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Abstract In this work, zinc oxide/tin oxide (ZnO/SnO,)
heterostructured nanomaterials were synthesized by hydro-
thermal method. Transmission electron microscopy, scan-
ning electron microscopy, energy-dispersive X-ray
spectroscopy, and X-ray diffraction measurements revealed
that the product was composed of ZnO nanowires and SnO,
nanobranches. The novel ZnO/SnO, heterostructured nano-
crystals were for the first time used as a supporting matrix
to explore a novel immobilization and biosensing platform
of redox proteins. UV-visible absorption investigation
indicated that hemoglobin (Hb) intercalated well in the
Zn0O/Sn0O, heterostructured nanocrystals retained its native
structure. Comparative experiments have confirmed that the
ZnO/SnO,-based biosensor not only had enhanced direct
electron transfer capacity but also displayed excellent
electrocatalytic properties such as higher sensitivity and
wider linear range to the detection of hydrogen peroxide in
comparison with the ZnO- and SnO,-based biosensors.
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Introduction

One-dimensional (1D) nanostructures, such as nanorods,
nanowires, nanotubes, and nanobelts, are attractive
building blocks for the construction of electronic and
optoelectronic device systems (e.g., sensors, laser
diodes, field-effect transistors, and light-emitting
diodes) [1-4]. To date, much effort has been focused on
the integration of 1D nanoscale building blocks into 2D
and 3D ordered superstructures or complex functional
architectures, which is a crucial step toward the realiza-
tion of functional nanoscale systems [5]. Tin oxide
(Sn0O,), an important n-type wide band-gap semiconductor
(Eg=3.6 eV), is of potential applicability as transparent
electrodes, gas sensors, information storage, and solar cells
[6-8]. Although the sizes and morphologies of 1D SnO,
nanomaterials could have been well controlled [9-12],
synthesis of 1D SnO, nanomaterials with heterostructured
nanocrystals through coupling other component nanomate-
rials is still rarely studied.

Heterostructured nanocrystals, in which the primary
stems (or trunks) and the branches consist of different
nanomaterials, offer an effective approach to increase
structural complexity and acquire objective properties
[12]. Therefore, it is of key importance for the realization
of multifunctional nanodevices to control composition,
size, and morphology of hierarchical building blocks in a
predictable manner during synthesis [13]. ZnO and SnO,,
as well-known wide direct band-gap semiconductors, have
been considered as the most promising functional materi-
als due to their highly sensitive gas sensing and excellent
optical properties [14, 15]. However, few studies on ZnO/
SnO, heterostructured nanocrystals have been reported
although 1D ZnO or SnO, nanostructures have been
studied extensively. Recently, nanomaterials have been
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widely utilized to construct high-performance biosensors
[16]. It is well known that the biosensing properties of
nanomaterial-based biosensors closely associate with the
nanomaterials’ components, sizes, structures, and shapes
[17-21]. Previous studies have indicated that, for com-
posite nanomaterials with two or more components, one
component usually amplifies the properties of the other
components and even generates new properties [18, 22].
Moreover, these composite nanomaterials usually possess
higher surface area, numerous nanometer-scale cavities,
and highly active sites, which are very useful for proteins
to sequester in the cavities or bind on the surface. At
present, many papers on ZnO or SnO, nanomaterial-
constructed biosensors have been published [19, 23, 24].
However, to the best of our knowledge, this is the first
study showing that ZnO/SnO, heterostructured nanocrys-
tals are utilized to immobilize proteins and construct
electrochemical biosensors. In the present work, ZnO/
SnO, heterostructured nanocrystals in which 1D SnO,
nanocrystals grown on ZnO nanowires were fabricated by
hydrothermal method. The ZnO/SnO, nanostructures were
explored to build a biosensing platform by immobilizing
hemoglobin (Hb) with chitosan (Chi). Meanwhile, the
biological activity and electrochemical properties of the
Hb entrapped in ZnO/SnO,—Chi composite film were
measured.

