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ABSTRACT: Single-crystalline ZnO nanobelt-like structures (NBS) of
length, width, and thickness in the ranges of 5—10 #m, 50—400 nm, and
20—100 nm, respectively, are synthesized by a one-step, template-free
electrochemical deposition technique at 0 °C. Scanning electron micro-
scopy and transmission electron microscopy (TEM) reveal a unique
morphology of the as-synthesized NBS, with an oval-shaped cross section.
High-resolution TEM and selected area electron diffraction studies 0 2 4 6 8 10
turther confirm that individual NBS are single-crystalline, with a growth
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direction of [1010], while the X-ray diffraction data indicate its characteristic wurtzite structure. The successful formation of ZnO
NBS at 0 °C using this simple, aqueous-solution-based, bottom-up approach is further exploited to fabricate a bionanocomposite. In
particular, incorporation of a biomolecule, i.e., glucose oxidase (GOx) into the ZnO NBS in situ during electrodeposition is found to
be highly effective in enhancing the activity and stability. The resulting GOx-embedded ZnO NBS are found to exhibit not only a
higher enzymatic activity but also remarkable stability when compared to GOx surface-immobilized ZnO NBS. The present direct
biomolecular embedment approach promises a new strategy for incorporating other compatible biomolecules in situ at low

temperature while preserving their bioactivity.

1. INTRODUCTION

ZnO is one of the transparent conducting oxide semiconduc-
tors with a high technological demand in the fields of optoelec-
tronics, catalysis, rubber industry, and cosmetics. The last few
years have witnessed the synthesis of a wide variety of ZnO
nanostructures b;r both thermal evaporation' > and wet-chem-
istry methods.*”” The use of high temperature (500—1000 °C)
in these thermal evaporation techniques necessitates a larger
energy consumption and more expensive, heat-tolerable sub-
strates, such as silicon and sapphire, to deposit the ZnO nanomater-
jals. In contrast, wet-chemistry methods such as hydrothermal,>®
sol—gel,”" chemical bath deposition,"'** and electrodeposition®
require a far lower synthesis temperature (70—200 °C), allowing
“greener” development of nanomaterials on low-cost glass®'* and
flexible plastic substrates.'>~'” To date, several attempts have been
made to synthesize ZnO and other inorganic semiconducting oxide
materials at room temperature,'*~** which also makes viable potential
biological applications. As bacteria and viruses have been found to
provide ordering of inorganic nanocrystals into novel architectures in
nanomaterials,>~*® an in situ, flexible synthetic procedure capable of
producing nanostructured materials in bulk quantities at a low
temperature without incapacitating these living organisms would be
highly desirable in the development of biologically active nanocom-
posites. Recently, Rica et al. successfully used an enzyme urease as
a catalytic template to grow crystalline ZnO nanoshells at room
temperature.'® There is high potential to incorporate other biomo-
lecules to engineer the nanostructured materials in situ during the
synthesis process, provided that the process can be conducted at a
“bio-friendly” temperature (below room temperature) without sig-
nificantly impeding on the desired yield.
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Since the first report of quasi one-dimensional (1D) ZnO
nanomaterials, i.e., nanobelt, synthesized by thermal evaporation
of ZnO powders at 1400 °C onto an alumina substrate by Pan
etal,”® ZnO nanobelts have been used in several applications.*
These quasi 1D ZnO nanobelts have not only specific axial growth
but also well-defined side facets, unlike the more common 1D
nanomaterials (e.g,, nanowires and nanotubes) that grow along an
axial direction without any well-defined growth in the lateral
direction.® There are only a few reports of producing ZnO
nanobelts using the lower-temperature wet chemistry methods,
where the synthesis has been successfully attempted from 200 °C
down to room temperature.”>* As most biologically active
materials and living organisms are more stable below room
temperature,® the water freezing point would therefore represent
the ultimate temperature to develop biologically active nanoma-
terials involving aqueous solution chemistry. By varying different
electrodeposition parameters, we controlled the growth conditions
to successfully produce quasi 1D ZnO nanobelt-like structures
(NBS) at 0 °C on two different conducting substrates, a flexible
In,03/Au/Ag coated polyethylene terephthalate (PET) and an
indium—tin-oxide coated glass (ITO-glass) substrate, by using a
one-step, template-free electrochemical deposition technique. To
our best knowledge, such synthesis of ZnO nanostructures below
room temperature has never been reported. To demonstrate the
advantage of this low-temperature synthesis technique, we per-
formed direct incorporation of an enzyme, i.e., glucose oxidase
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Figure 1. SEM images of ZnO nanobelt-like structures electrodeposited on a conducting PET substrate at 0 °C in 0.1 M Zn(NO3), - 6H,O mixed with

