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ABSTRACT: Developing stable photoelectrochemistry (PEC) glucose
biosensors with high sensitivity and a low detection limit is highly desirable
in the biosensor field. Herein, a highly sensitive and stable enzymatic glucose
PEC biosensor is rationally designed and fabricated using a TiO,NTs/Au/
Pt/GOx electrode. First, we prepared one-dimensional TiO, nanotube arrays
which could realize the orthogonalization of the light-incident direction and
the carrier diffusion direction via anodization. Subsequently, we used the
method of photoassisted deposition for anchoring Pt nanoparticles on
TiO,NTs after electrodepositing Au nanoparticles. Among them, Au
nanoparticles promote light absorption via the surface plasmon resonance
effect and the separation of photogenerated carriers through forming a
Schottky junction. Moreover, the Pt nanoparticles on the electrode surface
can react with hydrogen peroxide (H,0,) generated from glucose (Glu)
oxidation by glucose oxidase (GOx), accelerating the electron-transfer
process during glucose oxidation and greatly improving the sensitivity of the glucose biosensor. As a result, TiO,NTs/Au/Pt/GOx
exhibited excellent PEC performance, achieving a high sensitivity of 81.93 A mM ™' cm™ and a low detection limit (1.39 uM), far
exceeding the performance of TiO,NTs/M/GOx (M = Au, Pt). Therefore, the introduction of Pt nanoparticles as active substances
to promote enzymatic reactions is important for designing high-performance enzyme biosensors.

0 #™ Glucose
3 \ /
N oL

aox

Gluconic acid

w,

1. INTRODUCTION anodic oxidation can be used for the photolysis of water,” in
purification,'® as an antibacterial,"" and for photovoltaic power
generation.'> However, the rapid recombination of photo-
carriers and the narrow light absorption range severely limit
the performance of PEC and their applications. It has been
proposed to extend the lifetime of photocarriers by controllin

charge transfer to achieve an enhanced PEC performance.'

Noble metals can be introduced to augment the rate of
electron transfer. Melvin et al. supported the Au—Pt alloy on
the surface of TiO, and used the bimetal as an electron
absorber to enhance the photocatalytic performance.'* They
found that Au and Pt supported on TiO, can be used as
electron absorbers to weaken the rapid recombination of
carriers. Wu et al. have reported that the modification of Au
nanoparticles on the surface of TiO,NTs can produce the
surface plasmon resonance (SPR) effect, increase the
absorption of ultraviolet—visible light, and enhance the

Biosensor research has focused on the development of a simple
sensing technology with fast detection, high sensitivity, and low
interference.’ The photoelectrochemistry (PEC) process
consists of a photoelectric conversion (the main process)
and an electrochemical process, which produces a highly
sensitive and accurate signal with low background signal noise
through the interaction of the optical and electrochemical
systems.” In addition, PEC-based enzyme biosensors can solve
the problem of poor selectivity in traditional bioanalysis
techniques.” Therefore, the photoactive material not only acts
as an energy converter to generate photogenerated carriers
upon irradiation but also provides a site for the target receptors
in PEC to selectively identify and capture the target analyte.

Titanium dioxide is a common semiconductor material,
which has been widely used in various photoelectrocatalytic
processes for its strong oxidizing capacity and photostability.
According to the unique photoelectric properties of titanium
oxide, researchers have developed advanced optoelectronic Received: December 1, 2021

materials for high-performance PEC biosensing through Accepted:  December 29, 2021
Published: January 6, 2022

forming heterojunctions,” introduction of wide band gap
semiconductors,’ and defect engineering7 methods. The
regular arrangement of TiO, nanotubes (TiO,NTs), which
has proven to be a good photoanode material,® prepared by
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Scheme 1. Manufacturing Process of the TiO,NTs/Au/Pt/GOx Biosensor
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photocatalytic activity.”” In the above studies, the application
of Pt mainly improved the performance of PEC by changing
the charge behavior of the material. Few people have
mentioned the strategy of improving the sensitivity of the
PEC enzymatic glucose biosensor by catalytically decomposing
H,0, during the enzymatic reaction of platinum nanoparticles.
In the present study, we constructed a bimetal (Au, Pt)
nanoparticle-loaded TiO,NTs/Au/Pt/GOx biosensor for
glucose detection.

