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1. Introduction

The electron transfer between and within proteins is an essen-
tial feature for many physiological processes, including biological
energy transfer, metabolism and enzymatic catalysis (Bistolas et
al., 2005). The use of electrochemistry allows investigating the
electrochemical properties of redox enzymes and their mechanism
by observing the direct electron transfer in real time. The possi-
bility of direct electron transfer between protein and electrode
surface could pave the way for superior reagentless mediator-free
biosensing devices, as it obviates the need for co-substrates or
mediators and allows efficient transduction of the biorecognition
event (Wang, 2005). Since the redox-active center of proteins
is deeply embedded in its protein shell, direct electron transfer
between the protein and the electrode surface is usually very
difficult (Armstrong et al., 1988; Heller, 1990; Scheller et al., 2005;
Lu et al., 2006a). On bare electrodes, enzymes tend to denature
and to passivate the electrode. Modifying the electrode with an
appropriate medium like a polymer, in order to attain native
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structure and appropriate orientation of the enzyme so increasing
electron transfer between the enzyme and the electrode has been

very popular in recent years (Bistolas et al., 2005; Huang et al.,
2002; Lu et al., 2006b; Wang et al., 2005; Liu et al., 2005).

The fundamental aspects of an electrochemical biosensor
involve the enzyme immobilization onto an electrode surface and
the formation of efficient electrical communication between the
enzyme and the electrode while retaining the enzymatic stabil-
ity and bioactivity (Zang et al., 2007). To achieve this goal, one
promising way is to employ nanostructured materials for the con-
struction of biosensor (Willner et al., 2007; Lu et al., 2007). Owing
to their small size and high surface area, nanomaterials have phys-
ical, chemical and electronic properties that are different from
those of bulk materials. The ability to tailor the size and struc-
ture and hence the properties of nanomaterials offers excellent
prospects for designing novel sensing systems and enhancing the
performance of bioanalytical devices (Wang, 2005; Lin et al., 2004;
Moore et al., 2004). Among these nanostructured materials, metal
oxide semiconductors are attracting considerable interest in bio-
analytical area as they can combine properties of high surface area,
non-toxicity, ease of fabrication, optical transparency, chemical sta-
bility. As a typical n-type metal oxide semiconductor, ZnO possesses
many unique optical and electrical properties for applications in
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many important areas, such as solar cells, chemical sensors, het-
erogeneous catalysts (Kuo et al., 2005; Wang and Xie, 2006). Many
research results revealed that the morphology and structure of
nanomaterials have an important effect on its properties, which
determines its applications in many fields (Yan and Xue, 2006; Kuo
et al., 2005). Here, a nanosheet-based ZnO microsphere with porous
nanostructure was synthesized by a simple chemical bath deposi-
tion method followed by thermal treatment. There are numerous
nanoscaled cavities on the surface of the ZnO microspheres. Both
the unique nanostructures and properties of ZnO make it particular
promising for applications in biosensors. As a metal oxide semi-
conductor, nanosheet-based ZnO possesses high surface area, good
biocompatibility, optical transparency, chemical and photochem-
ical stability. The numerous nanoscaled cavities on the surface of
the microspheres are highly advantageous for the entrapment of
enzymes. The porous structure can greatly enhances the active
surface area available for protein binding, in which proteins can
sequester in the cavities or bind on the surface of the microspheres.
Furthermore, the cavities may provide a protective microenvi-
ronment for the enzymes to retain their enzymatic stability and
activity by limiting the conformational change and unfolding of the
entrapped enzymes. Meanwhile, their open frameworks can pro-
vide convenience for substrates to access the immobilized enzyme.
Up to now, no work has been done using this promising nanoma-
terial with porous nanostructures for biotechnology applications.

