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We introduce a novel structure of ZnO nanorods (NRs) grown on ZnO NRs (ZnO NRs/NRs) via a facile, low-cost, and
environmentally friendly synthesis for galactose biosensor application. The galactose oxidase enzyme (GalO,) is immobilized on
the ZnO NR/NR surface to form the novel electrode structure (GalO,|ZnO NRs/NRs). The GalO,|ZnO NR/NR electrode has a
linear detection range of current density from 11.30 uA/mm? to 18.16 uA/mm? over a galactose concentration range from
40 mM to 230 mM, indicating the increment of electrode sensitivity up to 60.7%. The ZnO NR/NR morphology with a high
surface area to volume ratio has a great contribution to the electrochemical performance of galactose biosensor. Our results
propose a straightforward approach to fabricate architecturally ZnO-based nanostructure for biosensor application.

1. Introduction

Galactose (Gal), a common monosaccharide, is an impor-
tant energy resource in living organisms [1]. Gal in the
human body can be converted into glucose, which is the pri-
mary fuel for cellular energy production. The metabolism of
Gal is based on the hydrolysis of lactose, which involves the
significant contribution of various types of enzymes such as
galactokinase, galactose-1-phosphate uridylic transferase,
beta-galactoside, and galactose-6-phosphate epimerase [2].
However, the metabolism of Gal can cause the detrimental
effect to the human body, so-called galactosemia, when the
amount of one of the enzymes is insufficient [3]. The galac-
tosemia is an inherited disorder that affects how our body
processes Gal, and the symptoms of galactosemia result from
an inability to use Gal to produce energy [4]. For instance, a
high level of Gal in infant bodies (>1.1 mM) may develop
cataracts, liver diseases, and kidney problems [5]. Even with

medical treatment, children may suffer from learning dis-
abilities, and females with galactosemia may have problems
with their ovaries [5, 6]. In the most serious case, the
build-up of Gal can be very dangerous to the brain, leading
to death [7]. Therefore, the quantitative determination and
control of the Gal level in the human body, food, or dairy
products are extremely important. So far, the most common
method for the Gal analysis is the enzyme-based techniques
using two types of enzymes: galactose oxidase (GalO,) or
galactose dehydrogenase (GADH), in association with
spectrophotometric, polarimetric, and fluorometric detec-
tion of enzymatic products [8, 9]. The GADH technique
has been developed and commercialized; however, it is still
expensive, time-consuming, and inconvenient (requires
skilled personnel to operate them) [8-10]. Thus, electro-
chemical measurements, especially in conjunction with the
use of amperometric biosensors based on GalO,, are becom-
ing more attractive for Gal analysis [11]. Such biosensors
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utilize the capability of GalO, to catalyze Gal, as described
by the following equations:

GalO.

D — galactose + O, — “*~*D — galactohexodialdose + H,O,

(1)

H,0, » O, +2H" +2¢~ (2)

The electrochemical monitoring of the enzymatically
produced H,O, provides the analytical response. In fact,
the electron transfer of the reaction of H,O, can be
detected easily even at low potentials, providing the signal
of current in electrochemical measurement [11]. These
anodic and cathodic currents are directly proportional to
the amount of Gal [12, 13]. These aspects of GalO,-based
electrochemical biosensors would allow for the develop-
ment of rapid, highly selective, sensitive, and low-cost ana-
Iytical devices. The key feature of such biosensors is
properties of electrode materials which allow the effective
immobilization of the GalO, enzyme, one of the best cata-
lytic agents for Gal [14]. In recent years, many efforts have
been focused on the development of metallic nanoparticle-
(NP-) based Gal biosensor, e.g., gold NPs, due to their good
conductivity, electrocatalytic ability, biocompatibility, and
availability of many active sites [15-17]. However, these
NPs are very easy to be aggregated, inducing the deteriora-
tion of their outstanding properties and instability of GalO,
immobilization [18, 19]. Another choice of electrode mate-
rial is the use of cross-linking polymers, forming the
three-dimensional network to entrap GalO, [20-22]. The
use of synthetic polymers such as polyurethane, polyacryl-
amide, polyvinylchloride, polyvinyl alcohol, and polyvinyl
formal (PVF) provides several advantages such as chemical
resistance, high mechanical strength, and the feasible com-
bination with buffer components [23, 24]. However, most
of the disadvantages of these polymers are their poor con-
ductivity, hindering the direct electron transfer (DET)
between an enzyme and electrode. The disadvantages of
NPs and polymers turn out that the proper materials for
Gal biosensor must possess the proper physical/chemical
properties and structure to guarantee not only the enzyme
immobilization but also the DET process. In this context,
ZnO has been recognized as a promising electrode material
for Gal biosensor due to its interesting properties such as
good chemical stability, good electron transport, nontoxic,
high biological compatibility, and high isoelectric point
(IP 9.5) [25-27]. In terms of material design, ZnO can be
available in a variety of nanostructures such as nanowires,
nanorods, and nanotubes which can be grown at the low
temperature via the solution method [28]. Among these
nanostructures, ZnO nanorod (NR) has shown numerous
applications in the fields of bioelectronics because its high
surface area to volume ratios allow great combination with
immobilized enzymes [14, 29, 30]. Moreover, ZnO can
maintain the activity of the enzyme due to the high bio-
compatibility and enhance the DET between the enzyme’s
active sites and the electrode. Also, the high IP of ZnO
(9.5) makes it a good matrix to immobilize low isoelectric
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point enzymes, e.g., GalO, (4.61), by electrostatic interac-
tions with high binding stability [31, 32].

