity / a.u.

26/ degree

Fig. 1. (A) SEM image of W03 nanoparticles film. The bar corresponds to 500 nm;
(B) X-ray diffraction patterns of ITO (a) and the WO3 nanoparticles film (b).

3. Results and discussion
3.1. Surface properties of the nanostructured WOs film

A WO3 nanoparticles film was characterized by scanning elec-
tron microscopy (SEM) as shown in Fig. 1(A). From the SEM image,
we can see that the nanoparticles of WO3 are typically 100 nm
in diameter. The WO3 nanoparticles film is porous and almost
homogenous. The crystalline orientation of nanostructured WO3
film was investigated by recording the X-ray diffraction (XRD) pat-
tern. The diffraction peaks of ITO (a) and the WO3 nanostructured
film (b) are shown in Fig. 1(B). The pronounced peaks located at
23.125, 23.648, and 24.262, correspond to (001), (02 0),and (200)
facets of WO3, respectively (JCPDS card no. 20-1323).

The surface pK, of the present WO3 nanoparticles film was
determined according to electrochemical method (Zhao et al.,
1999), and calculated to be ~2.74. This result indicates that the
nanostructured WOs3 surface shows negative charge at the neutral
solution (pH 7.2). To further characterize electrochemical prop-
erties of the nanostructured WOs3 surface, cyclic voltammetry
of an electron transfer indicator like Fe(CN)g3—/4~ was studied
at the WO3 nanoparticles electrode. As depicted in Fig. 2(A),
at the WOs3 nanoparticles film, a severe decrease in the redox
peak and a great widening of the peak-to-peak separation (AEp)
was observed, which may be ascribed to the electrostatic repul-
sion between Fe(CN)g3~ or Fe(CN)g*~ anion and the negatively
charged nanostrucuted WOs3 surface. This observation was fur-
ther confirmed by electrochemical impedance spectroscopy (EIS),
as demonstrated in Fig. 2(B). The charge transfer resistance (Rct)
of Fe(CN)g3~/4~ redox couple is near 50 Q at ITO substrate, but it
increases to ~400 €2 at the nanostructured WOj5 surface (Fig. 2(B)b).
The increase in the charge transfer resistance at the TiO, film,
not the resistance of film (Rf)y,) suggests again that the nega-
tively charged WO3 nanoparticles surface inhibits the electron
transfer of Fe(CN)g3~ and/or Fe(CN)g*~ anion with same negative
charge due to the electrostatic repulsion. On the other hand, at
pH 7.2, cyt. ¢ with pI=9.5 has a net positive charge. As a result,
the nanostructured WO3 surface with negative charge may be
very benefit for the adsorption of cyt. ¢ due to the electrostatic
interaction and subsequently facilitate the electron transfer of
cyt.c.
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Fig. 2. (A) Cyclic voltammograms (CVs) obtained at ITO (a) and the nanostructured
WOs surface (b) in 0.1 M KCl solution containing 1mM [Fe(CN)s]3~/4-. Potential
scan rate: 100mVs~'; (B) Nyquist plots of [Fe(CN)s]>~/4~ obtained at ITO (a) and
the nanostructured WOj3 surface (b). EIS conditions: potential, 0.25V; alternative
voltage, 5 mV; frequency range, 0.1-105 Hz.

3.2. Electrochemical and spectroscopic characterization of cyt. ¢
at the W03 nanoparticles film

As expected, a pair of redox peaks was observed at WOs/cyt.
c surface (b), while only charge current was obtained at WO;
nanoneedles surface (a) in 25mM PBS (pH 7.2) containing no
cyt. ¢ (Fig. 3(A)). The formal potential (E% =(Epa+Epc)/2) of
cyt. ¢ obtained at WO3 nanoparticles film is estimated to be
—133.5+1.7mV (n=4) versus Ag/AgCl.