In this study, ultrahigh sensitivity of the TiO,NTs/Au/Pt/
GOz biosensor was obtained by the following design concepts.
Au nanoparticles are loaded to increase the conductivity and
improve the narrow light absorption range of the material and
the serious problems of electron—hole recombination.'® At the
same time, Pt nanoparticles are deposited, and Pt is used as an
important active substance to catalyze the decomposition of
H,0, under the enzymatic reaction,'’ resulting in the
accelerated consumption of hydrogen peroxide and the transfer
of electrons in the enzymatic reaction, thereby achieving
ultrahigh sensitivity for the PEC enzymatic glucose biosensor.

2. RESULTS AND DISCUSSION

The synthesis process diagram of the PEC biosensor is
exhibited in Scheme 1. The Ti foil was etched to prepare
TiO,NTs. Subsequently, Au and Pt nanoparticles were
deposited on the TiO, film through electrochemical and
light deposition, respectively. Next, glucose oxidase and
chitosan were dropped evenly on the electrode surface.
Based on the scanning electron microscopy (SEM) image in
Figure la, the prepared TiO, nanotube film shows a vertical
one-dimensional tubular shape. In Figure 1b, the diameter and
thickness of the nanotube are 80 and 20 nm, respectively. As
shown in Figure S1, because of the lower loading of Au and Pt
nanoparticles, no considerable change was observed on the
electrode surface before and after introducing precious metals
compared with other electrodes. The high-resolution trans-
mission electron microscopy (HR-TEM) image of TiO,NTs
deposited with Au and Pt is shown in Figure 1d. Figure 1c,d
shows a large amount of Au and PtNPs with a size range of 6—
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12 nm attached to TiO, nanotubes. The edge of the
TiO,NTs/Au/Pt (Figure 1d) lattice fringe is 0.352 nm. The
(101) crystal plane of TiO, corresponds to anatase. Lattice
fringes of 0.223 and 0.233 nm are identified as the (111)
crystal plane of Pt and Au, respectively. Figure le—i shows the
high-angle annular dark-field—scanning transmission electron
microscopy (HAADF-STEM) and element mapping results, in
which Ti, O, Au, and Pt are uniformly distributed, confirming
that Au and Pt NPs are homogeneously loaded on TiO,NTs.
Figure 1j shows the EDS energy spectrum of TiO,NTs/Au/Pt.
The content of noble metals is less, especially Pt. This also
leads to the failure to show the 4f peak of Pt in the subsequent
XPS test.

Based on XRD tests on the electrodes, we analyzed the
material structure of the electrode material. As shown in Figure
2a, the peak of the Ti foil is indexed to the JCPDS database
(44-1294), and the peaks located on 25.28, 37.8, and 48.05°
are assigned to the (101), (004), and (200) crystal facets of
anatase titanium dioxide (JCPDS 21-1272), respectively.
Moreover, after loading precious metal NPs on the TiO,
film, the XRD peaks of TiO, did not change. This indicates
that the crystal structure of titanium dioxide has not changed
to form an alloy after loading precious metals. At the same
time, because the precious metals are highly dispersed and the
particle size is small, their XRD peaks are not detected.

To further investigate the electronic interactions of TiO,
with Au and Pt, we carried out the XPS test. Figure 2b shows
that the peaks located at 458.9 and 464.6 eV represent Ti 2p
3/2 and 1/2, respectively, indicating that only tetravalent
titanium ions for TiO, nanotubes are present. Meanwhile, the
signals of Au 4f 7/2 and Au 4f 5/2 at 83.4 and 87.1 eV,
respectively, are the characteristic peaks of Au (in Figure 2c),
while its 83.7 eV spin energy separation is consistent with the
published results on the spin energy separation of Au NPs."* In
addition, the poor S/N ratio reflects the lower content of
AuNPs deposited on the surface of TiO, nanotubes,
accounting for only 3.6% of the content. Moreover, compared
with the characteristic peak of the standard Au,'® the apparent
negative shift of Au 4f indicates that the Au surface is in an
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Figure 1. b) SEM images of TiO,NTs/Au/Pt; (c,d) TEM and HR-TEM images of TiO,NTs/Au/Pt; (e—i) HAADF-STEM and mapping of Ti, O,
Au, and Pt of TiO,NTs/Au/Pt; and (j) EDS spectra of TiO,NTs/Au/Pt.
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Figure 2. (a) XRD patterns of TiO,NTs, TiO,NTs/Pt, TiO,NTs/Au, and TiO,NTs/Au/Pt; (b) XPS spectra for Ti 2p; and (c) Au 4f core level

for TiO,NTs/Au/Pt.
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Figure 3. (a) UV—vis absorption spectra and (b) PL spectra of TiO,NTs, TiO,NTs/Pt, TiO,NTs/Au, and TiO,NTs/Au/Pt in the powder form at