Nafion is a proton-conductive and biocompatible perfluorosul-
fonate linear polymer that exhibits excellent film-forming ability,
which has been used for the immobilization matrix of enzymes
(Nadzhafova et al., 2004; Lu et al., 2007). In this work, the porous
nanosheet-based ZnO microsphere was combined with Nafion to
form a nanostructured inorganic–organic hybrid material, which
was explored to fabricate electrochemical biosensor by entrap-
ping heme protein. As a nanostructured inorganic–organic hybrid
material, ZnO–Nafion composite could reserve the desirable prop-
erties of Nafion and nanostructured ZnO to a large extent. Under
the synergetic effect between ZnO and Nafion, facilitated direct
electron transfer of hemoglobin has been achieved. In particu-
lar, comparative studies revealed that the nanosheet-based porous
ZnO microspheres offer significant advantages over solid ZnO
microspheres with a smooth surface in facilitating direct electron
transfer; the potential impact on the design of bioelectrochemi-
cal sensors is significant. The fabricated biosensor was successfully
used for the detection of hydrogen peroxide and nitrite, and dis-
played good performance.
2. Materials and methods

2.1. Materials and apparatus

Hemoglobin (from bovine blood) and Nafion solution (5 wt% in
lower aliphatic alcohols) were purchased from Sigma. All other
reagents (analytical-grade) were purchased from Tianjin Kermel
Chemical Regent Company. All solutions were prepared with Milli-
Q water (>18.0 M� cm).

Powder X-ray diffraction (XRD) was carried out using a X’ Pert
PRO (PANalytical, Holland) X-ray Diffractometer with Cu K� radia-
tion (� = 1.54178 Å) in the 2� range of 20–70◦. Scanning electron
microscope (SEM) images were taken with a scanning electron
microscope JSM-6360 (JEOL, Japan) with an accelerating voltage of
24 kV. FTIR spectra were obtained on a PerkinElmer Spectrum GX
spectrometer (PerkinElmer Company, USA). Sample films for FTIR
spectroscopy were prepared by casting Hb–ZnO–Nafion or Hb solu-
tion onto CaF2 slides and allowed to dry in air. Electrochemical mea-
surements were performed at room temperature using a CHI 440
ectronics 24 (2008) 93–98

workstation (CH Instruments, Inc., Austin, USA). The measurements
were based on a three-electrode system with the prepared film
electrode as the working electrode, a platinum wire as the auxiliary
electrode, and an Ag/AgCl (3 M KCl) electrode as the reference elec-
trode. Unless otherwise noted, 50 mM pH 7.0 PBS was used as the
electrolyte in all experiments. The buffer solution was purged with
highly purified nitrogen for at least 30 min and a nitrogen atmo-
sphere environment was kept in electrochemical measurements.

2.2. Synthesis of nanosheet-based ZnO microsphere

In a typical procedure, an aqueous solution containing 0.05 M
zinc nitrate, 0.05 M hexamethylene tetramine, and 0.005 M
trisodium citrate was prepared with the help of ultrasonication
and stirring. This transparent solution was transferred to a flask and
heated at 95 ◦C in an oil bath for 35 min. Then the flask was removed
and cooled to room temperature. The resulting white precipitate
was collected and washed several times with deionized water and
ethanol before being dried in an oven at 65 ◦C. Finally, the white pre-
cipitate was annealed at 320 ◦C in air for 1 h to obtain the porous
ZnO microspheres.

2.3. Preparation of enzyme electrode

Prior to use, a glassy carbon (GC) electrode with a diameter
of 3 mm was polished on a polishing cloth with 1.0, 0.3, 0.05 �m
alumina powder respectively and rinsed with deionized water
followed by sonicating in acetone, ethanol and deionized water
successively. Then, the electrode was dried with purified nitrogen
stream. The enzyme electrode was prepared by a simple casting
method. Firstly, 2 mg ml−1 ZnO suspension was obtained by adding
10 mg of as-prepared porous ZnO into 5 ml water with the aid of
ultrasonication and stirring. Then, a suspension (denoted as Sus-
pension I), which finally contained 2.5 mg ml−1 Hb, 1 mg ml−1 ZnO
and 1.25% Nafion, was prepared by mixing appropriate volume of
Hb solution (10 mg ml−1, dissolved in 20 mM pH 7.0 PBS), ZnO sus-
pension (2mg ml−1) and Nafion solution (5 wt%) thoroughly. Finally,
4 �l of Suspension I was cast onto the surface of a freshly pol-
ished GC electrode to prepare the Hb–ZnO–Nafion/GC electrode.
A beaker was covered over the electrode so that water can evapo-
rate slowly in air and a uniform film electrode can be obtained. The
dried Hb–ZnO–Nafion/GC electrode was stored at 4 ◦C in refrigera-
tor when not in use.