Herein, we fabricate a novel nanostructure of ZnO NRs
grown on ZnO NRs (ZnO NRs/NRs) using the solution
method. The produced nanostructure demonstrates a signif-
icant increase in surface area to volume ratio with respect to
that of ZnO NRs only, for Gal biosensor. Furthermore,
GalO, is successfully immobilized in the ZnO NRs/NRs by
using glutaraldehyde as a cross-linker. The effect of the mor-
phologies of the ZnO nanocrystals on the GalO, immobili-
zation applied in Gal biosensor is systematically studied.
Our result is opening a new strategy to synthesize the novel
ZnO nanostructure based on a facile, low-cost, and
eco-friendly method for Gal biosensor application.

2. Experimental

2.1. Reagents and Materials. For synthesis of ZnO NRs, zinc
acetate dihydrate Zn(CH,COO),-2H,0, ethanol C,H;OH,
and monoethanolamine NH,CH,CH,OH are purchased
from Merck, Germany. Acetone C;H O is obtained from
QREC, Malaysia. The phosphate buffered saline (pH =7.4)
is purchased from HiMedia, India. Glutaraldehyde C;H,O,
is purchased from Merck, and galactose oxidase (lyophilizes
powder > 3000 units/g solid) was from Sigma-Aldrich.

2.2. The Growth of ZnO NRs and ZnO NRs/NRs on FTO
Substrate. Reagent grade (RG) zinc acetate dihydrate and
monoethanolamine (MEA) were first dissolved in an etha-
nol solvent with a Zn** concentration of 0.75M to form a
seed solution. This solution was magnetically stirred at
room temperature for 2 hours. Fluorine doped tin oxide
(FTO) substrate was coated with the seed solution by using
a spin coating and then annealed at 500°C to form a ZnO
seed layer. The size (area) of the FTO substrate is 1.2 cm?.

The ZnO NRs and ZnO NRs/NRs were fabricated from
seed ZnO-coated FTO substrate. The ZnO NRs were used
as a reference to evaluate the effect of ZnO NP/NR mor-
phology on the performance of Gal biosensor. In detail,
precursor zinc nitrate dehydrates (Zn(NO;),-2H,0) and
hexamethylenetetramine (HMTA, C,H,,N,) were dissolved
in an aqueous solution with a Zn** concentration of
0.02M. This solution was stirred at room temperature for
2 hours. After that, the prepared ZnO seed layer on FTO
substrate was dipped in that solution and kept in an oven
at 80°C for 2 hours to form ZnO NRs. To synthesize ZnO
NRs/NRs, the FTO-coated ZnO seed layer was dipped in
above solution for 5 hours at 80°C to form large ZnO
NRs; the small ZnO NRs were subsequently grown at
80°C for 2 hours. Finally, products are rinsed with water
and dried in an argon stream.

2.3. The Immobilization of the Galactose Oxidase Enzyme on
ZnO Nanostructures. The 2.5% glutaraldehyde (GA) in
0.1 mM phosphate buffer solution (PBS) and GalO, solution
in PBS having a concentration of 2mg/mL of enzyme are
mixed in one bottle, then ZnO substrate is dipped into it
in 3.5 hours at room temperature to examine the saturation
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FIGURE 1: (a) Scanning electron microscope and (b) X-ray diffraction patterns of RD of ZnO NRs and ZnO NRs/NRs.

of the ZnO surface with the GalO, enzyme immobilized
ZnO electrode (GalO,|ZnO).

