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Abstract: Electrochemically anodized TiO, nanotube arrays (NTAs) were used as a support material
for the electrodeposition of zinc nanoparticles. The morphology, composition, and crystallinity of
the materials were examined using scanning electron microscopy (SEM). Electrochemical impedance
spectroscopy (EIS) was performed to evaluate the electrochemical properties of TiO; NTAs. Annealing
post-anodization was shown to be effective in lowering the impedance of the TiO; NTAs (measured
at 1 kHz frequency). Zinc nanohexagons (NHexs) with a mean diameter of ~300 nm and thickness of
10-20 nm were decorated on the surface of TiO; NTAs (with a pore diameter of ~80 nm and tube
length of ~5 um) via an electrodeposition process using a zinc-containing deep eutectic solvent. EIS
and CV tests were performed to evaluate the functionality of zinc-decorated TiO, NTAs (Zn/TiO,
NTAs) for glucose oxidation applications. The Zn/TiO, NTA electrocatalysts obtained at 40 °C
demonstrated enhanced glucose sensitivity (160.8 nA mM~! em~2 and 4.38 uA mM ! em~2) over
zinc-based electrocatalysts reported previously. The Zn/TiO, NTA electrocatalysts developed in this
work could be considered as a promising biocompatible electrocatalyst material for in vivo glucose
oxidation applications.
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1. Introduction

Diabetes management relies heavily on blood glucose monitoring [1]. Electrochemical
glucose sensors are most commonly used today for glucose monitoring due to their high
sensitivity, reproducibility, easy maintenance, and low cost [2,3]. Among the most common
commercially available glucose sensors, amperometric types have been extensively studied
over the past few decades [3,4]. Such sensors are classified as invasive and non-invasive,
where the invasive sensors typically work with analytes with higher glucose concentra-
tions (i.e., blood), while the non-invasive sensors deal with analytes with lower glucose
concentrations (i.e., sweat) [3]. By measuring the current generated when electrons are
exchanged between an electrode and a biological system, amperometric sensors can detect
both direct and indirect electron transfers [2,3]. However, both invasive and non-invasive
point-of-care measurements are prone to neglecting abrupt spikes in blood glucose concen-
trations between measurements because they are intermittent measurements. Alternatively,
a continuous profile of blood glucose levels can provide a full picture of the patient’s
condition throughout the day [5]. Therefore, an implantable direct glucose sensing device
is required for continuous and accurate glucose monitoring.

Furthermore, an implantable sensor increases the accuracy and clinical relevance
of the data as it detects glucose in the intravenous blood rather than in the peripheral
blood [2]. Most high-sensitivity glucose sensing materials that have been developed are
not biocompatible, thus making it necessary to develop high-performance “biocompatible”
glucose sensing materials [6].

Nanomanufacturing 2024, 4, 187-201. https://doi.org/10.3390 /nanomanufacturing4040013

https://www.mdpi.com/journal /nanomanufacturing


https://doi.org/10.3390/nanomanufacturing4040013
https://doi.org/10.3390/nanomanufacturing4040013
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/nanomanufacturing
https://www.mdpi.com
https://orcid.org/0000-0002-3754-1551
https://orcid.org/0000-0001-7129-5019
https://doi.org/10.3390/nanomanufacturing4040013
https://www.mdpi.com/journal/nanomanufacturing
https://www.mdpi.com/article/10.3390/nanomanufacturing4040013?type=check_update&version=2

Nanomanufacturing 2024, 4

188

Recently, non-enzymatic electrochemical approaches have shown promise in remedy-
ing the shortcomings of enzymatic systems for in vivo applications, such as relatively high
cost and short lifetime due to the thermal and chemical instability of enzymes [7-11]. For
non-enzymatic glucose sensors, using materials like transition metals provides comparable
electrochemical sensing properties as the enzymatic systems while maintaining a low cost
and higher stability in operation. A number of novel materials have been developed for
direct glucose detection in the blood and body fluids. Among various metal-based mate-
rials and their oxides, only a limited number (e.g., Ti, Zn, and Ir) have been identified as
biocompatible for direct blood contact.