350 nm excitation.

electron-rich state. This suggests that in the contact between
metallic Au and TiO,, considering that the Fermi energy levels
of Au and TiO, are different, the energy level difference can be
balanced through the migration of electrons from the surface of
TiO, to Au, causing part of the metal—semiconductor contact
to bend the Fermi surface and form a Schottky junction.
Similar results were reported by Melvin et al,,'* in which a low
amount of Pt with a relatively scattered distribution was loaded
on the sample surface, and the signal of Pt 4f was not found by
XPS detection.

UV-—visible absorption spectra were measured for all four
systems (TiO,NTs, TiO,NTs/Pt, TiO,NTs/Au, and
TiO,NTs/Au/Pt) and are shown in Figure 3a. All four
photoelectrodes show an obvious absorption cutoff edge near
the anatase maximum absorption wavelength of 387 nm. This
finding confirms that the load of the noble metal does not
change the inherent absorption of TiO,. Moreover, consider-
ing that the bimetal does not have light absorption in the
characteristic absorption range of titanium dioxide, after the
bimetal was loaded, the absorption peak near the characteristic
absorption wavelength of titanium dioxide decreased. In
comparison with the curve of titanium dioxide, TiO,NTs/Au
exhibited a strong visible light absorption near 550 nm, which
is attributed to the SPR absorption of AuNPs."’ Therefore,
gold could act as an effective light collector in terms of the
characteristics of UV—vis plasma (collective and strong
oscillation of delocalized conduction electrons)*’ and enhance
the photoelectric catalytic activity of the material.

The photoluminescence spectrum (PL) was obtained to
further study the four different materials. At an excitation
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wavelength of 350 nm, a series of emission characteristic peaks
were obtained for the material appearing between 400 and 500
nm. Based on Figure 3b, the emission intensities were obtained
and can be arranged as TiO,NTs > TiO,NTs/Pt > TiO,NTs/
Au > TiO,NTs/Au/Pt. The pure TiO,NTs have high PL
intensity, indicating the serious recombination of photo-
generated electrons and holes. Considering that the level of
emission intensity determines the degree of photogenerated
electron—hole pair compounding, PL tests have demonstrated
that the formation of a Schottky junction can store a certain
number of electrons, thus effectively separating electron—hole
pairs and avoiding charge compounding. The bimetallic-loaded
electrode greatly reduced the PL intensity compared with the
electrode loaded with noble metal nanoparticles alone,
suggesting that the loading of Au and Pt NPs resulted in a
synthetic effect. Therefore, the recombination of electron holes
was greatly reduced.

The electrochemical and PEC experiments were carried out
to examine the PEC performance of the TiO,NTs, TiO,NTs/
Pt, TiO,NTs/Au, and TiO,NTs/Au/Pt electrodes. In Figure
4a, the results of PEC show that the values of photocurrent
density are in the following order: TiO,NTs/Au/Pt >
TiO,NTs/Au > TiO,NTs/Pt > TiO,NTs. The results
confirmed that precious metals are beneficial for the photo-
voltaic performance. The SPR effect of Au can increase the
light absorption of TiO,, thus intensifying the photocatalytic
activity of the material. Second, the loading of Au and Pt can
form a Schottky junction on the surface of TiO,NTs and
promote the separation of photocarriers, thereby improving
the photocurrent response. However, considering that a few
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Figure 4. (a) Photoelectric response of TiO,NTs, TiO,NTs/Pt, TiO,NTs/Au, and TiO,NTs/Au/Pt under simulated sunlight (bias voltage = 0.4
V, 0.1 M PBS, pH = 7.4); (b) electrochemical impedance spectra of Nyquist plots; (c) electronic lifetime measurement determined from the decay
of the open-circuit potential in the absence of light; and (d,e) Mott—Schottky plot in the dark at a fixed frequency of S kHz.