Experimental
Materials

Hb (MW 64,500, from bovine blood) and Chi were
purchased from Sigma-Aldrich. The following analytical
reagent-grade reagents were obtained from Guangdong
Guanghua Chemical Reagent Co.: zinc acetate (Zn
(Ac)2°2H,0), sodium hydroxide (NaOH), ethanol
(C,Hs0OH), tin chloride (SnCl4 5H,0), heptane, hexanol,
sodium dodecyl sulfate, sodium dihydrogen phosphate
(NaH,PO,), disodium hydrogen phosphate (Na,HPO,),
phosphoric acid (H3;PO,), hydrogen peroxide (H,0,),
concentrated hydrochloric acid (HCI), concentrated
nitric acid (HNO3), and high-purity nitrogen. All of the
above reagents were used without further purification.
Milli-Q water (>18.0 MQ cm™ ') was used to prepare all
aqueous solutions. All glassware used were washed with
aqua regia and rinsed with >18.0 MQ cm™ " water prior to
use. A volume of 20 mM of phosphate buffer solution
(PBS, pH 7.0) was prepared by mixing 39 mL 20 mM
NaH,PO, and 61 mL 20 mM Na,HPO,, and then various
pH values of PBS were obtained through adjusting the
PBS pH with a small quantity of 0.1 M H3PO,4 or NaOH
solutions.
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Synthesis of ZnO/SnO, heterostructured nanomaterials

In a typical procedure for the synthesis of ZnO/SnO,
heterostructured nanomaterials, 1 mmol Zn(Ac), 2H,O and
10 mmol NaOH were first added into a Teflon-lined
stainless steel autoclave, respectively. Then, 30 mL
C,HsOH was also introduced into the autoclave. Finally,
ZnO nanowires were obtained by heating the autoclave at
150 °C for 24 h, repeatedly centrifuging and washing the
supernatant reaction mixture with milli-Q water and
absolute ethanol several times, and drying at 80 °C for
4 h while the sample was cooled to room temperature;
SnCly 5H,0 (0.1169 g) and NaOH (0.2667 g) were added
into 2 mL H,O under stirring, respectively. Then, heptane
(10.0 mL), hexanol (3.0 mL), sodium dodecyl sulfate
(1.44 ¢g), and the freshly prepared ZnO nanowires (0.01 g)
were added into the mixed solution and kept stirred for
3 min to form a homogeneous solution. After ultrasonica-
tion for 10 min, the mixture was transferred into a 25-mL
Teflon-lined autoclave and heated to 180 °C for 24 h. When
cooled to room temperature naturally, the resulting precip-
itates were collected by centrifugation, washed with
absolute ethanol and milli-Q water several times, and dried
at 80 °C for 5 h. SnO, nanocrystals were prepared using the
same procedure except not adding 0.01 g ZnO nanowires.

Preparation of modified electrodes

A 3-mm-diameter glassy carbon (GC) electrode was polished
with alumina (AL,O;) slurry of successively smaller particles
(1.0, 0.3, and 0.05 um in diameter, respectively). Then, the
electrode was cleaned by ultrasonication in ultrapure water
and ethanol, respectively. In a typical procedure for the
preparation of the ZnO/SnO,—Chi—Hb-modified electrode, the
Zn0O/SnO, nanostructures were firstly sonicated for 20 min,
then equal volumes of 2 mg/mL ZnO/SnO, nanostructures,
2 mg/mL chitosan, and 4 mg/mL Hb were mixed. Next, 5 pL.
of the solution was cast onto the GC electrode surface with a
10-puL syringe. Finally, a uniform film electrode was formed
through putting the as-prepared electrode overnight at room
temperature and then using such for electrochemical inves-
tigations or storing at 4 °C in a refrigerator when not in use.
For comparison, SnO,—Chi-Hb/GC and ZnO/SnO,—Chi/GC
electrodes were also prepared. The suspension containing
2 mg/mL Hb, 1 mg/mL Chi, and 1 mg/mL SnO, nanocrystals
was used to construct the SnO,—~Chi—-Hb/GC electrode while
I mg/mL ZnO/SnO, and 1 mg/mL Chi solution were
employed to fabricate the ZnO/SnO,—Chi/GC electrode.

