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WO3 nanowires (WO3NWs) with high length–diameter ratio have been synthesized through a simple synthetic
route without any additive and then used to immobilize hemoglobin (Hb) to fabricate amediator-free biosensor.
The morphology and structure of WO3NWs were characterized by scanning electron microscopy, transmission
electronic microscopy and X-ray diffraction. Spectroscopic and electrochemical results revealed that WO3NWs
are an excellent immobilizationmatrixwith biocompatibility for redox protein, affording good protein bioactivity
and stability. Meanwhile, due to unique morphology and property of the WO3 nanowires, the direct electron
transfer of Hb is facilitated and the prepared biosensors displayed good performance for the detection of nitrite
with a wide linear range of 1 to 4200 μM, as well as an extremely low detection limit of 0.28 μM. TheWO3 nano-
wires with high length–diameter ratio could be a promising matrix for the fabrication of mediator-free biosen-
sors, and may find wide potential applications in environmental analysis and biomedical detection.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The studies of direct electron transfer (DET) of redox proteins or en-
zymes not only can help to understand the intrinsic thermodynamic
and kinetic properties of proteins, but also establish a foundation for
fabricating mediator-free biosensor [1,2]. However, due to the deep
burying of electroactive center in the protein structure and the denatur-
ation of proteins on the bare electrode surface, it is difficult for proteins
to realize the DET process on the bare electrode [3,4]. Recent researches
show that a series of nanomaterialswith special quantum size effect and
surface effect can be used to immobilize enzymes, facilitate the direct
electron transfer and fabricate mediator-free biosensors [4,5]. Among
them, metal oxide nanowires, such as SnO2 [6], CuO [7], TiO2 [8], and
MnO2 [9], have received increasing attention due to their unique electri-
cal property that nanowires have direct one-dimensional electronic
pathway, facilitating the charge transport [6,9]. However, to the best
of our knowledge, WO3 nanowires with relatively high conductivity as
well as non-toxicity for constructing direct electrochemical biosensor
have rarely been reported [10].

Here, WO3 nanowires (WO3NWs) with high length–diameter ratio
were synthesized by a simple hydrothermal process followed by calci-
nations. The WO3NWs with high length–diameter ratio possess many
advantages as the electrode materials. As shown in Scheme 1, this
kind of long nanowires could form a tightly woven piece of net on the
electrode for enzyme immobilization. Due to the relatively smaller
diameter (diameter less than 20 nm), the specific surface area of
WO3NW is large, which is beneficial to adsorbing enzymes, especially
electrostatic adsorption. Meanwhile, the space among nanowires is a
route of the diffusion of electrolyte containing substrate. So the sub-
strate can simply get into the net of WO3NWs and has access to the en-
zymes immobilized in the net.WO3NWswith relatively highmobility of
charge carriers can also become the good media of efficient electrical
communication between the enzyme and the electrode. Hence, such
kind of WO3NWs should be a promising support for enzyme immobili-
zation and has potential applications in biosensors.

In this work, hemoglobin (Hb) was selected as a model redox pro-
tein for construction of the biosensor. The performance of a sensor com-
posed of Hb immobilized in the WO3NWs was compared with that of
sensors based onWO3 nanosheets, in order to highlight the advantages
of the WO3NWs as a support.
2. Experimental

2.1. Materials and apparatus

Hb (from bovine blood) and Nafion solution (5 wt.% in lower ali-
phatic alcohols) were purchased from Sigma. Unless otherwise noted,
all other chemicals (analytical grade) were purchased from Sinopharm
Chemical Reagent Co., Ltd., China. In all experiments, deionized water
was used.
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Scheme 1. Schematic illustration of the WO3NWs immobilizing hemoglobin.
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Field-emission scanning electron microscopy (FE-SEM) was per-
formed using a Hitachi S-4800 & Hiroba energy dispersive X-ray elec-
tron microscope. Transmission electronic microscopy (TEM) images
were obtained on a Hitachi H-800 instrument. X-ray diffraction (XRD)
patterns were recorded on a Rigaku D/max 2200pc diffractometer
using Cu Kα radiation of wavelength λ = 0.15418 nm at 40 kV and
40mA. FT-IR spectra were obtained on a Bruker TENSOR27 instrument.
UV–vis spectra were recorded using a PerkinElmer Lambda-950 spec-
trophotometer. All electrochemical experiments were performed with
a CHI 660D electrochemical workstation (CH Instruments, Shanghai,
China). A conventional three-electrode system, which consisted of a
platinumwire as the counter electrode, an Ag/AgCl/3MKCl as the refer-
ence electrode and a 3-mm diameter modified glassy carbon electrode
(GCE) as the working electrode, was used in all electrochemical exper-
iments. Unless otherwise noted, 0.1 M phosphate buffered saline (PBS;
pH 7.0) was used as the supporting electrolyte in all experiments. The
buffer was purged with highly purified nitrogen for at least 30 min
and a nitrogen atmosphere environment was kept in electrochemical
measurements.