For comparison with Hb–ZnO–Nafion/GC, a solid ZnO micro-
sphere with smooth surface (denoted as ZnO(s)) was synthesized

and used for the fabrication of Hb–ZnO(s)–Nafion/GC elec-
trodes with similar procedures as described above. Fig. S1 (see
Supplementary information) gives the SEM images and XRD
patterns of the solid ZnO(s) microspheres with an average
diameter of about 1 �m. In control experiment, Hb–Nafion/GC
and ZnO–Nafion/GC electrodes were also prepared. The solu-
tion containing 2.5 mg ml−1 Hb and 1.25% Nafion was used to
prepare the Hb–Nafion/GC electrode, and the suspension con-
taining 1.0 mg ml−1 ZnO and 1.25% Nafion was used to prepare
the ZnO–Nafion/GC electrode. It should be noted that the protein
load on the surface of different modified electrodes (except the
ZnO–Nafion/GC) 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 the as-prepared ZnO

Unusual microspheres composed of interconnected sheet-like
nanostructures were prepared by a facile chemical bath deposition
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ZnO m

film provides a promising matrix for enzyme immobilization and
biosensor fabrication.

3.3. Direct electron transfer of the enzyme electrode

Fig. 3 shows typical cyclic voltammograms of different modified
electrodes in 50 mM pH 7.0 PBS. A pair of stable and well-defined
redox peaks of Hb for the Hb(FeIII)/Hb(FeII) redox couple trans-
formation, which could be ascribed to the direct electron transfer
between the Hb and the underlying electrode, were observed at
the Hb–ZnO–Nafion/GC electrode (Fig. 3d). The formal potential
E◦′ (estimated as (Ep,a + Ep,c)/2, where Ep,a and Ep,c are the anodic
and cathodic peak potentials, respectively) of Hb was –0.345 V
vs. Ag/AgCl, characteristic of Hb(FeIII/II) redox couples in various
films (Huang et al., 2002; Wang et al., 2004; Lu et al., 2008). The
potential difference �Ep between the anodic and cathodic peak
potentials, which is directly related to the electron transfer rate,
was about 20 mV. Such a small �Ep value revealed a fast and
Fig. 1. SEM images of as-prepared porous nanosheet-based

method. Trisodium citrate as a capping regent plays a key role in
directing the formation of these microstructures (Kuo et al., 2005;
Wang and Xie, 2006). The composition and phase purity of the as-
prepared products after thermal treatment were examined by XRD.
Fig. S2 (see Supplementary information) shows the XRD patterns of
as-prepared ZnO microspheres. It can be seen that all the peaks can
be indexed to ZnO with good crystallinity, where no characteristic
peaks of impurities appeared.

Fig. 1 shows the SEM images of the as-prepared ZnO micro-
spheres, which are composed of interconnected nanosheets. The
thickness of these nanosheets is about 20 nm. The microspheres
show a sponge-like pore structure. There are numerous nanoscaled
cavities on the surface of the ZnO microspheres. The size of the cav-
ities is about several hundred nanometers, which is accessible for
the enzymes to sequester in the cavities or bind on the surface.