2.4. Characterization. The ZnO NR samples were character-
ized by X-ray diffraction spectrometer (XRD) D8 Bruker
with Cu Ka radiation source (A= 1.5417 A), 20 range 30-
40°, 0.03° step size, and scanning speed = 12°/min. The
surface morphology of ZnO NRs and ZnO NR/NR samples
was investigated by FE-SEM S4800-Hitachi at the voltage
of 10kV.

The optical absorption spectra (OAS) of GalO, enzyme
solution after the immobilization on ZnO NRs were
measured by UV-Vis spectroscopy U2910, Hitachi, Japan
(A =450 -700nm).

The FTIR spectroscopy of ZnO NRs and ZnO NR/NR
samples after and before GalO, enzyme immobilization
was carried out by an FTIR spectrophotometer JASCO-4700,
Japan (wavenumber range 500-3500 cm™).

The electrochemical properties of the proposed Gal bio-
sensor based on the GalO, immobilized ZnO NRs and ZnO
NR/NR electrode in Gal solution (200 mM) were measured
by the cyclic voltammetry (CV) method with the MPG-2
analyzer (Bio-Logic), using GalO,|ZnO NRs and GalO,|ZnO
NRs/NRs as a working electrode, a platinum plate as the
counter electrode, and an Ag/AgCl electrode as the reference
one. Then the measurement was carried out at a scan rate of
100 mV/s with the potential range from -0.5V to 1.0V.

3. Results and Discussion

3.1. Structure and Morphology of ZnO Nanostructures. In this
work, the ZnO NR/NR structure is grown by means of the
solution method which has the advantages of simplicity,
low-cost, and environment-friendliness. The surface mor-
phology of ZnO and ZnO NRs/NRs is examined by SEM.
Figure 1(a) depicts SEM micrograph of ZnO NRs/NRs;
the inset showing the morphology of ZnO NRs only. The
SEM images of ZnO NRs show the hexagonal structure of
these NRs with the higher vertical alignment on ZnO

seed-coated FTO substrate, and the average diameter of
NRs is about 45 nm. The well-aligned ZnO NR arrays could
be attributed to the effective growth of ZnO seeds via the
solution method. The one-dimensional (1D) structure of
ZnO NRs supplies good orientation and a large surface area
which is favorable for enzyme immobilization. Besides, the
SEM image of the ZnO NRs/NRs describes a novel mor-
phology of the small ZnO NRs grown on the large ZnO
NRs (the average diameter of large ZnO NRs is 800 nm).
This morphology provides the larger surface area than
ZnO NRs only (see the inset), allowing the higher quantity
of enzyme immobilized on the ZnO NR/NR surface with
respect to ZnO NRs. The structure and lattice parameters
of ZnO NRs and ZnO NRs/NRs are analyzed by X-ray dif-
fraction (XRD). As shown in Figure 1(b), the XRD patterns
of ZnO NRs and ZnO NRs/NRs show three typical peaks
(100), (002), and (101) are located at 20 =33.5°, 34.5°,
and 37.7° (JCPDF card no 36-1451), respectively, suggesting
the hexagonal wurtzite lattice of ZnO NRs [33, 34]. The
typical (002) peaks appear at 34.5°, presenting the preferen-
tial orientation of NRs along the c-axis. In the case of ZnO
NRs, the intensities of other peaks such as (100) and (101)
are comparatively lower than that of (002) peaks, implying
the fact that the highly oriented along c-axis of ZnO NRs,
perpendicular to the plane of the FTO substrate. However,
the XRD pattern of ZnO NRs/NRs shows the significant
increase in intensities of (100) and (101) peaks with respect
to that of the (002) peak. It is because the growth of small
ZnO NRs on the surface of large ZnO NRs causes the rise
of different orientations, e.g, (100) and (101) other than
preferential (002) orientation. The XRD result of ZnO
NRs and ZnO NRs/NRs is in agreement with the morpho-
logical characterization in SEM images, as shown in
Figure 1(a).

3.2. The Activity of Working Electrodes Based on Different
Morphologies of ZnO. The FT-IR spectroscopy was used to
study the enzyme immobilization on the ZnO NR surface.
Figure 2 shows the FT-IR spectra of ZnO NRs va ZnO
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F1GURE 2: FT-IR spectra of (a) ZnO NRs and (b) ZnO NRs/NRs after and before GalO, enzyme immobilization.

NRs/NRs before and after successful GalO, enzyme immo-
bilization. Before GalO, immobilization, the peaks at
~523-525cm™ correlated to stretching modes of Zn-O
[35], whereas the peaks at ~3386-3380 cm™  and
1569 cm™ corresponding to O-H hydroxyl stretching vibra-
tion of absorbed water molecules on the surface of the
ZnO NRs are clearly observed in both cases of ZnO NRs
and ZnO NRs/NRs [14, 36]. After the GalO, immobiliza-
tion, the peaks at ~525, 1082, 1569, 2944, and 3386cm’
are shifted to the right-hand side, indicating the interaction
between the GalO, with the surface of the ZnO NRs. The
presence of different peaks in the spectra might be because
of impurity in samples [14].