2.2. Preparation of WO3 nanowires

In a typical synthesis, 0.1 g of WCl6 was added into 100 mL of abso-
lute ethanol, and a clear yellow solution was formed immediately
(Fig. S1A). After stirring for 60min, the solution became a clear cyan so-
lution (Fig. S1B). The clear cyan solution was then loaded into a Teflon-
lined autoclave. The autoclave was sealed, heated in an oven of 180 °C
for 24 h, andwas then allowed to cool to room temperature. A blue floc-
cule product (precursor of WO2.72) was collected by centrifugation and
rinsed sequentially with ethanol and water for several times, and then
dried at 50 °C for 5 h. The blue product was heated to 450 °C at a rate
of 1 °C/min, and then annealed at 450 °C for 30 min. The final yellow
product (WO3NWs) was formed.

2.3. Preparation of enzyme electrode

Prior to use, the glassy carbon electrode (GCE) was sequentially
polished using 1.0, 0.3 and 0.05 μm alumina powder on a polishing
cloth and rinsing with deionized water in between. The electrode was
then sonicated in ethanol and deionized water. Next, the electrode
was dried using a purified nitrogen stream. The enzyme electrode was
prepared by a simple casting method. Firstly, 2 mg mL−1 WO3NW
suspension was obtained by adding 10 mg of as-prepared WO3NWs
into 5mLwater with the aid of ultrasonication and stirring. Then, a sus-
pension (denoted as Suspension I), which contained a final concentra-
tion of 2.5 mg mL−1 Hb and 1 mg mL−1 WO3NWs, was prepared by
mixing appropriate volume of Hb solution (10 mg mL−1, dissolved in
0.1MpH7.0 PBS) andWO3NWsuspension (2mgmL−1) thoroughly. Fi-
nally, 4 μL of Suspension Iwas applied to the surface of a freshly polished
GCE to prepare the WO3NWs/Hb/GCE. A beaker was covered over the
electrode so that water can evaporate slowly in air and a uniform film
electrode can be obtained. The dried WO3NWs/Hb/GCE was stored at
4 °C in refrigerator when not in use.

For comparison,WO3 nanosheets (WO3NSs)were used for the fabri-
cation of WO3NSs/Hb/GCE with similar procedures as described above.
Fig. S2 and Fig. S3 give the SEM images and XRD patterns of the
WO3NSs. In the control experiment, Nafion/Hb/GCE and WO3NSs/GCE
were also prepared. It should be noted that the protein load on the sur-
face of different modified electrodes (except the WO3NSs/GCE) was
equal. Before electrochemical measurements, all the as-prepared film
electrodes were immersed in pH 7.0 PBS for 30 min to remove residual
components.

3. Results and discussion

3.1. Characterization of WO3 nanowires

Fig. 1 presents the XRD patterns of the precursor (a) and WO3NWs
(b). As can be seen, before calcinations, the diffraction patterns of pre-
cursors correspond to standard WO2.72 (JCPDS No. 36-101) [11]. After
annealed at 450 °C the precursors were thoroughly converted into
pure WO3 (JCPDS No. 43-1035).

Fig. 2 shows typical SEM and TEM images of the samples prepared at
various stages. From Fig. 2A, it is observed that WO2.72 shows relatively
uniform nanowire morphology with diameters less than 20 nm and
lengths longer than 5 μm. The inset of Fig. 2A presents the high-
resolution TEM (HRTEM) image. The spacing between adjacent lattice
planes is 0.37 nm, corresponding to the (010) planes of monoclinic
WO2.72, which indicates that the preferential growth direction is [010].
Fig. 2B and C indicates that calcinations at 450 °C for 30 min did not
change the morphology of nanowires, which may be attributed to the
mild calcination temperature, slow heating rate (1 °C/min), and the
similar crystal structure between WO3 and WO2.79 [12]. The HRTEM
image (Fig. 2D) further confirms the single-crystalline nature of the



Fig. 1. XRD of precursors (a) and WO3 nanowires (b).
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WO3 nanowires. The fringe spacing of 0.38 and 0.37 nm agrees well
with the spacing of the (200) and (002) lattice planes of WO3.