0.1 M KClI electrolyte for 180 min.

(GOx), into ZnO NBS during material growth to produce a
nanocomposite. In the past, biomolecules have generally been
attached to the surface of the material by either physical (such as
adsorption, entrapment, or encapsulation) or chemical (such as
cross-linking, covalent bonding, or electrochemical poly-
merization) methods after the material is formed.* Despite several
recent studies on biofunctionalization®” > and surface immobili-
zation of biomolecules,*~** onto nanomaterials for applications in
drug delivery,®” tissue engineering,** and biosensors,** no study
has been reported on embedding biomolecules directly into an
inorganic host nanomaterial in situ during growth. This manner of
direct incorporation is particularly challenging due to the require-
ments of not only the presence of an aqueous medium but also a
low growth temperature, preferably below room temperature, to
preserve the activity of biomolecules during the nanomaterial
growth. The present approach of direct embedding of biomole-
cules into nanostructure during growth could provide the perfor-
mance enhancement** and new possibilities in such applications as
slow-release drug delivery and extended-use biosensors. GOx is
known to be a widely used enzyme in studies on the surface
immobilization of various nanomaterials for biosensor applications
(particularly for monitoring blood sugar levels in diabetic
patients).*” The preparation of ZnO nanomaterials at 0 °C and
direct incorporation of GOx into ZnO NBS during the low-
temperature growth paves a new way of fabricating other bioactive
nanocomposites appropriate for a wide range of applications.

2. MATERIALS AND METHODS

2.1. Synthesis of ZnO Nanobelt-Like Structures. A conven-
tional three-electrode electrochemical glass cell placed in an ice
bath was used for the ZnO NBS growth. A 10 mL solution of 0.1
M Zn(NO3), - 6H,O mixed with 0.1 M KCI (both from Aldrich)
was used as the electrolyte to produce NBS. To incorporate GOx
into the NBS during growth, S mg of GOx (211 U/mg, Fluka)
was added to the above electrolyte. Surface immobilization of
ZnO NBS was carried out by dipping the NBS sample into the
same phosphate buffer solution of GOx (with the same con-
centration) for 24 h at 4 °C. The working electrode was either an
In,O3/Au/Ag-coated PET or an ITO-coated glass substrate,
with a sheet resistance <10 Q (Delta Technologies Limited,
Minnesota). Cathodic electrodeposition was carried out at an
applied potential of —1.4 V with respect to the Ag/AgCl
reference electrode, with a Pt wire serving as the counter
electrode. After the deposition, the samples were washed thor-
oughly several times with Milli-Q water and dried in a nitrogen-
filled box overnight before characterization. All GOx-incorpo-
rated samples were stored at 4 °C.