The amount of the GalO, enzyme immobilized on the
ZnO surface is calculated by the Bradford method [35, 36].
The principle of this method relies on the change of max-
imum absorption wavelength of the Coomassie Brilliant
Blue (CBB) reagent in the presence of different bovine
serum albumin (BSA) protein concentrations. It is neces-
sary to build the calibration curve before calculating the
concentration of GalO,. To realize this, the different con-
centrations of BAS protein are added into CBB to form
the homogeneous solutions (six samples). The optical den-
sity (OD) values of these solutions are measured at the
wavelength of 595nm. It has been reported that without
the albumin enzyme, the maximum absorption peak can
be obtained at the wavelength of 465nm [37]. However,
the maximum absorption wavelength changes to 595nm
when adding albumin to this solution [37]. Therefore, the
OD of enzyme solution is measured at 595 nm wavelength,
and this OD value relates to BSA content in solution. By
Bradford method, the calibration curve is plotted based
on the linear relation of BSA concentrations and OD of
enzyme solutions, as shown in Figure 3. Importantly, the
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calibration curve delivers the standard equation for the
calculation of the GalO, concentration, as follows:

y =1030.1x — 0.0195, (3)

where y is the OD value of the enzyme at 595nm and x is
the concentration of the enzyme.

Equation (3) expresses the regression line with the
regression coefficient of 1030.1 and the intercept of
-0.0195. Thus, the limit of detection (LOD) [38, 39] could
be estimated as the following:

(4)

LOD = 3.3 ( SEv/n )

Regression coefficient
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FIGURE 4: Optical absorption spectra of GalO, enzyme solution after the immobilization on ZnO NRs and ZnO NR/NR surfaces.
TaBLE 1: Optical density values and the efficiency of the GalO, enzyme immobilization on ZnO NRs and ZnO NR/NR surfaces.
Sample GalO,|ZnO NRs GalO,|ZnO NRs/NRs
OD value 0.083 0.075
AOD 0.022 0.014
Enzyme concentration (find out from Bradford standard graph) (ug) 23.1 14.5
Enzyme content after the immobilization (ug) 1.155 725
Immobilized enzyme content (ug) 845 1.275
H% 42.25 63.75

where LOD is the limit of detection, SE is the standard
error of intercept which can be calculated to be 0.889, n
is the number of measurements, and the value of regression
coefficient is 1030.1. Therefore, the value of LOD of the
calibration cure (Figure 3) is calculated as 5.47E>.

In this study, the BSA protein is replaced by the GalO,
enzyme. The GalO, contents immobilized on ZnO NRs and
ZnO NRs/NRs are calculated from the OD values of GalO,
enzyme solutions after 3.5 hours of immobilization. More-
over, the efficiency of the immobilization (H%) can be
found out based on the calibration curve:

CO_CI'

0

H% = -100%,

()

where C, is the concentration of the enzyme at the beginning
and C; is the concentration of the enzyme after immobilization.

The OAS spectra of these enzyme solutions in both
cases of ZnO NRs and ZnO NRs/NRs after the immobiliza-
tion are acquired in the 450nm to 700nm wavelength
range to obtain the OD values. As shown in Figure 4, the
absorption peaks at ~525nm associated with the OD values
of enzyme solutions of 0.0745 and 0.827 for ZnO NRs and
ZnO NRs/NRs, respectively. The efficiency of the GalO,
immobilization on the ZnO NR surface is 42.3%, and it
increases to 63.8% when GalO, is immobilized on ZnO

NR/NR surface. It is clearly demonstrated that the amount
of the GalO, enzyme immobilized on the ZnO NR/NR sur-
face increases because of the high surface to volume ratio of
the ZnO NR/NR structure. The ZnO NR/NR structure can
be featured on a three-dimensional structure, providing a
high surface area for the larger enzyme immobilization with
respect to the case of ZnO NRs only [11, 40]. The OD
values and immobilization efficiencies of the GalO, enzyme
solutions after the immobilization on ZnO NRs and ZnO
NRs/NRs were summarized in Table 1.