3.2. Encapsulation of Hb in the WO3 nanowires

Fig. 3A gives the image of WO3NWs/Hb/GCE. As can be seen,
WO3NWs with large length–diameter ratio could form a tightly woven
piece of net on GCE which owns numerous interspaces among
WO3NWs. The interspaces are available for Hb entrapment. Further-
more, thenanoscaleWO3wires (less than 20 nm in diameter) can great-
ly enhance the active surface area available for protein binding.

The stability of Hb immobilized on WO3NWs/GCE was investigated
by UV–vis spectroscopy [13–15]. The Soret absorption bands of heme
proteins provide information about the conformational integrity of the
proteins. As shown in Fig. 3B, the Soret absorption band of Hb
immobilized on WO3NWs/GCE (storage at 4 °C for four weeks) is
Fig. 2. SEM and TEM images. (A) Typical SEMmicrographs of theWO2.72 nanowires; the inset is
WO3 nanowires. (D) HRTEM image of the WO3 nanowires.
located at 405.3 nm (curve a), which is close to that of native Hb at
406.2 nm (curve b), indicating that Hb retained the essential features
of its conformational integrity. This reveals thatWO3NWs have biocom-
patibility and did not suffer significant protein denaturation.

FTIR spectroscopy is also an effective means to explore the second-
ary structure of Hb entrapped in WO3NWs/GCE [14–17]. The shapes of
amide I and amide II bands of protein provide detailed information on
the secondary structure of polypeptide chain [18]. As shown by the
FTIR spectrum of Hb (curve a) in Fig. S4, the amide I band
(1700–1600 cm−1) results from C_O stretching vibration of peptide
linkages in the backbone of protein. The amide II band
(1620–1500 cm−1) is caused by the combination of N–H bending and
C–N stretching. As shown in Fig. S4, the spectrum of amide I and II
bands of Hb in WO3NWs/Hb composite film (1658 and 1540 cm−1,
Fig. S4A) is almost the same as that obtained for native Hb (1657 and
1539 cm−1, Fig. S4B), and is essentially consistent with the reported
value of native Hb [15,17,19]. The similarities of the two spectra demon-
strated that Hb retained the essential features of its native secondary
structure on WO3NWs/GCE. This WO3NW with good biocompatibility
will be a promising matrix for protein immobilization and biosensor
fabrication.

3.3. Direct electrochemistry behavior of WO3NWs/Hb/GCE

Fig. 4 depicts the typical cyclic voltammograms (CVs) of different
modified electrodes in 0.1 M PBS (pH 7.0) at a scan rate of 0.1 V s−1.
No redox peak is observed at WO3NWs/GCE (curve a), which indicates
that WO3NWs/GCE is electroinactive in the potential window. The
WO3NWs/Hb/GCE (curve d) exhibits a couple of stable and well-
defined redox peaks at −0.369 V and −0.327 V vs. Ag/AgCl, which
could be ascribed to direct electron transfer between Hb and the under-
lying electrode. According to Lu et al. [16], the electron transfer of Hboc-
curs between the FeIII and FeII site within Hb. The formal potential
(E0′=(Ep,a + Ep,c) / 2) of Hb was−0.348 V vs. Ag/AgCl is in agreement
with −0.345 V, −0.353 V and −0.36 V vs. Ag/AgCl reported for the
Hb(FeIII/II) redox couple in Hb-ZnO-Nafion, Hb-ZnO-MCNT-Nafion and
Hb-CNF-Nafionfilms [16,19,20]. The potential difference (ΔEp) between
the anodic and cathodic peak potential is about 42mV. Such a smallΔEp
theHRTEM image of the sample. (B and C) Low- and high-magnification SEM images of the