Apparatus and measurements

Transmission electron microscopy (TEM) was performed
with a Hitachi H-7500 microscope operated at 80 kV.
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Scanning electron microscopy (SEM) and energy-dispersive
X-ray spectroscopy (EDS) were carried out with a field-
emission microscope (LEO, 1530 VP) operated at an acceler-
ating voltage of 30 kV. X-ray diffraction (XRD) pattern was
recorded on a powder sample using a D/max-IIIA (Japan)
X-ray diffractometer with graphite monochromatized Cu Ko«
radiation (A=0.15418 nm) ranging from 10° to 90°. UV-
visible (UV—vis) absorption spectroscopy measurement was
carried out with a U-3010 spectrophotometer (Hitachi, Japan).
Electrochemical measurements were performed at room
temperature using a CHI660 electrochemical workstation
(CH Instru. Co., Shanghai, China). Electrochemical imped-
ance spectroscopy spectra were acquired using an AUTOLAB
advanced electrochemical system (Swiss). The measurements
were based on a three-electrode system with the as-prepared
film electrode as the working electrode, a platinum wire as the
auxiliary electrode, and a saturated Ag/AgCl electrode as the
reference electrode. Without special statement, 20 mM pH 7.0
PBS was used as the electrolyte in all experiments.

Results and discussion

Morphology and structure characterization of the ZnO/
SnO, heterostructured nanomaterials

Fig. 1 a, b TEM and ¢, d SEM
images of SnO, nanomaterials
and ZnO/SnO, heterostructured
nanomaterials produced thus,
respectively

Figure 1 shows typical TEM and SEM images of SnO,
nanocrystals and ZnO/SnO, heterostructured nanomaterials
produced thus, respectively. As could be seen from Fig. 1a,
¢, the SnO, nanocrystals had average diameter and aspect
ratio of ca. 82 nm and 3.1, respectively, and consisted of
many short nanorods. In this system, the ZnO nanowires
could be prepared through reacting among the Zn
(Ac),"2H,0, NaOH, and C,HsOH precursors [25]. Using
the ZnO nanowires, a tremendous quantity of well-aligned
SnO, nanorods with average diameter and aspect ratio of
4 nm and 12, respectively, could be grown through adding
SnCly 5H,0, NaOH, heptane, hexanol, and sodium dodecyl
sulfate under hydrothermal atmosphere (Fig. 1b, d). To
verify the component of the sample produced thus, EDS
measurement was preformed. The Cu, C, and Au elements
(Fig. 2) were from the copper grid and spurted Au made for
the SEM sample. The appearance of the three elements Zn,
Sn, and O indicated that the sample was probably ZnO/
SnO, nanostructures.

To further investigate the components of the samples,
XRD measurements were carried out. Figure 3 gives the
XRD patterns of the SnO, nanomaterials and ZnO/SnO,
heterostructured nanomaterials. It could be clearly seen
from Fig. 3a that all diffraction peaks at 33.7°, 37.6°, 51.6°,
54.5°, 58.0°, 61.6°, 65.0°, 71.4°, and 78.5° could be
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Fig. 2 EDS image of the ZnO/SnO, heterostructured nanomaterials
prepared thus

indexed to (101), (200), (211), (220), (002), (310), (112),
(202), and (231) planes of the tetragonal rutile structure of
SnO, (JCPDS: 03-0439), respectively, demonstrating that
the sample was pure SnO,. Besides the diffraction peaks
of the SnO,, four new diffraction peaks, corresponding to
(100), (002), (101), and (102) crystallographic planes,
were also observed in Fig. 3b, which further demonstrated
that the ZnO/SnO, heterostructured nanomaterials were
formed and the secondary-grown SnO, nanorod branches
and the primary ZnO nanowire substrates were highly
crystallized.

Biocompatibility and electron transfer property
characterization of the ZnO/SnO,—Chi—Hb composite film

It is well known that UV—visible absorption is sensitive
for determining the characteristic structure of redox
proteins [26—29]. Previous studies have proved that the
biological activity of heme proteins depend on the Soret
absorption band position of heme because it can provide
information on possible denaturation of heme proteins

* 100

* 002
* 101
*102

Intensity/a.u.
10

30 40 50 60 70 80 90
20/degrees

Fig. 3 XRD patterns of (a) SnO, nanocrystals and (b) ZnO/SnO,

heterostructured nanomaterials prepared thus. The diffraction peaks
marked with asterisk belong to those of ZnO
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[30]. Figure 4 shows the UV—visible absorption spectra of
the dry ZnO/SnO,—Chi, Hb, and ZnO/SnO,—Chi—Hb
films. No UV-visible absorption peak of the dry ZnO/
SnO,—Chi film could be observed (curves a). An obvious
UV-visible absorption peak at around 405 nm from dry
Hb film could be clearly discerned, which was a
characteristic Soret absorption band (curve c). When Hb
was entrapped in the ZnO/SnO,—Chi film (curve b), both
peak position and intensity of the Hb spectrum were
nearly invariable in comparison with that of pure Hb film,
suggesting that the Hb still retained the essential feature of
its native secondary structure in the ZnO/SnO,—Chi—Hb
film and had good biocompatibility with the ZnO/SnO,
heterostructures.