Transition metal oxides have shown to be promising electrode materials in electro-
chemical applications such as non-enzymatic glucose sensors [12]. On the other hand,
these metal oxides also present the challenge of low electrical conductivity and poor ion
transport kinetics [13]. Past studies indicate that nanostructures could improve the elec-
trochemical processes due to enhanced charge transfer kinetics. One-dimensional (1D)
nanostructures such as nanotubes have recently become popular as electrode architectures
for electrochemical devices due to their enhanced nano-scale properties. Materials with 1D
nanoporous structures could create a more efficient path for current transfer and facilitate
ion diffusion. Furthermore, 1D porous nanostructures could increase the surface area of
the electrode material, resulting in a more efficient electrode with a smaller form factor
enabling device miniaturization [4,14,15]. An ideal support material should have the fol-
lowing characteristics: (1) high surface area and abundant active sites for catalyst loading,
(2) defined pathways for electron transfer, and (3) low cost and facile preparation [16].
Using 1D nanoporous substrates of metals and metal oxides as a vehicle for catalytic re-
actions via loading catalyst materials (such as metal nanoparticles) appears to meet these
characteristics and be a viable option for improving the electrochemical performance of
metal oxide-based sensing devices [14-17].

Traditional noble metal electrodes with a smooth surface in glucose oxidizing elec-
trodes are highly biocompatible, but face several challenges such as high cost and inefficient
oxidation of glucose [4,18]. Nanomaterials that facilitate the charge transfer process could
potentially resolve the sensitivity issues faced by these traditional electrodes [19]. Titania
nanotubes are becoming increasingly attractive to electrochemical applications as a support-
ing material because of their high biocompatibility, wear resistance in an electrochemical
environment, and easy fabrication/scalability. Being a transition metal oxide nanostructure,
titania nanotube arrays provide a highly ordered nanoporous morphology for the diffusion
of charged species [20-23].

While there is a wide selection of metal nanoparticle candidates for use as a catalyst
material in glucose oxidation, a limited number of these materials are biocompatible. Among
highly sensitive multicomponent non-enzymatic glucose sensing materials, copper-based
electrodes (e.g., CuO/Cu, Au/CuO, and CuyO/TiO, nanotubes) have been reported with
high glucose sensitivities: 708.7, 3490.7, and 157.45 uA mM~! cm~2, respectively [24-26].
However, copper is not known to be a biocompatible material, and copper oxide has toxicity
towards mammalian cells; therefore, it is not ideal for in vivo applications [27].

Zinc compounds have been widely used in optoelectronics and sensor devices [28,29].
Zinc presents a viable biocompatible catalyst material for the electrodes of implantable
glucose sensors due to its nontoxicity, chemical stability, and electrochemical activity [28].
Currently, non-enzymatic electrochemical sensing materials require improved electrode
performance while maintaining biocompatibility. We have previously reported on the
fabrication of biocompatible Zn/TiO, NTAs [30]. This work aims to examine the electrocat-
alytic properties of the previously developed Zn/TiO; NTAs for the application of glucose
oxidation. Biocompatible metal nanoparticles, such as zinc, decorated on biocompatible
titania nanotube arrays could constitute a multifunctional electrode material system for
potential applications in non-enzymatic implantable glucose biosensors.
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2. Experimental Methods
2.1. Titania Nanotube Arrays Fabrication

TiO, nanotube arrays (hereafter referred to as TiO, NTAs) were fabricated using
an electrochemical anodization process. The anodization was performed at 40 V in a
two-electrode setup with polished titanium foils (>99.98%, Sigma-Aldrich, St. Louis, MO,
USA) as the anode and a platinum foil (99.99%, BTC, Hudson, NH, USA) as the cathode in
the electrolyte solution, with 0.5 wt% of ammonium fluoride (NH4F), 3 vol% of D.I. water,
and 96 vol% of ethylene glycol. The anodization process was carried out in two steps. The
first anodization was conducted at 40 V for 1 h. Then, the nanotubes were removed by
ultrasonication in D.I. water to generate footprints on the titanium substrate. The second
anodization was carried out at 40 V for 30 min to produce a high-quality nanotube layer. A
group of two-step as-anodized TiO, NTA samples were then annealed at 450 °C for 4 h in
air using a Lindberg/Blue MTM Mini-Mite Tube Furnace to convert the amorphous TiO,
nanotubes to crystalline anatase. The one-step as-anodized TiO; NTA samples were named
“one-step anodized/as-anodized” or briefly “as-anodized”, and the two-step as-anodized
TiO, NTA samples that underwent annealing were named “annealed”.