PtNPs are present on the electrode, the findings were not
proved in XPS. However, Guo et al. found that the Schottky
junction can be formed by loading Pt on the surface of TiO,,
thus promoting the photocatalytic activity.”' This finding
confirms why Pt can synergistically reduce the electron—hole
recombination rate in the PL test.

As is known, electrochemical impedance spectroscopy (EIS)
is one of the most commonly used methods to study the
characteristics of the photoelectrode interface. The equivalent
circuit (the inset in Figure 4b) is used for the Nyquist plots
recorded from different samples. Among them, Re represents
the system resistance, CPE represents the capacitance phase of
the interface between the electrolyte and the photoelectrode,
and Rct represents the transfer resistance of the charge carriers
on the interface. The Nyquist plots of the TiO,NTs/Au/Pt
electrode in Figure 4b show the smallest arc diameter,
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indicating the lowest charge-transfer resistance and the fastest
electron migration rate for this electrode.”

Figure 4c shows the open-circuit photovoltage decay
(OCPVD) experiments, which were executed to further
investigate the electronic behavior and to estimate the
electronic lifetime generated under light according to the
following equation™

kBT(dVOC ]‘1
T=—|—
e dt

In this equation, 7 indicates the photoelectron lifetime, kg
represents the Boltzmann constant, T is the temperature, V¢
represents the open-circuit voltage at the corresponding time,
and e represents the charge of an individual electron. As shown
in Figure 4c, the electrode TiO,NTs/Au/Pt has the longest
carrier lifetime, which contributes to its PEC performance. In

https://doi.org/10.1021/acsomega.1c06787
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addition, to determine its carrier density (Np), we performed
electric capacity analysis on the electrode/electrolyte with the
following equation

kT

1 2

=—= (U. - Uw.) —
c? Npeeye ( s FB)

In this equation, C represents the space charge capacitance
in the semiconductor interface, N, represents the density of
carriers in the semiconductor, e refers to the charge of a single
electron, g, represents the vacuum dielectric constant, &
represents the relative dielectric constant of the semi-
conductor, Us is the applied potential, T represents the
temperature, and kg represents the Boltzmann constant. Ny is
determined from the MS plots as 1/C* versus potential in
Figure 4d,e by using the following equation™*

-1
b [eeeo] 3

d(Us)

Finally, we obtained the following carrier concentration
relationship: TiO,NTs < TiO,NTs/Pt < TiO,NTs/Au <
TiO,NTs/Au/Pt. The significant increase of Np and 7
confirms the deposition of Au and Pt NPs by forming
Schottky junctions, thereby decreasing the recombination of
photogenerated electrons with holes and increasing carrier
concentration. Hence, the carrier lifetime improved PEC
performance.

To demonstrate that Pt has a catalytic effect for H,O,,
during the testing of glucose sensitivity, we performed cyclic
voltammetry (CV) tests under light-free conditions. As shown
in Figure S3ab, the current density of TiO,NTs and
TiO,NTs/Au electrodes without PtNPs were only elevated
by 2 and 2.7 yA cm™* at 0.4 V (vs Ag/AgCl), respectively,
when we added 1 mM hydrogen peroxide to the buffer. The
current was enhanced probably caused by the electrolytic
reaction of hydrogen peroxide. However, considering that Pt
could decompose hydrogen peroxide in the solution and
generate a number of electrical signals under the applied
potential of the catalytic oxidation, the current densities
between the TiO,NTs/Pt and TiO,NTs/Au/Pt electrodes
modified with PtNPs differed with values of 12.7 and 13 pA
cm™? at 0.4 V (vs Ag/AgCl), respectively (Figures S3c, S).
Therefore, PtNPs can catalyze hydrogen peroxide to enhance
electron transfer in enzymatic reactions.
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Figure 5. CV comparison in 0.1 M pH = 7.4 PBS solution with and
without a H,0, chart of TiO,NTs/Au/Pt.
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Generally, the capability of a biosensor is evaluated in terms
of its sensitivity, limit of detection (3S/N), and linear range. As
shown in Figure 6a, the photoelectric response of the
TiO,NTs/Au/Pt/GOx electrode was tested at stepped glucose
concentrations under continual churning, and the photo-
current increased with increasing glucose concentration,
indicating the sensitive response of the electrode to Glu
concentration. Based on Figure 6b, the linear regression
equation between glucose concentration and photocurrent is
shown, where j = 81.93x + 202.06 at glucose concentrations
between 0 and 0.8 mM and j = 6.39x + 261.38 when the
glucose concentration is in the range of 0.8—4 mM. Thus, at
glucose concentrations of 0—0.8 mM, the sensitivity was 81.93
uA mM™' ecm™ and the LOD was 1.39 uM. At glucose
concentrations of 0.8—4 mM, the sensitivity was 6.39 pA
mM™" cm™ The segmentation of the test results is mainly
attributed to the adsorption of intermediates by the electrode.
At lower concentrations of glucose, the linearity shows a good
relationship with a higher slope as a result of the free pervasion
of glucose molecules toward the electrode at lower
concentrations. At higher concentrations, the interaction
between the glucose molecules intensifies, resulting in a less
linear curve with a lower slope. Accordingly, two different
sensitivities are observed at different linear ranges.”