Figure 5 displays Nyquist plots of different modified GC
electrodes in pH 7.0 0.1 M KCI solution containing 5 mM
[Fe(CN)¢]*”* (1:1). In the Chi-modified GC electrode
(curve a), electron transfer resistance (R.) could be
estimated to be about 183 2, implying that Chi was a good
medium for electron transfer. When the ZnO/SnO, or SnO,
nanomaterials were deposited, respectively, on the GC
electrodes through cross-linking with Chi, a small increase
of the interfacial resistance (about 643 €2 and 671 2, curves
b and c) was observed, which was probably due to the spatial
resistance between nanomaterials and the probe molecule, Fe
(CN)s>*". With further introducing Hb onto the modified
electrodes, a significant increase in the interfacial resistance
(about 10,021 and 20,710 €2, curves d and ¢) was observed,
indicating that Hb hindering the electron transfer pathway
was successfully immobilized on the electrode surface.
Nevertheless, the R (about 10,021 €, curve d) of the
Zn0O/SnO,-based electrode was much smaller than that
(about 20,710 €2, curve e) of the SnO,-based electrode.
The phenomenon indicated that the ZnO/SnO, nanostruc-
tures possessed better ionic conductivity and electron transfer
property in comparison with the SnO, nanocrystals.

Intensity/a.u
= e
|
||I
\

1 ' I " 1 . I L 1
360 380 400 420 440
Wavelength/nm

Fig. 4 UV-visible spectra of (@) dry ZnO/SnO,—Chi, () ZnO/SnO,—
Chi-Hb, and (c) Hb film
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Fig. 5 Nyquist plots of different modified GC electrodes in 5 mM [Fe
(CN)6]37/ *"and 0.1 M KClI solution at pH 7.0 (a) Chi/GC, (b) ZnO/
Sn0,—Chi/GC, (¢) SnO,—Chi/GC, (d) ZnO/SnO,—Chi—Hb/GC, and (e)
SnO,—Chi-Hb/GC

Direct electrochemical property of the Hb immobilized
Zn0O/Sn0O,-modified electrode

Cyclic voltammograms of GC electrodes modified with
Zn0O/SnO,—Chi, SnO,—Chi-Hb, and ZnO/SnO,—~Chi—Hb in
20 mM pH 7.0 PBS with scan rate of 0.2 Vs ' are shown in
Fig. 6. No redox peaks at the ZnO/SnO,—Chi-modified
electrode were observed (curve a), showing that the ZnO/
SnO, heterostructures were not an electroactive material in
the potential range. However, a pair of nearly reversible and
well-defined peaks could be observed at the ZnO/SnO,—
Chi-Hb electrode (curve c), which could be attributed to
the direct electron transfer between the Hb and the
underlying electrode [31]. This indicated that the direct
electron transfer for the Hb—Fe'/Fe redox couple could be
acquired at the ZnO/SnO,-based biosensor. Interestingly,
compared with the ZnO/SnO,—Chi—Hb electrode, the redox
peaks observed at the SnO,—Chi-Hb electrode (curve b)

Fig. 6 Cyclic voltammograms of (@) ZnO/SnO,—Chi/GC, (b) SnO,—
Chi-Hb/GC, and (¢) ZnO/SnO,—Chi—-Hb/GC electrodes in 20 mM
PBS (pH 7.0). Scan rate, 0.2 Vs~

were much smaller (less than twofold). The result indicated
that the ZnO/SnO, heterostructures could greatly facilitate
electron transfer between the Hb and the underlying
electrode. The apparent formal potential £°' (estimated as
(EpatEpc)/2, where E,, and E,. are the anodic and
cathodic peak potentials, respectively) of the Hb entrapped
in the ZnO/SnO,—Chi composite film was found to be
about —0.26 V, which was similar to those obtained in some
previous studies [32-34]. The peak-to-peak separation
(AE,) was about 39 mV at 0.2 Vs!, which was much
smaller than those reported for Hb in Fe;O,4 nanoparticles
[35] and meso-porous silica matrix [36] observed at the
same scan rate. Such a smaller AE, value revealed a more
reversible behavior for faster electron transfer of the Hb
immobilized in the ZnO/SnO, heterostructures. The
enhanced redox currents and smaller AEp indicated that
ZnO/Sn0O, heterostructures had better ionic conductivity
and a faster electron transfer rate as compared with the
SnO, nanocrystals.