2.2. Characterization. The surface morphologies and com-
position of the electrodeposits were examined by using a LEO
FESEM 1530 field-emission scanning electron microscope
(SEM), equipped with an EDAX Pegasus 1200 energy-dispersive
X-ray analysis system (EDX). The crystal structure of the
nanodeposits was characterized by X-ray diffraction (XRD) using
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Figure 2. (a) SEM image and elemental EDX maps of (b) Zn K, and (c) O K,, for nanobelt-like structures electrodeposited on a conducting PET
substrate at 0 °C for 180 min. The circles mark the grains with a substantially higher Zn signal.

a PANalytical X'Pert Pro MRD diffractometer with Cu Ka
radiation (1.54 A). The TEM analysis of nanobelts was carried
out with a JEOL 2010 TEM operated at 200 kV. The surface
composition of the ZnO nanostructures was analyzed by X-ray
photoelectron spectroscopy (XPS) using a Thermo-VG Scien-
tific ESCALab 250 Microprobe with a monochromatic Al Ka
source (1486.6 eV), capable of an energy resolution of 0.4—
0.5 eV full width at half-maximum.

2.3. Glucose Oxidase Assay and SDS—PAGE Analysis of
Proteins in Nanobelt-Like Structures. The activities of GOx
surface-immobilized on ZnO NBS and embedded GOx-ZnO
NBS were assayed using UV—vis spectroscopy at 510 nm and
25 °C. GOx catalyzes the oxidation of 3-p-glucose to b-glucono-
O-lactone with the concurrent release of hydrogen peroxide. The
reaction velocity can be determined by an increase in absorbance
at 510 nm resulting from the oxidation of p-hydroxybenzoic acid
and 4-aminoantipyrine through a peroxidase coupled system.
Accordingly, three assay solutions were prepared, i.e.: Solution 1,
10 mM p-hydroxybenzoic acid in 60 mM potassium phosphate
buffer (pH 7.0); Solution 2, S00 mM p-glucose in Milli-Q water;
and Solution 3, 1.5 mg of GOx in 100 mM potassium phosphate
buffer (pH 7.0), which was used for the measurement of standard
enzyme activity. Solution 1 (2 mL) was pipetted into a cuvette
containing the substrate deposited with ZnO NBS, with a small
magnetic bar placed at the bottom of the cuvette for gently
stirring, followed by 0.5 mL of Solution 2. The absorbance
increments at 510 nm were recorded for 10 min after the mixture
was incubated in the spectrophotometer for 1 min to achieve
temperature equilibration. SDS—PAGE analysis of proteins on
or inside the ZnO NBS samples was carried out using Phast
gradient gel (10—15%, GE healthcare, QC). The “surface GOx”
content was measured by washing both the surface-immobilized
and embedded GOx-ZnO NBS samples in a 6 M urea solution.
To measure the “bulk GOx”, both samples were dissolved in
0.5 mL HCI solutions (50 mM) for 30 s. All protein fractions
were precipitated with 10% trichloroacetic acid and cleaned up
with acetone and then dried with Vac-spin centrifugation. The
resulting dried powder was solubilized in 10 uL of the
SDS—PAGE sample loading buffer.

3. RESULTS AND DISCUSSION

3.1. ZnO Nanobelt-Like Structures: Morphology and
Growth Mechanism. Figure 1 shows the SEM images of NBS
at different magnifications grown on a PET substrate in an
electrolyte solution of 0.1 M Zn(NO3), - 6H,O mixed with 0.1
M KCI (serving as the supporting electrolyte) at 0 °C for 180
min. These NBS are found to grow uniformly over the entire