CVs of WO3/cyt. ¢ electrode at various scan rates were also
obtained in 25mM fresh buffer solution containing no cyt. ¢
(Fig. 4(A)). Both the anodic and cathodic peak currents (Ij and
I5) vary linearly with potential scan rate (v) in the range of
10-400mVs~!, as demonstrated in Fig. 4(B). In addition, the CVs
remained essentially unchanged on consecutive potential scanning
up to 1000 cycles at sweep rate of 20mV s~!, indicating that cyt. ¢
was stably immobilized on the nanostructured WOs film. According
to Laviron’s procedure (Laviron, 1979), the relevant kinetic param-
eters of the electrode reaction, i.e. the rate constant of the electro-
chemical process (ks) and cathodic transfer coefficients (o), were
estimated: ks=5.57 +0.54s~ !, ac =0.42 + 0.02 (n =4) at the nanos-
tructured WOj5 surface. It reveals that the direct electron transfer
of cyt. c is strikingly enhanced at the WO3; nanoparticles surface.

The adsorbed behavior of cyt. ¢ was also confirmed by EIS.
Fig. 3(B) shows Nyquist plots obtained at bare WO3 nanoparticles
film and WO3/cyt. celectrode in 0.1 M KCl solution containing 1 mM
[Fe(CN)g]>~/4~. The charge transfer resistance (R¢¢) of Fe(CN)g3—/4~
redox couple is about 500 2 at WO3 nanoparticles film (a), but it
increases to 1.1 K2 after cyt. ¢ was adsorped on the nanostruc-
tured WO3 surface as shown in Fig. 3(B)b. These data suggested
that cyt. c adsorbed onto the nanostructured WO3 surface might
inhibit the electrochemical communication between the electron
transfer indicator—Fe(CN)g3-/4~ and the WO; nanoparticles elec-
trode, resulting in the great increase of R of Fe(CN)g3~/4~ redox
couple. The equivalent circuit for an electrode undergoing hetero-
geneous electron transfer is usually described on the basis of the
model by Randles as shown in Fig. 3. The circuit includes the ohmic
resistance (Rs) of the electrolyte solution, Warburg impedance (Zy),
resulting from the diffusion of ions to the interface from the bulk of
the electrolyte, double-layer capacitance (Cy4;) and electron transfer
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Fig. 3. (A) CVs obtained at (a) bare WO; nanoparticles film and (b) WO3/cyt. ¢ film
in 25 mM PBS (pH 7.2). Potential scan rate: 100 mVs~'; (B) Nyquist plots obtained
at (a) bare W03 nanoparticles film and (b) WOs/cyt. c electrode in 0.1 M KCl solu-
tion containing 1 mM [Fe(CN)s]3>~/4-. EIS conditions: potential, 0.25V; alternative
voltage, 5 mV; frequency range, 0.1-105 Hz.

resistance (Ret). We use this equivalent circuit to fit the impedance
spectroscopy and determine Cy; and Ret.

As described above, direct electron transfer of cyt. ¢ was facili-
tated at the nanostructured WO5 surface and electrochemical result
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Fig.4. (A) CVs obtained at WOs/cyt. c film in 25 mM PBS (pH 7.2) with different scan
rates: 10, 30, 50, 70, 100, 200, 300, and 400 mV s~'; (B) relationship between anodic
and cathodic peak currents of WOs3/cyt. c film and potential scan rate.
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Fig.5. UV-vis absorption spectrum of cyt. c confined on the W03 nanoparticles film.

studies demonstrated that cyt. ¢ was stably confined on the WO3
nanoparticles film. Therefore, it is desirable to clarify whether cyt.
c retains its inherent activity for H,O, after adsorped on the W03
nanostructures. The Soret band of heme protein is usually an indica-
tor of the microenvironment where heme center locates. The peak
will be diminished if the protein is denaturated (Nassar et al., 1995;
Wang et al., 2005). Fig. 5 shows UV-vis absorption spectrum of cyt. ¢
confined on the optical transparent WO5 nanoparticles surface. The
band for cyt. c adsorbed on the nanostructured W03 film is located
at 411 nm, just a 1-nm blue shift compared with that of native cyt.
c solution (410 nm, data not shown). This observation revealed that
cyt. ¢ almost processed its intrinsic activity after adsorbed on the
WO3 nanoparticls film.

3.3. Analytical performance of the H,0, biosensor

The direct electron transfer of cyt. ¢ was enhanced at the W03
nanoparticles surface, and cyt. c immobilized on the nanostruc-
tured WO5 film almost processed the enzymatic activity. These
results provided a platform for constructing the third-generation
biosensor for H,0, because the heme has been well documented
as the active site for the catalysis to the reduction of H,0,.