Using Faraday’s law, Q=nFAI* (Q, n, F, A, and I*
represent the quantity of charge, the number of electrons
transferred, Faraday constant, effective electrode area, and
surface average concentration of electroactive enzyme,
respectively), the I'** of the electroactive Hb in the ZnO/
SnO,—Chi film film was estimated to be about 6.01x%
10" mol cm 2 (assuming a one-electron transfer reaction),
which was three times higher than that of the theoretical
monolayer coverage (about 1.9x10"!" mol cm™?) [37]. This
suggested that three layers of the self-assembly Hb mole-
cules closest to the electrode participated in transferring
electrons to the underlying electrode.

Figure 7 gives the cyclic voltammograms of the ZnO/
SnO,—Chi—Hb/GC electrode scanned at low and high scan

0.2 0.0 0.2 -04 -0.6 08

EWV

-8 02 00 02 04 06 08
EIV
T

I
0 1 2 3 4 5

Fig. 7 Calibration plot of catholic (curve a) and anodic (curve b) peak
currents vs. scan rates from 0.1 to 10 Vs~ of ZnO/SnO,~Chi—Hb/GC
electrode. The insets are cyclic voltammograms measured with scan
rates from 0.1 to 5.0 V™', respectively
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rates, respectively. It could be seen that both reduction
and oxidation peak currents increased linearly with
increasing scan rates from 0.1 to 5 Vs ', indicating that
all of the electroactive Hb in the film were reduced on the
forwarded cathodic scan and the reduced Hb were then
converted to the oxidized form on the reverse anodic scan.
This result indicated that the ZnO/SnO, nanostructures
provided a friendly microenvironment for the intercalated
Hb to maintain its activity to a great extent and it was a
surface-confined electrochemical process. The kinetic
parameter k, of the Hb immobilized on the ZnO/SnO,-
modified electrode was estimated using the model of
Laviron [38]:

loghks/s™' = alog(l —a) + (1 —a)loga — log[(%)/s]

_a(l —a)nFAE,
2.3RT

where «, k,, AE,, n, R, T, and v mean charge transfer
coefficient, heterogeneous electron transfer rate constant,
peak separation, the number of electrons transferred, gas
constant, absolute temperature, and scan rate, respectively.
Taking « and v as 0.5 and 0.2 Vs !, the value of k was
determined to be about 17.4 s~', suggesting a fast electron
transfer process of Hb at the ZnO/SnO, nanostructure-
modified electrode.

The influence of the solution pH on the electrochemistry
behavior of Hb at the ZnO/SnO,—-Chi-Hb/GC electrode
was also evaluated. Figure 8 gives the cyclic voltammo-
grams of the ZnO/SnO,—Chi-Hb/GC electrode in the
solutions with different pH values. It was found that the
direct electrochemistry of the ZnO/SnO,—Chi-Hb/GC
electrode intimately depended on solution pH and that
stable and well-defined cyclic voltammograms could be
observed in the pH range of 4.0-9.0. With an increase in
the pH from 4.0 to 9.0, both the reduction and oxidation
peaks shifted linearly to the negative, and thus the
apparent formal potential also decreased. Moreover, all
these voltammetric peak potentials switched among
different pH values were reversible. The plot of the
apparent formal potentials versus pH values is shown in
the inset of Fig. 8. The linear dependence of E°' on pH
suggested that the redox reaction, except for electron
transfer, also accompanied proton transfer. The slope from
the linear plot of £°’ versus pH was around —49.6 mV/pH,
which was close to the expected value of —58.0 mV/pH for
a single proton transfer coupled to a reversible single
electron transfer [39]. Therefore, the reaction could be
represented as follows:

Hb[Heme(Fe")| + H* + ¢~ =Hb[Heme(Fe")]
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Fig. 8 Cyclic voltammograms of the ZnO/SnO,—Chi—-Hb/GC elec-
trode with pH values of 4.0, 5.0, 6.0, 7.0, 8.0, and 9.0 (from /lefi to
right), respectively. Inset, plot of the apparent formal potentials versus
pH values. Scan rate, 0.2 Vs
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300. b Plot of the electrocatalytic current (/) versus HO, concentration
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Electrocatalytic property of the ZnO/SnO,—Chi—-Hb/GC
electrode