substrate (10 mm X S mm), as shown in Figure 1a. The NBS also
appear to be slender and flexible, with the longer belts bending
over and lying nearly horizontal on the substrate surface
(Figure 1d—f). The length, width, and thickness of these NBS
are measured to be in the ranges of 5—10 um, 50—400 nm, and
20—100 nm, respectively (Figure 1). Unlike the nanobelts
previously reported to have a uniform thickness across the
width,***3! the NBS obtained in the present work have an
oval-shaped cross section, with the central part thicker than the
edge (Figure lc, inset). Closer examination of the relatively
rough textures of the NBS reveals thin ribbons or threadlike
structures merging into one another (Figure 1f). To further
characterize the composition of the NBS samples, EDX ele-
mental mapping of zinc and oxygen has been performed for a
selected region of less densely populated NBS shown in
Figure 2a. As expected, strong intensities are detected within
the NBS locations in the Zn (Figure 2b) and O elemental maps
(Figure 2c). However, some of the grains/particles in Figure 2a
appear to exhibit mainly the Zn signal, with substantially less O
signal. This indicates that the grains deposited over the substrate
are primarily zinc, whereas the NBS are ZnO. The formation of
metallic zinc is attributed to the low deposition temperature and
a high negative applied potential used for the electrodeposition.
Similar ZnO NBS have also been deposited on ITO-glass,
suggesting that the substrate does not play an important role in
their formation.

To gain a more detailed understanding of the growth evolu-
tion and formation mechanism of ZnO NBS, we repeated the
electrodeposition by systematically varying the deposition time
while keeping all other parameters constant. Figure 3 shows
the growth evolution of NBS on a PET substrate at different
deposition times. After 1 min of deposition, discontinuous
growth of gel-like ZnO nanostructures is observed (Figures 3a
and 3b). These structures became a continuous film after 5 min
of deposition (SEM images not shown). After 10 (Figure 3c) and
15 min (Figure 3d) of deposition, whisker structures appeared to
emerge from the grainlike structures. Direct growth of NBS on
the PET substrate has also been found in localized areas as shown
in Figure 3d. Figure 3e shows the corresponding EDX spectra of
two different regions marked in Figure 3d, which show a higher
stoichiometric ratio of Zn:O in the grain regions as compared to
the NBS regions, indicating the codeposition of Zn grains during
electrodeposition. This is in accord with our EDX mapping result
shown in Figure 2, which also reveals the presence of Zn grains.
With increasing the deposition time to 30 (Figure 3f), 60, and
120 min (Figures 3g and 3h), the lengths and integrity of the
NBS became more developed, while their uniformity over the
substrate continued to improve. Figure 4 shows a schematic
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Figure 3. SEM images of ZnO nanobelt-like structures electrodepos-
ited at 0 °C on conducting PET substrates for a total deposition time of
(ab) 1, (c) 10, (d) 15, (f) 30, and (gh) 120 min and (e) EDX spectra of
regions A and B marked in (d).

Figure 4. Schematic growth model of ZnO nanobelt-like structures
at 0 °C.

diagram of growth evolution of NBS on a conducting PET
substrate at 0 °C.

In accord with the earlier studies, a plausible mechanism
for the formation of ZnO NBS can be envisioned as below. The
Zn(NOs), - 6H,0 salt used as the electrolyte produces Zn** ions
and NO;  in the aqueous solution. The detailed reaction
mechanism occurring during the electrodeposition of ZnO is
discussed elsewhere.”™*® Briefly, reduction of nitrate to nitrite
ions generates hydroxide ions at the cathode surface.

NO;~ + H,0 + 2¢~ — NO,” + 20H~ (1)

6,45—47

The Zn*" ions undergo a hydroxylation reaction with the OH
ions in the solution to produce Zn(OH), on the cathode surface,
which is then converted to ZnO upon dehydration.

Zn*" + 20H™ — Zn(OH), (2)

Zn(OH), — ZnO + H,0 (3)

Intensity

10 20 30 40 50 60 70 80
Two Theta (degree)

Figure 5. GIXRD pattern of the ZnO nanobelt-like structures electro-
deposited on an ITO-glass substrate at 0 °C. The crystallographic planes
for the prominent ZnO and Zn features are identified.