Fig. 3. (A) Typical SEM image of WO3NWs/Hb composite film and (B) UV–vis spectra of WO3NWs/Hb composite film (storing at 4 °C for 21 days) (a) and Hb (b).
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value reveals a fast and quasi-reversible electron-transfer process, re-
vealing that theWO3 nanowires can provide a favorable microenviron-
ment for Hb to undergo a facile electron-transfer reaction. Compared
with that of the WO3NWs/Hb/GCE, almost no redox peaks observed at
the Nafion/Hb/GCE (curve b, in Fig. 4), suggesting an enhanced electron
transfer between Hb molecules and the surface of the WO3NWs/Hb/
GCE. Meanwhile, due to the deep burying of electroactive center in the
protein structure and the denaturation of proteins on the bare electrode
surface, it is difficult for proteins to realize the DET process on the bare
electrode [3,5]. It can be clearly seen from the comparison that direct
electron transfer between Hb molecules and GCE is greatly enhanced
at the WO3NWs/Hb/GCE. For comparison, WO3NSs/Hb/GCE has also
been carried out (curve c, in Fig. 4). The redox peaks of the electrode
are 53.8% smaller than that of WO3NWs/Hb/GCE. The ΔEp is 53 mV,
which is larger than that of WO3NWs/Hb/GCE (42 mV), indicating
slower electron transfer rate of Hb on the electrode than on WO3NSs/
Hb/GCE. It can be concluded that WO3 nanowires have better effect on
the facilitation of electron transfer, whichmay result from unique mor-
phology and property of the WO3 nanowires.

Fig. 5 shows the cyclic voltammograms of 0.1 M PBS (pH 7.0) at a
WO3NWs/Hb/GCE when the scan rate was increased from 0.1 to
0.8 V s−1. With the increase of the scan rate, the cathodic and anodic
peak currents of Hb increase simultaneously, meanwhile the cathodic
and anodic peak potentials show a small shift and the peak to peak sep-
aration also become slightly enlarged. The inset of Fig. 5 shows that the
cathodic (ipc) and anodic (ipa) peak currents increase linearly with scan
rates from 0.1 to 0.8 V s−1. This reveals that the electrode reaction
Fig. 4. Cyclic voltammograms of the WO3NWs/GCE (a), Nafion/Hb/GCE (b), WO3NSs/Hb/
GCE (c), and WO3NWs/Hb/GCE (d), in 0.1 M pH 7.0 PBS with a scan rate of 0.1 V s−1.
corresponds to a surface-controlled quasi-reversible process. Using the
Laviron method for a surface-controlled electrochemical system [21],
the apparent heterogeneous electron transfer rate constant (ks) of Hb
immobilized on WO3NWs/Hb/GCE is estimated to be about 3.1 s−1,
which is higher than the value reported for Hb immobilized TiO2

nanorods-graphene (0.65 s−1) [15], AuNPs/ZnO/Gr nanocomposite
(1.3 s−1) [22] flower-like NiO microspheres (2.54 s−1) [5], suggesting
a faster electron-transfer process. This means that the WO3 nanowires
facilitate the direct electron transfer of Hb.

The average surface concentration of electroactive Hb (Γ*,
mol cm−2) can be estimated from the charge integration of the reduc-
tion peak of the CV using the formula:

Q ¼ nFAΓ� ð1Þ

where F is Faraday constant, Q is the charge (C) and can be obtained by
integrating the reduction peak of Hb, n and A stand for the number of
electron transferred and the geometrical surface area of the electrode,
respectively. According to this method, the surface concentration of
electroactive Hb (Γ*) at WO3NWs/Hb/GCE was calculated as
1.36 × 10−10 mol cm−2, which is much greater than the theoretical
value for monolayer coverage (1.89 × 10−11 mol cm−2) [23]. This
means that multilayers of Hb entrapped in the WO3NWs/Hb/GCE par-
ticipated in the electron-transfer process.
Fig. 5. Cyclic voltammogramsof theNafion/Hb/WO3NWs/GCE in0.1MpH7.0 PBSwith in-
creasing scan rates from0.1 to 0.8 V s−1. Inset: plot of cathodic and anodic peak current vs.
scan rate.