In the biosensing system, the electrocatalytic property of
the ZnO/SnO,—Chi-Hb/GC electrode was studied through
taking H,O, as model. When H,O, was added to 20 mM
pH 7.0 PBS, the voltammograms of the ZnO/SnO,—Chi—
Hb/GC electrode showed a significant increase in the
reduction peak current at about —0.30 V with the
disappearance of the oxidation peak current, suggesting
that a typical electrocatalytic reduction of H,O, occurred
(Fig. 9a). Figure 9b gives the plot of electrocatalytic
currents (l.,) versus H,O, concentrations for the ZnO/
SnO,—Chi—Hb electrode in 20 mM pH 7.0 PBS. With
increasing H,O, concentration, the cathodic reduction
current linearly increased initially and then tended to level
off. The linear range was from 2.0x10°° to 3.7x10* M
(R=0.998, n=11), which was much wider than the reported
value [40]. The detection limit of H,O, at the ZnO/SnO,—
Chi-Hb/GC electrode was 4.6x1077 M when signal-to-
noise ratio (S/N) was 3. Biosensor sensitivity was associ-
ated with the biosensor’s performance, biocompatibility,
and stability, the enzyme electrode of which was calculated
to be about 52.8 mA ¢cm > M through dividing the plot
slope of the electrocatalytic current (/) versus H,O,
concentration by the electrode area. Also, the sensitivities
of the ZnO- and SnO,-based biosensors were 10.6 and
8.4 mA cm 2 M, respectively. Compared with the ZnO-
and SnO,-based biosensors, the higher sensitivity of the
Zn0O/SnO,-based biosensor indicated that Hb entrapped in
the composite film had excellent bioelectrocatalytic activity
towards H,O,. The apparent Michaelis—-Menton constant
(Kn) could be estimated according to the Lineweaver—Burk
equation [41]:

15T = D + K C

where I, Inax, and C stand for the steady-state response
current after the addition of substrate, the maximum current
measured under saturated substrate condition, and the bulk
concentration of the substrate. In this biosensing system,
Ky was estimated to be about 0.63 mM, which was smaller
than that reported [42]. The relatively small Ky, indicated
that the Hb immobilized on the ZnO/SnO, heterostructures
was of strong affinity to H,O, and the ZnO/SnO,—Chi-Hb/
GC electrode had high catalytic efficiency to the reduction
in H,O, over a wide linear range with low detection limit.

Reproducibility and stability of the biosensor
The reproducibility of the biosensor was evaluated at a given

concentration in the linear range by cyclic voltammetric
measurements. The relative standard deviation (R.S.D.) of the

biosensor response to 60 uM H,O, for six successive
measurements was 1.8%, indicating good reproducibility.
To evaluate electrode-to-electrode reproducibility, six bio-
sensors were prepared under the same and independent
conditions. The R.S.D. of the biosensors was 2.9%,
indicating good electrode-to-electrode reproducibility. The
stability of the biosensor was studied by comparing the cyclic
voltammetric peak currents of the Hb entrapped in the ZnO/
SnO,—Chi composite film with time intervals of 4 h. The
decrease of the cathodic peak current of the biosensor
immersed in PBS for 4 h was less than 3.1%, indicating that
the biosensor possessed good stability. Moreover, the
biosensor could retain 94.6% of its initial response after
15-day storage, suggesting good long-term stability. The
good reproducibility and stability could be ascribed to the
unique microstructure, shape, and good biocompatibility of
the ZnO/SnO;, heterostructures.

Conclusion

In summary, we have successfully fabricated ZnO/SnO,
heterostructured nanomaterials by hydrothermal method in
which the SnO, nanorods grew in quantity on the surface
of ZnO nanowires. The ZnO/SnO, heterostructures with
highly active sites were explored for the construct of direct
electrochemical biosensor and have also been proved to be
a good matrix for protein immobilization and electro-
chemical biosensor construction. Our results revealed that
the Hb entrapped in the composite film still retained its
essential secondary structure and the ZnO/SnO,-based
biosensor not only had enhanced direct electron transfer
capacity but also displayed excellent electrocatalytic
properties such as high sensitivity, wide linear range, low
detection limit, good reproducibility and stability, and
good long-term stability for the detection of H,0,. The
Zn0O/Sn0O, heterostructures are also expected to find
potential applications in biomedical, food, and environ-
mental analysis and detection.
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