The overall reaction can therefore be written as
Zn*" + NO;~ + 2e” — ZnO + NO,~ (4)

In addition to the above reactions, the Zn>" ions can also be
directly reduced to Zn. In the present work, we observed the
presence of both Zn and ZnO, indicating the contributions from
both reactions during the growth evolution. Our finding shows
that the morphology is related to the composition of the
nanostructures deposited at 0 °C, with the individual NBS and
grainlike structures consisting of ZnO and Zn, respectively. It
should be noted that no Zn was found in the earlier study even
though the deposition was carried out in the same electrolyte
with the same concentration [0.1 M Zn(NO;),6H,0] at the
same applied potential (—1.4 V),* which could be due to the
higher temperature (70 °C) used in the electrodeposition, unlike
the present work. The morphology of the agglomerated flower-
type ZnO nanostructures in the earlier study™ is also strikingly
different from that in the present work. While the exact mechan-
ism is not clear, the use of a low deposition temperature (0 °C), a
large negative applied potential (—1.4 V), and a high electrolyte
concentration (0.1 M) appears to be the key to attaining an
intricate balance of the kinetic reaction rates between the
hydroxylation and dehydration reactions to facilitate the evolu-
tion of the quasi-1D beltlike nanostructure. The deposition
temperature and electrolyte concentration have significant ef-
fects on the formation of ZnO nanostructures. We reported the
evolution of 2D ZnO nanowalls from nanosheets by increasing
the deposition temperature from room temperature to 70 °C at
—1.1 V.*° The effect of electrolyte concentration on the forma-
tion of diverse ZnO nanostructures such as nanowalls, nanodisks,
nanospikes, nanopillars, and nanospheres has been discussed
elsewhere.**" From our previous studies, it can be concluded
that the deposition temperature has a milder effect than the
electrolyte concentration. Two-dimensional nanostructures with
different morphologies such as nanowalls, nanosheets, and NBS
are obtained from an electrolyte solution of 0.1 M Zn-
(NO3),+6H,0 mixed with 0.1 M KCI at a temperature of 70,
22, and 0 °C, respectively. It should be noted that the applied
potential has been increased to —1.4 V to obtain NBS because no
NBS is obtained at —1.1 V. Furthermore, the involvement of C1™
ions in the NBS formation supports the conventional 2D ZnO
growth mechanism in the electrodeposition process.*>*
Although KCl is used as the supporting electrolyte (to increase
the conductivity of the solution) for effective electrodeposition,
our earlier work has shown that Cl™ ions are adsorbed on the
(002) polar plane of ZnO, thereby restricting growth in that
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Figure 6. (a, b, and c) TEM images of typical nanobelt-like structures
and (d) HRTEM image and diffraction pattern (inset) of a section of the
nanostructure.

direction.*> An initial KCl concentration above 0.01 M is
sufficient to induce lateral growth to produce 2D nanostructures
(and in the present case quasi 1D structure because of reduced
growth in the lateral direction), while below 0.01 M 1D ZnO
nanostructural growth occurs.” The growth on the (002) plane,
i.e, along the c-axis, which is also known as the fastest growth
plane, normally produces 1D nanowires.*® The obstruction of
growth on the (002) plane of ZnO due to Cl~ adsorption
redirects the growth on the side facets producing 2D nanos-
tructures such as nanowalls,* platelet-like crystals,*” and NBS in
the present work.

3.2. Structural Properties and Composition of ZnO Nano-
belt-Like Structures. Figure 5 shows the glancing-incidence
X-ray diffraction (GIXRD) spectrum of NBS grown on an ITO-
glass substrate at 0 °C. The sharp diffraction peaks confirm the
crystalline nature of the electrodeposited nanomaterials. All the
major diffraction peaks are matched to the wurtzite ZnO
structure (JCPDS 01-070-2551), except for two features at
36.2° and 43.2° which can be assigned to, respectively, the
Zn(002) [also coinciding with ZnO(101)] and Zn(101) planes
(JCPDS 01-087-0713). The observation of Zn diffraction fea-
tures is due to the underlying grainlike layer grown on the
substrate prior to NBS nucleation, as observed in the EDX
mapping (Figure 2). It is of interest to note that there is no peak
attributable to the chlorinated zinc hydroxyl salt, ie., Zns-
(OH)sCl,* H,O (Simonkolleite), normally found for 2D ZnO
nanowalls or nanoplates obtained from the same electrolyte
concentration but at a higher temperature (70 °C) and a less
negative deposition potential (—1.1 V).*>* This suggests that
the use of a low deposition temperature and a large negative
potential in the present work suppresses the formation of the
chlorinated zinc hydroxyl salt and promotes the reduction of
Zn" to metallic zinc.