2.2. Electrodeposition of Zinc on TiO» NTAs

The zinc electrodeposition process was performed using chronoamperometry in EC-
Lab software accompanied with a potentiostat (BioLogic SP-50e, Seyssinet-Pariset, France)
at a constant potential of —1.6 V at 40 °C for 5 min in a 3-electrode setup with a TiO, NTAs
as the working electrode, an Ag/AgCl (Basi. Inc., West Lafayette, IN, USA) electrode as
the reference electrode, and a platinum electrode (Basi. Inc., West Lafayette, IN, USA) as
the counter electrode. A zinc-containing deep eutectic solvent was used as the electrolyte.
ZnCl, salt was dissolved in an ethaline eutectic mixture (choline chloride and ethylene
glycol, 1:2 molar ratio). After the electrodeposition, the deposited sample was taken out
and rinsed with isopropyl alcohol (IPA) and D.I. water to eliminate the remaining ethaline
and possible chlorine on the sample due to surface tension and absorption.

2.3. Microstructure and Compositional Characterization

Morphology and compositional characterization of TiO, NTAs and Zn/TiO, NTAs
was performed using SEM and XRD analyses. Scanning electron microscopy (SEM) analyses
were performed using an Apreo2 scanning electron microscope (Thermo Fisher Scientific,
Waltham, MA, USA). X-ray diffraction (XRD) was performed to identify the crystalline
phases in the samples.

2.4. Electrochemical Measurements

Cyclic voltammetry (CV) tests were carried out using EC-Lab (v11.43) software accom-
panied with a potentiostat (BioLogic SP-50e) on annealed TiO, NTAs and 40 °C-deposited
Zn/TiO; NTA samples in 0.1 M NaOH with different glucose concentrations, since non-
enzymatic glucose sensing materials perform favorably in alkaline environments [31]. In
addition, an NaOH concentration of 0.1 M has been reported to be optimal for glucose
oxidation in an alkaline medium [32]. The Zn/TiO, NTA sample served as the working
electrode. An Ag/AgCl (Basi. Inc., West Lafayette, IN, USA) electrode was used as the
reference electrode, and a platinum electrode (Basi. Inc., West Lafayette, IN, USA) as
the counter electrode. A complete CV scan cycle was established from the 1 V to —0.5V
potential range to reveal redox peaks. A number of CV tests were performed using different
scan rates (10 mV s~1-100 mV s~ 1) to further investigate the redox process at the working
electrode surface.
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In order to investigate the glucose sensing performance of the samples, chronoamper-
ometry was performed using EC-Lab (v11.43) software accompanied with a potentiostat
(BioLogic SP-50e) on TiO, NTAs and 40 °C-deposited Zn/TiO, NTAs in a 0.1 M NaOH
solution with different glucose concentrations at the potential step of 0.7 V, which was de-
termined by experimenting with multiple potentials to obtain a set of chronoamperometry
data that presents a sufficient range of linear behavior as well as low noise [31]. After each
step of chronoamperometry (100 s), 0.5 mM of glucose (0-5 mM in total) was added to
the 0.1 M NaOH solution and stirred with a magnetic stirrer until completely dissolved.
With each successive addition of glucose, the change in current response was recorded to
determine the glucose sensitivity.

EIS measurements were conducted using EC-Lab (v11.43) software accompanied with
a potentiostat (BioLogic SP-50e) on the TiO, NTAs and Zn/TiO; NTAs. The measurements
were carried out in 1X phosphate buffered saline (1X PBS) with the addition of 5 mM
glucose to the solution in order to examine the impedance of the samples during glucose
oxidation in the simulated physiological environment. Impedance measurements were
taken at the 1 kHz frequency to more closely simulate actual in vivo conditions when the
material interacts with blood [33]. An AC current of 0.05 A was applied to the working
electrode (i.e., TiO, NTAs and Zn/TiO; NTAs) in the frequency range of 10 kHz-1 Hz, with
25 steps per decade for frequencies higher than 5 Hz, and 7 steps per decade for frequencies
lower than 5 Hz.

3. Results
3.1. SEM Results

Figure 1a shows the morphology of the TiO, NTAs fabricated using two-step anodiza-
tion. Part of the two-step as-anodized TiO, NTAs was delaminated from the titanium
substrate for SEM imaging. The tubes’ side walls can be observed in the inset. The average
pore size of the TiO; NTAs is ~80 nm and the average tube length is ~5 um. Figure 1b,c
shows SEM images of Zn/TiO, NTAs (annealed) deposited at room temperature and at
40 °C. The zinc nanoparticles present a hexagonal structure (named hereafter as zinc NHexs)
with a thickness of about 10-20 nm and a diameter ranging from about 200 to 400 nm,
exhibiting a high aspect ratio with an observable stacked hexagonal platelet morphology.