Fig. 6.Cyclic voltammograms of theWO3NWs/Hb/GCE in0.1MpH7.0 PBSwith increasing
scan rates from 0.1 to 0.8 V s−1. Inset: plot of cathodic and anodic peak current vs. scan
rate.
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Fig. 6 shows the cyclic voltammograms of 0.1 M PBS of different pH
values at a WO3NWs/Hb/GCE. Stable and well-defined CVs were ob-
served in the pH range 6.0–8.0. With the increase of pH value, both
the cathodic and anodic peaks shifted to the negative (Fig. 6). This can
be contributed to the involvement of proton transfer in the Hb(FeIII)/
Hb(FeII) redox couple [24]. The E0′ value of Hb varied linearly in the
range of pH 6.0–8.0, with a slop of −52.9 mV pH−1 (the inset of
Fig. 6). This value is very close to the theoretical value for the transfer
of one proton and electron in a reversible reduction (−58 mV pH−1

at 25 °C) [24,25].

3.4. Electrocatalysis of WO3NWs/Hb/GCE to reduction of nitrite

In order to study the electrocatalytic activity of Hb immobilized in
WO3NWs/Hb/GCE, its response to the reduction of nitrite was explored.
Fig. 7A showed the CVs ofWO3NWs/Hb/GCE in 0.1 M PBS (pH 5.5) con-
taining different concentrations of NaNO2. Only a couple of stable and
well-defined redox peaks at −0.292 V and −0.237 V vs. Ag/AgCl,
which could be ascribed to direct electron transfer between Hb and
the underlying electrode, is observed forWO3NWs/Hb/GCE in PBSwith-
out NaNO2. Upon addition of NaNO2, a new irreversible reduction peak
located at−0.710V is observed, and the peak current increased linearly
with the increase of NaNO2 concentration. In contrast, no significant
Fig. 7. (A) Cyclic voltammograms of theWO3NWs/Hb/GCE in 0.1 M pH 5.5 PBS containing 0 (a
ammograms of the WO3NWs/GCE in 0.1 M pH 5.5 PBS containing 0 (a) and 400 (b). (B) Variat
reduction peak of NaNO2 was observed on WO3NWs/GCE (the inset of
Fig. 7A), which indicated that the irreversible reduction wave was not
a result of the WO3NWs.

The reduction product at −0.710 V is most likely N2O, and the
mechanism of the electrocatalytic reduction of nitrite at Hb-based elec-
trode can be proposed as follows [26,27]:

Hb FeIII
� �

þ e−⇄Hb FeII
� �

ð2Þ

Hb FeII
� �

þHNO2 þHþ→ Hb FeII
� �

−NO
h iþ þH2O ð3Þ

Hb FeII
� �

−NO
h iþ þ e−→ Hb FeII

� �
−NO

h i� ð4Þ

Hb FeII
� �

−NO
h i� þ e−→ Hb FeII

� �
−NO

h i− ð5Þ

Hb FeII
� �

−NO
h i− þHþ→Hb FeII

� �
þHNO ð6Þ

2HNO→N2Oþ H2O: ð7Þ

Obviously, the acidity of the detection solution has a significant ef-
fect on the catalytic reduction of NaNO2 because the catalysis of Hb to
NaNO2 is accompanied by the transfer of protons. Therefore, the effect
of the buffer solution pH value on the biosensor response in the pres-
ence of 500 μM NaNO2 is studied (Fig. 7B). Both the peak potential
and current are depended on pH value. With the decrease of pH value,
the peak potential shifted positively suggesting a proton-coupled reac-
tion [28]. It is clearly seen from Fig. 7B that the peak current increased
with the value of pH from 7.0 to 5.5, this may be attributed that, as a re-
actant of the electrocatalytic reduction reaction, the increasing concen-
tration of H+ could facilitate electrocatalytic reduction of nitrite at Hb-
based electrode (Eqs. (3)–(7)). While the peak current drops down
from pH 5.5 to 4.0, this may be caused by denaturation of Hb that
existed to a considerable extent (This can be proved by the UV–vis ab-
sorbance spectra of Hb in different pH buffer solutions. Fig. S5) when
the pH shifted toward a more acidic direction. It is obviously that this
biosensor has the optimum sensitivity at pH 5.5 for the detection of
NaNO2. Meanwhile, these results suggest that the catalytic reduction
of NaNO2 depends on not only the acidity of the detection solution but
also the bioactivity of Hb.