Transmission electron microscopy (TEM) was employed to
further characterize the microstructures of individual ZnO NBS
grown at 0 °C. The typical TEM images obtained from the NBS
shown in Figure 6 support the morphologies illustrated in the
SEM images (Figure 1). In particular, the contrast variations of
the TEM images in Figure 6b and 6¢ clearly reflect the nonuni-
form thickness of NBS across the width, with a thicker central
region than the thinner edges. Figure 6d shows a corresponding
high-resolution TEM image of a NBS (Figure 6¢), with the 2D
lattice fringes and the corresponding spots observed in the electron
diffraction pattern (inset) both affirming the single-crystalline
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Figure 7. XPS survey spectrum for the nanobelt-like structures electro-
deposited on an ITO-glass substrate at 0 °C.

nature of the NBS. The interlayer spacing between the fringes is
measured to be 2.8 A corresponding to the (1010) [or (100)]
crystal plane of ZnO. The diffraction pattern of the corresponding
high-resolution TEM image can be indexed as hexagonal ZnO
along the [0001] (or [002]) axis, indicating the growth of the NBS
occurring in the (1010) direction. Both of our XRD and TEM
results show that the as-synthesized nanomaterials have a crystal
structure similar to that of ZnO nanobelts, nanodisks, and
nanowalls." #2335 Therefore, even though these NBS have a
thicker central region and grow as 1D structures the obvious side
facet growth makes them pseudo 1D nanostructures.

A detailed depth-profiling X-ray photoelectron spectroscopy
(XPS) study has been performed to characterize the chemical-
state composition of the as-synthesized NBS. Figure 7 shows a
typical XPS survey spectrum of the ZnO NBS sample. In
particular, the survey spectrum shows the presence of weak Cl
2p features, in addition to the prominent Zn 2p and O 1s features.
A minor C 1s feature due to the surface contaminants arising
from sample handling is also observed. Figure 8 shows the XPS
spectra of the Zn 2p, O 1s, and CI 2p regions as a function of
sputtering time. For the as-deposited sample (at 0 s sputtering
time), the XPS peaks are found to be located at much higher BEs
than their respective reference positions,*® which can be attrib-
uted to minor sample charging due to the presence of a residual
amount of the nonconducting Zn(OH), at the surface. Upon
sputtering for 180 s, the spectral envelopes of Zn 2p, O 1s, and Cl
2p are found to shift toward the lower BE side and settle at the
respective reference positions due to removal of the nonconduct-
ing Zn(OH), at the surface. In the formation mechanism of 2D
ZnO nanostructures such as nanoplates and nanowalls,”*~* the
role of the Cl™ ions as the capping agent is well-known and has
been described above. In this mechanism, the electronegative
Cl™ ions adsorb onto the polar (+0001) plane of ZnO and hinder
growth in the [0001] direction (the c-axis), thereby promoting
the growth in the other directions, i.e,, [1010], to form the 2D
ZnO nanostructures. The presence of Cl 2p5,, (2p,,) at 198.8
eV (2004 eV) in the XPS spectra after 180 s of sputtering
(Figure 8c) suggests that the quasi 1D growth of ZnO NBS
follows a similar capping mechanism. The corresponding O 1s
spectrum of ZnO NBS after 180 s of sputtering (Figure 8b)
reveals two components at 531.8 and 530.3 eV corresponding to
Zn(OH), and ZnO, respectively, in good agreement with the
literature values.””*® The Zn(OH), component is found to
weaken, while the ZnO component strengthens with increasing
sputtering time, which indicates that Zn(OH), is present only in
the near-surface region. Figure 8a shows the corresponding Zn
2p3/2 (2p1,2) feature at 1021.7 (1044.8) eV, with the observed
spin—orbit splitting of 23.0 eV (0.1 eV) in excellent accord
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Figure 8. XPS spectra of (a) Zn 2p, (b) O 1s, and (c) Cl 2p regions as a function of sputtering time from 0's, 60s, 180's, 300 s, 600 s, 1200 s, 2100 s, to
3300 s for the nanobelt-like structures electrodeposited on an ITO-glass substrate at 0 °C.