Figure 1. Cont.
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Figure 1. Top-view SEM images of (a) annealed TiO, NTAs with the inset showing the cross section,
(b) Zn/TiO, NTAs (annealed) deposited at room temperature, and (c) Zn/TiO, NTAs (annealed)
deposited at 40 °C. The scale bars in the insets show (a) 2 um, (b) 10 um, and (c) 10 pum, respectively.

3.2. XRD Results

The XRD patterns of TiO, NTAs and 40 °C-deposited Zn/TiO, NTAs are shown in
Figure 2, with peak positions of TiO, anatase, zinc, and titanium marked. Crystalline zinc
was observed on the Zn/TiO, NTAs. The deposition time for the Zn/TiO, NTAs used for
the XRD was increased to 40 min in order to achieve a thick layer of zinc NHexs.
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Figure 2. XRD patterns of 40 °C-deposited Zn/TiO, NTAs (annealed) reconstructed from our previous
work [30], showing zinc peaks with peak positions (circles). The peak positions for TiO, (anatase)
(squares) and for the titanium (triangle) are identified.
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3.3. CV Results

Figure 3 shows that in the CV results with different scan rates of 10-100 mV s~!
performed on Zn/TiO; NTAs (annealed) in a 0.1 M NaOH solution with 5 mM of glucose,
the oxidation current peaks linearly increase with the square root of the scan rates. The
starting point and directions for the scans have been marked on the CV plots.

100 mV s™

Start (0 V) A |
ZAIY

—

y=5.12x - 6.81
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T T T T
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Figure 3. CV of Zn/TiO; NTAs in a 0.1 M NaOH solution with 5 mM of glucose in scan rates from
10 mV s~! to 100 mV s~ 1. Different colors are used to differentiate varying scan rates. The inset is the
current peak vs. square root of scan rate, and the red dash line is for an eye guide only.

To investigate the electrochemical reactions occurring at the sample surface, Figure 4
shows the CV curves of bare TiO, NTAs and Zn/TiO, NTA electrodes in the presence
and absence of glucose. The inset CV curve is enlarged, with a limited potential range
presented to better present the redox peaks. As shown, the Zn/TiO, NTAs present an
increased current response in a 0.1 M NaOH solution containing 0 mM and 5 mM of glucose
compared to bare TiO, NTAs, and the glucose oxidation peak on bare TiO; NTAs in a
5 mM glucose environment is observed at 0.24 V (Peak I). From CV plots in Figures 4 and 5,
oxidation peaks appear at potentials 0.24 V (Peak I), 0.36 V (Peak II), and 0.68 V (Peak III),
and a reduction peak was obtained at 0.02 V (Peak IV). A calibration curve is obtained at
0.24 V in the inset.
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Figure 4. CV of TiOp NTAs (inset) and Zn/TiO, NTAs in a 0.1 M NaOH solution containing 0 mM
and 5 mM of glucose (at a scan rate of 50 mV s~!). The red dashed curve refers to 5 mM glucose
concentration, and the black solid curve refers to 0 mM glucose concentration. The arrows indicate

potential sweep directions.
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Figure 5. CV on Zn/TiO; NTAs in a 0.1 M NaOH solution with different glucose concentrations (at a
scan rate of 50 mV s~1). Different colors of the curves refer to the varying glucose concentrations.
The inset shows the calibration curve of the oxidation peak’s current values. The legends describe
glucose concentrations in the 0.1 M NaOH solution.