3.2. Spectroscopic characterization of Hb–ZnO–Nafion composite
film

Hb entrapped in the composite film was firstly investigated by
spectroscopic analysis. FTIR spectroscopy is an effective means to
probe into the secondary structure of proteins (Wang et al., 2003;
Zhou et al., 2002). The characteristic amide I and amide II bands

of protein provide detailed information on the secondary struc-
ture of polypeptide chain (Kauppinen et al., 1981). The amide I
band (1700–1600 cm−1) is attributed to C O stretching vibration
of peptide linkages in the backbone of protein. The amide II band
(1620–1500 cm−1) results from the combination of N–H bending
and C–N stretching. Nafion presented in spectroscopic character-
ization contained no polypeptide chain, so it would not interfere
with the characterization of amide I and amide II bands of Hb. Fig. 2
shows the in situ FTIR spectra of Hb and Hb–ZnO–Nafion composite
film. As shown in Fig. 2a and b, the spectra of amide I and II bands
of Hb in Hb–ZnO–Nafion composite film (1658 and 1541 cm−1)
are nearly the same as those obtained for native Hb (1658 and
1540 cm−1), and are essentially consistent with the reported value
of native Hb (Schlereth and Mlntele, 1992; Lu et al., 2007; Henzler
et al., 2007). The similarities of the two spectra suggested that Hb
retained the essential features of its native secondary structure
in ZnO–Nafion composite film, and revealed the good biocompat-
ibility of ZnO–Nafion composite film. The numerous nanoscaled
cavities on the sponge-like surface are highly advantageous for
the entrapment of enzymes, in which proteins can sequester in
the cavities or bind on the surface of the microspheres. The cav-
icrosphere with low (left) and high magnification (right).

ities can provide a protective microenvironment for the enzymes
to retain their enzymatic stability and activity by limiting the con-
formational change and unfolding of the entrapped proteins. The
good biocompatibility of the ZnO–Nafion composite can prevent
denaturation of the entrapped protein. The ZnO–Nafion composite
quasi-reversible electron-transfer process. There was a pair of neg-
ligible redox peaks at about −0.15 V at the ZnO–Nafion/GC electrode
(Fig. 3a), which was also observed in other modified electrode

Fig. 2. FTIR of (a) Hb and (b) Hb–ZnO–Nafion composite film.
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of electron transferred and the geometrical surface area of the
Fig. 3. Cyclic voltammograms of different modified electrode in pH 7.0 PBS with scan
rate of 0.2 V s−1: (a) ZnO–Nafion/GC; (b) Hb–Nafion/GC; (c) Hb–ZnO(s)–Nafion/GC;
(d) Hb–ZnO–Nafion/GC.

and caused by the electrode matrix Nafion (possibly relevant to
the shuttle of H+ in Nafion). Compared with Hb–ZnO–Nafion/GC
electrode, the redox peaks observed at the Hb–Nafion/GC (Fig. 3b)
were much smaller. It can be clearly seen from the comparison that
direct electron transfer between Hb molecules and GC electrode
was greatly enhanced at the Hb–ZnO–Nafion composite film mod-
ified electrode. It revealed that ZnO played an important role in
facilitating the direct electron transfer of Hb by the synergetic effect

with Nafion. The reason that the ZnO–Nafion composite could facil-
itate the direct electron transfer between the protein molecules
and the electrode could be elucidated as follows. Firstly, as we
have mentioned, the good biocompatibility of the composite may
prevent denaturation and retain the essential secondary structure
of the entrapped protein. More importantly, due to its high sur-
face area, the nanosheet-based ZnO can enhance the active surface
area of the GC electrode available for protein binding; meanwhile,
ZnO may probably act as a rigid framework to favor the appro-
priate conformation of entrapped proteins, facilitating the direct
electron transfer between the redox proteins and the underlying
electrode. Moreover, Nafion is a good proton-conducting polymer,
the good conductivity of the ZnO–Nafion composite contributes to
the efficient electron transfer. Fig. 3c also gives the Cyclic voltam-
mograms of Hb–ZnO(s)–Nafion/GC, which was fabricated with
solid ZnO microsphere of about 1 �m diameter with a smooth
surface (see Supplementary information, Fig. S1). Compared with
Hb–ZnO–Nafion/GC, the redox peaks of Hb–ZnO(s)–Nafion/GC
was much smaller. The �Ep of Hb–ZnO(s)–Nafion/GC was 40 mV,
which was larger than that obtained on Hb–ZnO–Nafion/GC