As well known, the sensitivity of electrochemical biosensors is
strongly dependent on the applied potential. The cathodic current
intensity of H,0, obtained at WO3/cyt. c film increased with the
negative shift of the operating potentials (data not shown). This
observation indicates that more negative the operating potential,
higher sensitivity the H,0, biosensor shows. Meanwhile, the selec-
tivity of electrochemical biosensors is also potential-dependent.
The coexisting biological compounds, not only anodic interfer-
ences such as AA, UA, and so on, but also cathodic interference—0-
may interfere with the electrochemical determinations of H,0,.
Eight kinds of interferences including UA, AA, DA, DOPAC, NO3—,
NO,~, S032-, and O, were examined. At the optimized poten-
tial of —0.1V, both anodic and cathodic potential interferences
were negligible (<2.5%). Therefore, for fulfill both selectivity and
sensitivity of the present biosensor, —0.1V (versus Ag/AgCl) was
selected as the optimized operating potential. The sensitivity of
the present biosensor at this applied potential was estimated to
be 63.51mAcm2M-1,

Amperometric responses of WO3/cyt. ¢, to successive concentra-
tion changes of H,0, were conducted at the optimized potential of
—0.1V, and the corresponding current-time responses are shown
in Fig. 6(A). Well-defined steady-state current responses were
obtained and the currents increased stepwise with successive addi-
tions of H,0,. The calibration plot is depicted in Fig. 6(B). Besides
high selectivity, the present H,0, biosensor shows excellent ana-
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Fig. 6. (A) Typical amperometric responses of WO3/cyt. ¢ to successive additions of
15 wM H, 0, at applied potentials of —0.1V vs. Ag/AgCl in 25mM PBS (pH 7.2); (B)
calibration plot of steady-state currents again concentrations of H,0,.

lytical performance, for instance, wide linear detection range from
3x 1077 to3 x 10~* M, low-detection limit (2.4 x 10~7 M), and short
response time of 5s. The performance of the WO3/cyt. ¢ biosen-
sor developed in this study was compared with other biosensors
as shown in Table S1, showing that our proposed biosensor shows
excellent performance, such as low-detection limit and wide linear
detection range. This remarkable analytical performance fulfills the
requirement of in vivo or on line tracking of H,0O, concentration.

For the stability test, the 100 continuous cyclic scans was carried
out in the potential range from —0.3 t0 0.2V witha 100 mV s~! scan
rate, only 5% decrease of the initial response is observed. On the
other hand, the storage stability of the proposed biosensor was also
studied. When not in use, the electrode was stored in the phosphate
bufferat4°Cin arefrigerator. The cathodic responses for H, O, were
found to be constant for at least 30 days. In addition, we have found
that the deviation of the current responses of 10 sensors prepared
with the same method did not exceed 3% (RSD).

4. Conclusions

Direct electron transfer of cyt. c was developed at the nanos-
tructured WOj5 surface with negative charge. The formal potential
was estimated to be —133.5+1.7mV (versus Ag/AgCl), and the
electrochemical process was reversible with heterogeneous elec-
tron transfer rate constant of 5.57 + 0.54 s~ 1. Experimental results
revealed that cyt. ¢ was stably confined onto the nanostructured
WOs film, possibly due to the electrostatic interaction, and spec-
troscopic data suggested that cyt. ¢ held its inherent enzymatic
activity. As a consequence, a third-generation H,0O, biosensor was
achieved with high selectivity, free from not only the anodic inter-
ferences, such as UA, AA, DOPAC, and so on, but also the cathodic
interference—0,. Besides this advantage, the present H,O, biosen-
sor also showed broad dynamic linear range, low-detection limit,
and quick response time. The striking analytical characteristics,
together with the intrinsic properties of WO3 nanostructures, such
as biocompability, easy to prepare, and facile of miniaturize, suffi-
ciently offered an electrochemical approach to continuous, on-line
detection of H,0, under pathophysiological conditions. This work
provided a methodology to enhance electron transfer of enzymes,
especially the enzymes with high pI at the nanostructured WO3 sur-
face with negative charge, as well as on the basis of this platform to
develop the third-generation biosensors with high-analytical per-
formance.
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