To examine the catalytic activity of ZnO-based immobi-
lized electrodes, we performed cyclic voltammetry measure-
ment. All experiments are carried out with GalO,
immobilized ZnO NRs (GalO,|ZnO) and GalO, immobi-
lized ZnO NR/NR (GalO,|ZnO NRs/NRs) electrodes at a
scan rate of 100mV/s with the potential range from
-0.5V to 1.0V. As shown in Figure 5, the cyclic voltammo-
grams (CV) of GalO,|ZnO NRs express the oxidation peak
at 0.3V, and the current density is observed about
0.12puA/mm”. On the other hand, in the case of the
GalO,|ZnO NR/NR electrode, this peak appears at 0.25V
with the enhanced value of current density 0.18 uA/mm?
with respect to that of the GalO,|ZnO NR electrode. The
presence of these two oxidation peaks indicates the oxida-
tion of Gal with the GalO, catalyst assist, which has been
well explained by equations (1) and (2) [13]. Moreover,
the potential difference between these two peaks (0.3V
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and 0.25V) may be since the different contact resistances
caused the difference of interface contact between GalO,
and ZnO surfaces. Importantly, the higher current density
of the GalO,|ZnO NR/NR electrode (0.18 ptA/mmz) with
respect to the GalO,|ZnO NR (0.12 uA/mm®) one indicates
that more oxidation reactions are taking place on the surface
of the GalO,|ZnO NR/NR electrode than that of GalO,|ZnO
NRs. This result confirms the novel morphology of ZnO
NRs/NRs (see SEM image in Figure 1(a)), providing the high
surface to volume ratio to increase the amount of the GalO,
enzyme immobilized on the ZnO surface (as calculated in
Table 1). The high concentration of GalO, promotes the oxi-
dation of Gal by its catalytic capability, promoting the electron
transfer process (see equations (1) and (2)) of reaction which
causes the enhancement of the peak current density.

The various cyclic voltammetry measurements of
GalO,|ZnO NRs and GalO,|ZnO NR electrodes in different
concentrations of Gal solution, ranging from 40mM to
230mM, are carried out to evaluate the performance of
these biosensors. The current densities delivered from the
oxidation peaks in the CV results of GalO,|ZnO NRs and
GalO,|ZnO NR/NR electrodes exhibit the linear correlation
with the Gal concentrations, as illustrated in Figure 6. In
the case of the GalO,ZnO NR electrode, the average
current density linearly increases with the increasing of
Gal concentration. This linear correlation is expressed by
equation y =0.0142x + 9.3511, as depicted in the black line
in Figure 6. On the other hand, this linear correlation, see
the red line in Figure 6, is associated with equation y =
0.0369x + 10.063 in the case of GalO,|ZnO NRs/NRs. The
values of regression coefficients are calculated to be 0.0139
and 0.0364 for GalO,|ZnO NRs and GalO,|ZnO NRs/NRs,
respectively. Besides, according to equation (4), the LODs
are calculated to be 105.62mM and 54.742mM for
GalO,|ZnO NRs and GalO,|ZnO NRs/NRs, respectively.
These results imply the better sensitivity of the GalO,|ZnO
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NR/NR electrode with respect to the GalO,|ZnO NR one at
the elevated concentration of Gal.

Also, with the increased concentration of GalO, from
40mM to 230mM, the current density of the GalO,|ZnO
NR electrode increases from 10.11 gA/mm?® to 12.88 pA/mm?,
implying the increase of 27.40%. Meanwhile, the current den-
sity of the GalO,|ZnO NR/NR electrode increases from
11.30 yA/mm” to 18.16 yA/mm”, corresponding to the incre-
ment of 60.7%. This demonstrates that the sensitivity of the
GalO,|ZnO NR/NR electrode is superior to that of the
GalO,|ZnO NR one. These results come from the novel struc-
ture of ZnO NRs/NRs with a high surface area, providing the
increase in the amount of GalO, enzyme immobilization with
respect to the ZnO NR structure.

4. Conclusion

A novel nanostructure of ZnO NRs/NRs has been success-
fully synthesized via the solution method. This structure
enables the excellent GalO, immobilization since its special
morphology provides a high surface area to volume ratio,
therefore enhancing the performance of Gal biosensor.
Remarkably, the electrochemical response acquired from
CV analysis shows that the current density of the
GalO,|ZnO NR/NR (0.18 uA/mm®) electrode is higher than
that of the GalO,|ZnO NR electrode (0.12 ptA/mmZ). More-
over, as the concentration of Gal solution increases from
40mM to 230mM, the sensitivity of the GalO,|ZnO
NR/NR electrode increases 60.7%, which is much higher
than that of the GalO.ZnO NR one (27.4%). Thus, the
novel structure of ZnO NRs/NRs is opening a promising
research direction in material synthesis via the facile, low-
cost, and environmentally friendly method, for high-
performance biosensors.
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