Fig. 4. (A) Cyclic voltammograms of Hb–ZnO–Nafion/GC in pH 7.0 PBS with scan rates from
ectronics 24 (2008) 93–98

(20 mV), indicating a slower electron transfer rate of Hb on
Hb–ZnO(s)–Nafion/GC than on Hb–ZnO–Nafion/GC. By compar-
ison, it can be concluded that porous nanosheet-based ZnO
microsphere had better effect on the facilitation of electron trans-
fer than solid ZnO microsphere, which may result from the larger
surface area and the porous framework of the nanosheet-based
ZnO.

Fig. 4A demonstrates the cyclic voltammograms of
Hb–ZnO–Nafion/GC electrode with scan rates from 0.1 to 1.0 V s−1.
With the increase of the scan rates, the cathodic and anodic peak
currents of Hb increased simultaneously, meanwhile the cathodic
and anodic peak potentials showed a small shift and the peak
to peak separation also increased. The cathodic and anodic peak
currents increased linearly with scan rates from 0.1 to 1.0 V s−1,
as shown in Fig. 4B. This revealed that the electron transfer
between Hb and GC electrode could be easily performed at the
Hb–ZnO–Nafion composite film and it was a surface-controlled
electrochemical process. According to the Laviron method for a
surface-controlled electrochemical system (Laviron, 1979), the
apparent heterogeneous electron transfer rate constant (ks) of
Hb immobilized on Hb–ZnO–Nafion/GC was estimated to be
about 3.2 s−1, which was higher than that of Hb immobilized on
CNT-based electrode (0.062 s−1) (Zhao et al., 2005) or Co3O4-based
composite film electrode (2.4 s−1) (Lu et al., 2007), suggesting
a faster electron-transfer process. According to Faraday’s law,
Q = nFA� * (where F is Faraday constant, Q can be obtained by
integrating the reduction peak of Hb, n and A stand for the number
electrode, respectively), the surface concentration of electroactive
Hb (� *) at Hb–ZnO–Nafion/GC electrode was estimated to be
1.0 × 10−10 mol cm−2 (assuming an one-electron transfer reaction).
The value obtained in our experiment is about 5 times higher than
that of the theoretical monolayer coverage (1.9 × 10−11 mol cm−2)
(Wang et al., 2005). This means that multilayers of Hb entrapped
in the three-dimensional composite film participated in the
electron-transfer process.

3.4. Cyclic voltammetric response of the biosensor for hydrogen
peroxide

The determination of H2O2 is of great importance in many fields,
such as in clinical, food, pharmaceutical and environmental anal-
yses. In bare GC or ZnO–Nafion/GC electrode, there is no obvious
electrocatalytic current for H2O2 in the potential range from 0.2
to −0.8 V because of the large overpotential of H2O2 reduction.
The bioelectrocatalytic activity of the enzyme electrode for H2O2
is shown in Fig. 5A. When H2O2 was added to blank PBS, a signifi-
cant increase in the cathodic (reduction) peak current was observed

0.1 to 1.0 V s−1. (B) Plot of cathodic (�) and anodic (�) peak currents vs. scan rates.
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Fig. 5. (A) Bioectrocatalysis of the biosensor towards H2O2 in pH 7.0 PBS with scan
(B) The calibration curve of cathodic reduction current vs. H2O2 concentration.

accompanying the decrease of anodic (oxidation) peak current,
demonstrating a typical electrocatalytic reduction process of H2O2
by Hb in the ZnO–Nafion composite. The possible mechanism of
electrocatalytic reduction of H2O2 at Hb-based enzyme electrode
has been reported (Lu et al., 2008; Onuoha et al., 1997; Huang et
al., 2002), which can be expressed as follows (Lu et al., 2008):

Hb[Heme(FeIII)] + H2O2 → Compound I + H2O (1)

Compound I + H2O2 → Hb[Heme(FeIII)] + H2O + O2 (2)
Hb[Heme(FeIII)] + H+ + e− → Hb[Heme(FeII)] at electrode (3)