0 mM

s
18

Current (pA)

i o P W

2] . y=3.43-1.56
1} o o 5
h R2=0.98

o
=
o

1_7;'

7 ; : : :
Concentration (mM)




Nanomanufacturing 2024, 4

194

1x PBS + 5mM Glucose

3.4. EIS Results

Figure 6 shows the normalized impedance plots for NTA samples in a pure 1X PBS
solution with 5 mM glucose. The phase angle of the bode plots in Figure 7 approaches the
0 degree near 1 kHz for the annealed samples, exhibiting resistive behavior, while a more
capacitive behavior is found near 1 Hz (“0” on the log frequency axis) closer to a 90 degree
phase angle.
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1x PBS + 5mM Glucose
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Figure 6. (a) Normalized impedance spectra of Zn/TiO, NTA samples tested in a pure 1X PBS
solution with 5 mM glucose compared to reference TiO, NTAs. (b) Normalized impedance spectra of
Zn/TiO, NTA samples deposited under different temperatures tested in a pure 1X PBS solution with
5 mM glucose.
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Figure 7. Phase plots for (a) Zn/TiO, NTAs (annealed), (b) Zn/TiO, NTAs (as-anodized) with zinc
deposited at room temperature, (c¢) Zn/TiO, NTAs (annealed), and (d) Zn/TiO, NTAs (as-anodized)
with zinc deposited at 40 °C. EIS was performed in a pure 1X PBS solution + 5 mM glucose.
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3.5. Chronoamperometry Results

Figure 8 demonstrates that with the increasing addition of glucose in the 0.1 M NaOH
solution, Zn/TiO, NTAs have an increasing amperometric response for glucose oxidation when
applied with a positive potential (0.7 V). The glucose sensitivity of the Zn/TiO, NTAs can
be obtained by dividing the slope of the calibration curve of the current-time transient from
chronoamperometry tests by the sample area (insets of Figure 8). From a 40 °C-deposited
Zn/TiO; NTA sample, the glucose sensitivity was calculated to be 160.8 pA mM ! cm~2 from
the left inset (current value taken at 0.2 s after addition of glucose), and 4.38 pA mM~! em—2
from the right inset (current value taken at 50 s after addition of glucose).
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Figure 8. Current-time transient for Zn/TiO, NTAs with successive addition of 0.5 mM glucose in
a 0.1 M NaOH solution; curves in different colors to differentiate between varying glucose concen-
trations. The left inset is the calibration curve taken at 0.2 s of each step, and the right inset is the
calibration curve taken at 50 s of each step (enlarged in the middle inset). The glucose sensitivity is
160.8 pA mM~! cm~2 in the case of the 0.2 s data point and 4.38 pA mM~! em~2 in the case of the
50 s data point.
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4. Discussion
4.1. Microstructure and Compositional Characterization

As shown in Figure 1a, a highly ordered nanotube array was achieved. The inset of
Figure 1b,c shows that the TiO, NTAs underwent a significant increase in the deposition of
zinc NHexs at 40 °C compared to room temperature deposition. In a lower temperature
deposition, the viscosity of the ethaline electrolyte was relatively high, with relatively low
electrical conductivity. This leads to a slow migration rate and cathodic reaction rate of the metal
ions in the electrolyte, resulting in a decreased growth rate of the deposited particles. On the
other hand, a higher deposition temperature leads to an increased rate of metal ion migration.

As revealed from the XRD patterns in Figure 2, the annealing process resulted in
the complete crystallization of the amorphous titania to anatase, which can increase the
stability of the nanotube layer as a result of crystallization. After zinc electrodeposition,
pure metallic crystalline zinc was observed, as demonstrated in the zinc peaks in Figure 2.

4.2. CV of Zn/TiO, NTAs

In the inset of Figure 4, the CV of TiO, NTAs in 0.1 M NaOH presents a reduction
peak below 0.03 V. An oxidation peak can be observed above 0.25 V. These two potentials
form a redox pair for the bare TiO, NTAs. After the addition of 5 mM of glucose, the CV
of TiO, NTAs presents two reduction peaks below 0.03 V that are most likely described
by the hydrogen insertion process. In the anodic sweeping direction, two oxidation peaks
can be observed above 0.017 V. The first oxidation peak likely ascribes to the adsorption of
hydrogen and glucose on the surface of the TiO, NTAs, which has a non-negligible elec-
trocatalytic activity. The second oxidation peak corresponds to the hydrogen disinsertion
process [34].

In the case of Zn/TiO, NTAs, without the presence of glucose, the redox pair related to
TiO, NTAs seen in the inset is present between 0.36 V and 0.02 V. An additional oxidation
peak in this CV appeared at around 0.68 V, which could be attributed to zinc oxidation [35].
With the addition of 5 mM of glucose, an oxidation peak appeared at around 0.24 V,
which could be ascribed to the oxidation of glucose. The drastic increase in the current peak
response of Zn/TiO; NTAs compared to bare TiO; NTAs indicates that zinc NHexs improve
the electrocatalytic performance of the TiO, NTAs in a glucose-containing environment.
This is possibly due to the increase in the Zn?* concentration in the cell, leading to an
increased current density near the Zn/TiO; NTA electrode surface.