Figure 9. SEM images of embedded GOx-ZnO nanobelt-like struc-
tures, electrodeposited on an ITO-glass substrate at 0 °C from 10 mL
electrolyte of 0.1 M Zn(NOs3), - 6H,0 mixed with 0.1 M KCl and 5 mg
of GOx for 1 h.

with the literature value of 22.97 eV.*® The single-peak nature of the
Zn 2p3/, (2p1/») feature indicates the presence of only the divalent
Zn(1I) oxidation state, corresponding to both Zn(OH), and ZnO.
The absence of a metallic Zn peak suggests that the Zn grainlike
layer is well underneath the NBS film, considerably beyond the
sputtering depth range used in the present XPS analysis.

3.3. GOx-Embedded ZnO Nanobelt-Like Structures and
Their Properties. The present low-temperature deposition
method enables us to directly integrate a biomolecule into the
ZnO NBS during growth. Here, we demonstrate this important
advantage of the new method in producing a bioactive nano-
composite using GOx as our test biomolecule. Due to the large
difference in the isoelectronic point between GOx and ZnO,
GOx is easily immobilized on the ZnO surface by a simple
dipping method.*® To incorporate GOx into the ZnO NBS in the
present work, electrodeposition was performed in a zinc nitrate
electrolyte mixed with GOx, with all other deposition parameters
fixed. During deposition, the negatively charged GOx molecules
were readily bound to the positively charged (0001) plane of
ZnO and were embedded into the NBS. Figures 9a and 9b show
the SEM images of the embedded GOx-ZnO NBS deposited on
ITO-glass for 1 h. The embedded GOx-ZnO NBS were found to
have morphology rather similar to that of ZnO NBS but with
slightly higher surface roughness and distortions as appeared in
the SEM images (Figure 9). This is believed to be due to the
involvement of GOx during the growth of ZnO NBS. To
measure the GOx activity and ascertain the incorporation of
GOx into the NBS, enzymatic activity and sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS—PAGE) analysis of
protein contents in embedded GOx-ZnO NBS were performed.
The results are compared with that obtained for GOx surface-
immobilized on ZnO NBS after growth. Parts (), (b), and (c) of
Figure 10 show the schematic models of pristine ZnO NBS and

(d)

220 1T 1 2 3 4 5 68 7 8
- Embedded GOx-ZnO
g' O\D‘O NBS 97
© ~o— o _ | GOx - o ee
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Figure 10. Schematic model diagram of ZnO nanobelt-like structures
(a) as-synthesized without GOx and (b) with GOx surface-immobilized
after growth and (c) with GOx directly embedded during growth. (d)
Operational stability of embedded and surface-immobilized GOx-ZnO
nanostructures as a function of storage time at 4 °C. (e) SDS—PAGE
analysis of embedded and surface-immobilized GOx-ZnO nanostruc-
tures after 9 days. Lane 1, molecular weight marker in kilodalton (kDa);
Lane 2, GOx standard; Lanes 3, 4, and S, the “total GOx”, “surface GOx”,
and “bulk GOx”, respectively, of embedded GOx-ZnO nanostructures;
Lanes 6, 7, and 8, the “total GOx”, “surface GOx”, and “bulk GOx”,
respectively, of the surface-immobilized GOx-ZnO nanostructures.