Hb[Heme(FeII)] + O2 → Hb[Heme(FeII)]-O2 fast (4)

Hb[Heme(FeII)]-O2 + H+ + e− → Hb[Heme(FeIII)] + H2O2at electrode

(5)

The overall reaction of (1)–(5) would be:

H2O2 + 2H+ + 2e− → 2H2O (6)

So the final product of H2O2 and hemoglobin reaction was H2O.
Reactions (1), (2) and (4) can be performed in solution too, and
reactions (3) and (5) can be performed on the enzyme electrode.
As can be seen from Fig. 5, there are two reduction peaks (around
−0.36 and −0.18 V) at lower concentration of H2O2. The reduc-
tion peak at −0.36 V was consistent with the reduction peak of
Hb[Heme(FeIII)] at the Hb–ZnO–Nafion/GC electrode, which should
correspond to the electrode reaction (3); and the reduction peak at
around −0.18 V was consistent with the reduction peak of O2 at
the Hb–ZnO–Nafion/GC electrode, which should correspond to the

Fig. 6. (A) Typical amperometric current–time response curves of the biosensor upon su
−0.675 V (vs. Ag/AgCl). (B) Calibration curve of steady-state currents vs. NaNO2 concentra
ectronics 24 (2008) 93–98 97

.1 V s−1. H2O2 concentrations (�M): (a) 0; (b) 60; (c) 120; (d) 180; (e) 240; (f) 300.

electrode reaction (5). The addition of H2O2 into the buffer acceler-
ated the formation of Hb[Heme(FeIII)] and O2 through reactions (1)
and (2), so the reduction peak currents observed at around −0.36
and −0.18 V were all increased with the increasing H2O2 concen-
tration, and the latter (−0.18 V) increased faster than the former
(−0.36 V), as observed in Fig. 5. When the concentration of H2O2
was further increased to a higher concentration, the reduction peak
at around −0.36 V was covered (overlapped) by the reduction peak
at around −0.18 V, and the two reduction peaks were superposed to
one reduction peak. These phenomena mentioned above were also

observed in other published papers (Lu et al., 2007, 2008; Wang
et al., 2004; Zhou et al., 2005). The cathodic reduction currents at
about −0.36 V increased linearly with the increasing H2O2 concen-
tration, as shown in Fig. 5B. The linear range was from 1 to 410 �M
(R = 0.9998, n = 18), which was much wider than the reported value
(Lu et al., 2007; Liu et al., 2004). The sensitivity of the enzyme
electrode was as high as 137 mA cm−2 M−1, indicating the enzyme
electrode had good bioelectrocatalytic activity for H2O2. Further
increasing the H2O2 concentration resulted in a rise in the cat-
alytic current up to a limiting value; such saturation behavior was
characteristic of enzyme-based catalysis. The apparent Michaelis-
Menten constant (Kapp

M ) was estimated to be 143 �M according to
the electrochemical-version of Lineweaver–Burk equation (Kamin
and Wilson, 1980). This value was smaller than those ever reported
values (Zhao et al., 2005; Liu et al., 2005), indicating that Hb
entrapped in the composite film possesses high peroxidase-like
activity. Porous nanomaterials provide a larger surface area avail-
able for protein binding and decrease the diffusion distance for the
substrate to access the immobilized enzyme, which may improve
the performance of the enzyme electrode. The selectivity of the
biosensor was detected in pH 7.0 PBS by cyclic voltammetry. Tak-

ccessive addition of NaNO2 into pH 5.2 acetate buffer solution. Applied potential:
tion.
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ing sodium nitrite as an example, in the presence of 60 �M (or
120 �M) H2O2, the addition of 60 or 120 �M sodium nitrite (final
concentration in the supporting electrolyte) did not interfere with
the detection of H2O2. This is not difficult to understand because
the reduction peak of H2O2 was at around −0.36 V, while the reduc-
tion peak of nitrite was at near −0.8 V (one weak reduction peak
in this pH 7.0 buffer). Because of the potential-dependent and
pH-dependent characteristics, the fabricated biosensor can detect
hydrogen peroxide and nitrite selectively. Other co-existing species
such as ascorbic acid, uric acid and glucose (with the same concen-
tration as H2O2) did not interfere with the detection of H2O2, which
might be attributed to the intrinsic selectivity of Hb for its sub-
stances and the selectivity of the composite film (especially Nafion)
for the negatively charged species in pH 7.0 PBS.