3.5. Biosensor performance of the WO3NWs/Hb/GCE

As is well known, nitrite is a toxicant whichwidely exists in polluted
water and antiseptic food. It is vitally important to detect nitrite in the
), 200 (b), 400 (c), and 700 (d), NaNO2 with a scan rate of 0.1 V s−1; the inset: cyclic volt-
ions of catalytic currents and peak potentials vs. pH of WO3NWs/Hb/GCE.



Fig. 8. (A) Typical current–time response of theNafion/Hb/WO3NWs/GCE at−0.70 V to successive addition of NaNO2 in stirred 0.1M pH5.5 PBS. (B) Plot of steady state current vs. NaNO2

concentration.
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fields of biological and environmental chemistry. The biosensor perfor-
mance for the detection of nitrite of the WO3NWs/Hb/GCE was also in-
vestigated by amperometry. Fig. 8 gives the amperometric responses of
WO3NWs/Hb/GCE at−0.70 V after adding NaNO2 in stirred PBS (1.0 M,
pH 5.5). Fig. 8A demonstrates that the response time (achieving 95% of
the steady-state current) was less than 3 s. Moreover, a well-defined
linear relationship between the current and the NaNO2 concentration
was observed. The calibration plot (Fig. 8B) showed a linear range
from 1 to 4200 μM with a correlation coefficient of 0.9988 (N = 27).
The detection limit was estimated to be 0.28 μM (based on a signal-to-
noise ratio of 3). Performances of various nitrite biosensors are listed
in Table S1. It is clear that the performance of WO3NWs/Hb/GCE was
significantly improved. Furthermore, compared with WO3 nanosheets,
the WO3NW based biosensor has better performance (Fig. S6 and
Table S2). There are some reasons why the WO3NWs/Hb/GCE displays
both a lower detection limit and awider linear range. Firstly,WO3 nano-
wires could provide a favorablemicroenvironment for the protein to re-
tain its stability. More importantly, the space among nanowires is a
route of the diffusion of electrolyte containing substrate. So the sub-
strate can simply get into the net of WO3NWs and has access to the en-
zymes immobilized in the net. Furthermore, WO3NWs with relatively
high mobility of charge carriers can also become the goodmedia of effi-
cient electrical communication between the protein and the electrode.
3.6. Stability and reproducibility of the biosensor

Cycle stability is an important evaluation index for estimating the
performance of biosensor. 100 continuous cyclic scans on WO3NSs/
Hb/GCE were repeated in the potential range from −0.7 to 0.1 V with
a scan rate of 0.1 V s−1 (Fig. S7). No obvious change of CV curve could
be observed. Hence, the prepared WO3NSs/Hb/GCE possesses excellent
cycle stability.

The long-term stability of fabricated biosensors was studied by ex-
amining its current response after storage at 4 °C. The biosensors
could retain 93.7% of the initial response to NaNO2 after four-week stor-
age, demonstrating good long-term stability (Fig. S8). The good long-
term stability can be contributed to the good biocompatibility of WO3

nanowires, which can provide a favorable microenvironment for Hb to
retain its bioactivity.

The reproducibility of the biosensor was investigated by determin-
ing 100 μM NaNO2 in PBS (pH 5.5). The relative standard deviation
(R.S.D.) was 2.9% for 5 successive measurements. Five biosensors pre-
pared under the same conditions independently gave a R.S.D. of 3.4%
for the determination of 100 μM NaNO2 in PBS (pH 5.5), indicating an
acceptable electrode-to-electrode reproducibility.

4. Conclusion

WO3 nanowires with high length–diameter ratio have been synthe-
sized through a simple synthetic routewithout any additive, and subse-
quently used to fabricate mediator-free biosensors for the detection of
NO2

−. The preparedmediator-free biosensors possess good performance
for the detection for nitrite, with both a wide linear range of 1–4200 μM
and a low detection limit of 0.28 μM (S/N= 3), as well as good stability
and reproducibility. The improved performance of the biosensor can be
attributed to unique morphology and property of the WO3 nanowires.
The WO3 nanowires could not only form a tightly woven piece of net
on the electrode to immobilize Hb, but also facilitate the direct electron
transfer. Moreover, substrate can simply get into the net of WO3 nano-
wires and has access to Hb immobilized in the net. This study indicates
that WO3 nanowires with high length–diameter ratio can be used as
biocompatible matrix for the enzyme immobilization and the construc-
tion of direct electrochemical biosensor, and have great potential in en-
vironmental analysis.
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