The process of glucose oxidation on Zn/TiO, NTAs could be explained by the model
proposed by Burke et al. called the “incipient hydrous oxide adatom mediator” (IHOAM)
model, which discussed the role of hydroxyl radicals in electrocatalysis [7,36]. The IHOAM
process is based on the observation that metal surface atoms undergo a pre-monolayer
oxidation step, which results in the formation of an incipient hydrous oxide layer composed
of OH,q4; that mediate glucose electrooxidation and inhibit many kinetically slow reduction
processes. At the electrode surface, “active” atoms have a low coordination value and lack
lattice stabilization energy. IHOAM predicts that glucose is electrocatalytically oxidized
by forming hydrous species on electrode surfaces, followed by glucose chemisorption.
The hydrous pre-monolayer then mediates the electrooxidation of absorbed glucose at
a significantly low potential, with the metal surface regenerating. During the repetitive
cycling process, oxygen species oxidize the metal’s surface again at a certain potential while
glucose is continuously oxidized.

OZg s OZads [Zn/ (Zn<OH)2)} (1)
Ozads/Zn/ (Zn(OH),)] + 2~ [Zn/(Zn(OH),)] — 20,4, (0O~ /03 ) (2)
Glucose + O~ — Gluconolactone + 2e™ 3)

Hydrolysis

Gluconolactone =~ —~ Gluconicacid 4)
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In the case of Zn/TiO, NTAs, an intermediate layer can form due to the adsorption of
OH™ onto the electrode surface, forming Zn(OH), with adsorbed oxygen (Equations (1)
and (2)), which participates in glucose oxidation to create gluconolactone and give off
electron (Equation (3)) [37,38]. The bulk oxygen evolution on the Zn/TiO, NTA surface
starts contributing to glucose oxidation after it becomes more thermodynamically favorable,
compared to the glucose oxidation facilitated by the intermediate layer [39]. The resulting
gluconolactone then undergoes spontaneous hydrolysis into gluconic acid (Equation (4)).

A linear relationship between oxidation current peak values (Figure 3) and the square
root of scan rates indicates that the oxidation reaction at the electrode surface follows
the Randles-Sevcik model, indicative of the diffusion-controlled reaction on the electrode
surface. This relationship is also observed in other non-enzymatic glucose sensing materi-
als [31,37,40,41]. From the inset of Figure 5, the limit of detection (LOD) for glucose on the
Zn/TiOy NTAs can be obtained by:

LOD = 3S,/N )

where S is the standard deviation of y-intercept and N is the slope of the calibration curve.
The limit of detection for glucose (LOD) is calculated to be 0.44 mM, which is low compared
to prior multicomponent glucose sensing materials [42,43].

4.3. EIS of Zn/TiOy NTAs

As shown in Figure 6, at 1 kHz, the as-anodized TiO, NTAs exhibit overall higher
normalized impedance compared to the annealed TiO, NTAs. This indicates that the
annealing process effectively decreased the impedance of the TiO, NTAs. At higher
frequencies (>100 Hz), the impedance values approached minimum values due to charge
transfer activities. The data points at around the 60 Hz frequency were intentionally
blocked out during the data collection process in order to minimize the influence from
connection wires.

The phase plots in Figure 7 revealed the charge transfer activities of the NTA samples.
The phase plots present their peaks at higher frequencies, indicating that the sample was
acting as a capacitor at higher frequency ranges. The phase plots of the as-anodized
and annealed samples from Figure 7 show that after the annealing process, the samples
produced more reproducible and stable phase responses in the frequency range from
10 kHz to 1 kHz. The phase angles of the as-anodized Zn/TiO, NTAs at 1 kHz vary
noticeably, indicating non-uniformity in the zinc deposits in the as-anodized samples. The
room temperature-deposited as-anodized Zn/TiO; NTAs also present multiple phase peaks
that possibly relate to multiple charge transfers, indicating the existence of an intermediate
layer which inhibits singular charge transfer [44]. The presence of zinc NHexs on annealed
samples appears to shift both the capacitive and resistive responses of the samples to a
lower frequency range. The zinc NHexs deposited at an increased temperature do not
appear to have a significant effect on the electrochemical behavior of the resulting Zn/TiO,
NTA samples.