3.5. Amperometric response of the biosensor for nitrite

As is well known, nitrite is a carcinogen that widely exists in
antiseptic food and polluted water. It has been reported that Hb-
based enzyme electrode has catalytic activity for nitrite, and the
possible product at about −0.7 V was N2O in pH 5.5 buffer (Huang
et al., 2002; Lin et al., 1997). The amperometric response of the
fabricated biosensor for nitrite was investigated by amperometric
current–time curve method. The electrocatalytic reduction peak
potential of nitrite at the Hb–ZnO–Nafion/GC in pH 5.2 acetate
buffer solution, i.e. −0.675 V, was selected as the constant applied
potential for the high sensitivity together with a wide linear range.
Fig. 6A demonstrates the typical current–time curve of the biosen-
sor on successive addition of NaNO2. When NaNO2 was added to
the stirring buffer, the biosensor responded rapidly to the substrate.
The response time (achieving 95% of the steady-state current) was
less than 5 s. Such a rapid response can be attributed to the fast
diffusion of the substrate in the porous composite film. Fig. 6B
shows the typical calibration curve of the steady-state current vs.
NaNO2 concentration. As shown, the steady-state response current
increased linearly with the increasing NaNO2 concentration. The
linear range was very wide, from 10 to 2700 �M, with a correlation
coefficient of 0.9997 (n = 30). The detection limit was 4 �M (the
signal to noise ratio was 3). The fabricated biosensor can be used
repetitively for the detection of nitrite without obvious sensitivity
decrease.

3.6. Reproducibility and stability of the biosensor
The reproducibility of the biosensor was investigated at different
concentrations in the linear range by cyclic voltammetric measure-
ments. The relative standard deviation (R.S.D.) of the biosensor
response to 30 and 120 �M H2O2 for 5 successive measurements
was 0.48% and 0.8%, respectively, indicating good reproducibility. To
evaluate the electrode-to-electrode reproducibility, three biosen-
sors were prepared under the same conditions independently. The
R.S.D. of the prepared biosensors was 2%, indicating an acceptable
electrode-to-electrode reproducibility.

The biosensor was stored dry or immersed in PBS at 4 ◦C when
it was not in use. The biosensor could retain 96% of its initial
response after a 20-day storage, demonstrating good long-term sta-
bility. The good long-term stability can be attributed to the good
biocompatibility of the composites, which can provide a favorable
microenvironment for Hb to retain its bioactivity.

4. Conclusions

Porous nanosheet-based ZnO microspheres were synthesized
by a facile chemical bath deposition method followed by thermal
ectronics 24 (2008) 93–98

treatment. This unique ZnO microsphere with porous nanostruc-
tures was explored for the construction of direct electrochemical
biosensor and proved to be a good immobilization matrix for pro-
teins and enzymes with good biocompatibility. With advantages
of nanostructured inorganic–organic hybrid materials, facilitated
direct electron transfer and good bioactivity can be readily achieved
by entrapping metalloenzymes into the ZnO-based composite.
Comparative studies revealed that the nanosheet-based porous
ZnO microspheres offer significant advantages over solid ZnO
microspheres in facilitating direct electron transfer; the potential
impact on the design of bioelectrochemical sensors is significant.
The prepared mediator-free third-generation biosensor displayed
good sensitivity and reproducibility, wide linear range, low detec-
tion limit, fast response and good long-term stability for the
detection of H2O2 and NaNO2. The nanosheet-based ZnO proved
to be a promising matrix for the fabrication of electrochemical
biosensors, and may find wide potential applications in biomedical
detection and environmental analysis.
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