surface-immobilized and embedded GOx-ZnO NBS, respec-
tively. In Figure 10d, we compare the GOx activities of the
surface-immobilized and embedded GOx-ZnO NBS. Evidently,
the GOx activity of the embedded GOx-ZnO NBS not only is
considerably higher (by at least 50% initially) but also remains
more stable with less degradation over an extended period of
time compared to that of the surface-immobilized GOx-ZnO
NBS. In the embedded GOx-ZnO NBS, a remarkably smaller
reduction in the GOx activity (of less than 15%) was observed
over the 9-day test period (Figure 10d), compared to that of the
surface-immobilized GOx-ZnO NBS. Although the latter still
maintained a strong enzymatic activity based on the assay of
enzyme activity, it has lost over $3% of its initial activity in 9 days.
This suggests that in the case of embedded GOx-ZnO NBS GOx
was incorporated deep into the structures of the NBS and
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therefore not easily washed out by repeated measurements.
However, in the case of the surface-immobilized sample, GOx
was slowly removed during washing after each measurement.
Furthermore, at the end of the 9-day stability test period, the
protein contents in the embedded and surface-immobilized
GOx-ZnO NBS were analyzed by SDS—PAGE (Figure 10e).
As observed from the intensity (Figure 10e), a higher quantity of
“total GOx” (corresponding to the total amount of GOx) is
observed in the embedded GOx-ZnO NBS (lane 3) as compared
to surface-immobilized GOx-ZnO NBS (lane 6). The “surface
GOx” was measured by washing both samples in a strong 6 M
urea solution. As expected, the intensity of GOx for the surface-
immobilized NBS (lane 7) is slightly higher than that of the
embedded GOx-ZnO NBS (lane 4). These samples were then
dissolved in HCl to measure the “bulk GOx”, i.e., GOx embedded
inside the respective NBS. Almost negligible “bulk GOx” in-
tensity is observed from the surface-immobilized NBS (lane 8)
relative to embedded GOx-ZnO NBS (lane 5), which confirms
the direct incorporation of GOx into the structures of NBS
during the deposition. It should be noted that the GOx loading
time (equivalent to the deposition time) for embedded GOx-
ZnO NBS was considerably shorter (1 h) than that of surface-
immobilized GOx-ZnO NBS (24 h of dipping). The higher
activity, longer stability, and shorter enzyme loading time for the
embedded GOx-ZnO NBS therefore all illustrate a highly
efficient process of producing bioactive nanomaterials when
compared to the surface-immobilized methods.

4. CONCLUSIONS

In summary, quasi one-dimensional ZnO NBS have been
grown on both conducting PET and ITO-glass substrates using a
simple, one-step, template-free electrochemical technique for the
first time at 0 °C. Our microscopic studies on the as-synthesized
NBS show a unique oval-shape cross-sectional morphology. The
high-resolution TEM and electron diffraction pattern confirm
the single-crystalline structure of individual NBS with a growth
direction of [1010]. We believe that the low electrodeposition
temperature and higher negative applied potential offer an
optimal set of kinetic conditions for the competing reaction
steps (hydroxylation, dehydration, and Cl™ capping) in the
production of the ZnO NBS. Furthermore, we have successfully
demonstrated the direct incorporation of GOx into the structure
of the ZnO NBS during growth, and these embedded GOx-ZnO
NBS are found to be more active and stable when compared to
the surface-immobilized GOx-ZnO NBS. The present direct
incorporation approach of using low-temperature growth of
nanobelts at 0 °C can be extended to other biomolecules, for
developing novel bionanocomposites. As illustrated in the pre-
sent work, the substantial increase in the retention time of
biomolecules inside these bionanocomposites could lead to
significant improvement in slow-release drug delivery and ex-
tended-use biosensor applications.
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