4.4. Glucose Sensing Performance of Zn/TiOy NTAs

Table 1 summarizes the glucose sensing performances of prior multi-component non-
enzymatic electrocatalytic material systems as well as that of Zn/TiO, NTAs. Compared to
some other designs utilizing metal oxides such as CuO (i.e., 234-3218.5 pA mM~! cm™2),
the glucose sensitivity of Zn/TiO, NTAs in this work is relatively low [24,25,43,45,46].
However, compared to prior implantable non-enzymatic catalyst materials involving zinc
oxide nanostructures such as ZnO@C/GCE [47], the sensitivity of the Zn/TiO, NTAs in
this work (4.38 ptA mM ! cm~2) is within the same range or higher. While a linear range
of 0.5-5 mM of glucose concentration for Zn/TiO, NTAs is not the widest among past
non-enzymatic designs involving ZnO [47,48], it is within the glucose range in human
blood (4-6 mM) [47]. Moreover, the detection limit (0.44 mM) of Zn/TiO, NTAs is lower
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compared to prior ZnO and CuO designs, allowing the Zn/TiO, NTAs to detect glucose in
low concentrations [43,47].

The difference in glucose sensitivity between Cu-based materials and our design could
have been the result of different metal/metal oxide concentrations, substrate conductivity,
and material architecture. On the other hand, while glucose sensing materials utilizing Cu
or CuO show good sensitivity towards glucose with a comparable linear range compared
to the Zn/TiO, NTAs fabricated in this work, metal Cu and CuO are not suitable for
prolonged in vivo glucose sensing operations due to its toxicity in the human body.

Table 1. Comparison of glucose sensing performance of the device in this work with other non-
enzymatic glucose sensing designs.

Sensitivity

. Linear Range Detection 1 Potential .
Material Name (mM) Limit (mM) (p/c\mnllg W) Medium Ref.
Zn/TiO; NTAs 0.5-5 0.44 438 0.7 0.1 M NaOH/Glucose fozi
Acetonitrile/
CuO/Cu/TNT 0.2-90.4 0.019 234 0.42 0.1 M TEAP [45]
ZnO/GCE 0.02-4.5 0.02 15.33 0.8 1X PBS/Glucose [28]
ZnO@C/GCE 0.1-10 1 2.97 0.38 0.1 M NaOH/Glucose [47]
ZIIO 2
nanowire/EWPAD 0-15 5.95 x 10 8.24 0.8 1X PBS/Glucose [48]
CuO/GCE 0.006-2.5 0.8 431.3 0.4 0.1 M NaOH/Glucose [43]
Ni/Cu/MWCNT 25 % 107°-0.8 0.025 x 103 2633 0.575 0.1 M NaOH/Glucose [46]
Au/CuO 1073-30 3x 1074 708.7 0.35 1.0 M NaOH/Glucose [24]
CuO/Cu 0-0.8 5x 107% 3218.5 0.55 1.0 M NaOH/Glucose [25]
Cu,O/TiO, 5-35 8.85 x 107° 101.65 0.7 0.1 M NaOH/Glucose [26]
PVP/TiO, 0-13 0.76 360.13 0.63 0.1 M NaOH/Glucose [42]

5. Conclusions

Zinc NHexs have been decorated onto TiO; NTAs via an electrodeposition process. A
zinc-containing deep eutectic solvent was used to generate the zinc NHexs. CV analysis of
Zn/TiO; NTAs in 0.1 M NaOH with glucose reveals the possible adsorption of reactant
species occurring at the sample surface, fitting the IHOAM model of glucose oxidation.
Zn/TiO, NTAs were found to be an effective multi-component material system for the
glucose oxidation process. When compared to past implantable non-enzymatic glucose
oxidizing material designs involving zinc oxide, the electrode produced in this work shows
an improvement in the glucose sensitivity (4.38 tA mM~! cm~2) within comparable linear
ranges (0.5 mM-5 mM) of glucose concentrations to human blood. The detection limit
(0.44 mM) of the electrode from this work is lower than some of the metal/metal oxide
compounds reported in the literature, indicating an improved ability to detect glucose at
lower concentrations. Although the glucose sensitivities of Cu/CuO-based materials are
significantly higher than that of the one from this work, metal copper and copper oxide are
not biocompatible materials, and as such, are not ideal choices for prolonged operation in
implanted devices due to their toxicity in vivo.
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