To stress the advantages of TiO,NTs/Au/Pt/GOx bio-
sensors more intuitively, we conducted the same condition test
on TiO,NTs/Au/GOx, TiO,NTs/Pt/GOx, and TiO,NTs/
GOx. The test results at the same concentration are shown in
Figure S2. The sensitivity of the TiO,NTs/GOx biosensor
without Au and Pt NPs is only 8.53 yA mM™ cm™, and the
linear range is 0—1 mM. Besides, the detection limit increased
to 61.1 yuM. The TiO,NTs/Pt/GOx biosensor loaded with Pt
has a sensitivity of 20.9 uA mM ™' cm™?, a linear range of 0—1
mM, and a detection limit of only 3.07 yuM. The TiO,NTs/
Au/GOx biosensor loaded with Au only has a sensitivity of
39.58 yA mM™' cm™ a linear range of 0—0.7 mM, and a
detection limit of 13.5 M. In the linear range of 0—0.8 mM,
the TiO,NTs/Au/Pt/GOx biosensor had the highest
sensitivity and the lowest LOD. This finding was observed
because the SPR effect of Au enhanced light absorption, which
is conducive to the generation of more photogenerated holes.
In addition, the Au and Pt NPs synergistically promoted the
valid separation of photogenerated electron—hole pairs
through the formation of Schottky junctions between the
metal and the semiconductor. The number of photogenerated
holes in the material is dominant for the improvement of
sensitivity. Therefore, the increase of photogenerated holes and
the decrease of electron—hole recombination can improve the
sensitivity to glucose. Moreover, the sensitivity of the PEC
enzymatic biosensor was improved by the enhanced electron
transfer in the enzymatic reaction catalyzed by the loaded
PtNPs with hydrogen peroxide. Notably, the linear range of
TiO,NTs/Au/Pt/GOx at low sensitivity increased by 0.1 mM
compared with TiO, NTs/Au/GOx, precisely because the
catalytic effect of Pt accelerates the consumption of hydrogen
peroxide on the electrode surface and reduces the molecular
interactions, thus increasing the linear detection range of the
electrode at low sensitivity.

Furthermore, we demonstrated the stability of the biosensor
on the TiO,NTs/Au/Pt/GOx electrode by switching i—t
response by 10 times. Figure 6¢ shows that the photocurrent
response increased rapidly and remained stable for a few
seconds after the light was switched on, while the magnitude of
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Figure 6. (a) i—t responses of TiO,NTs/Au/Pt toward Glu at concentrations of 0—4 mM in the supporting electrolyte of 0.1 M PBS (pH = 7.4);
(b) linear calibration curve (glucose concentration vs photocurrent density); (c) stability after addition of 1 mM glucose under light conditions;
and (d) anti-interference performance test performed in 0.1 M PBS (pH = 7.4) at concentrations of 0.1 mM chloride (NaCl), sucrose (Suc),
ascorbic acid (AA), uric acid (UA), galactose (Gal), and fructose (Fru).

Table 1. Comparison of the Analytical Performance of PEC Glucose Biosensors

PEC biosensors dynamic range (mM)

TiO,-CNT-Co,0, 0-4
FTO/Fe,0;-NB-PDA-GDH 0-2
Nafion/GOx/Ag-Pdop@CNT/GCE 0.05—-1.1
GOx/TCS-TiO,/chitosan/GCE 0.005—1.32
TiO, NTs/GOx 0-1, 1—4
TiO, NTs/Pt/GOx 0-1, 1-4
TiO, NTs/Au/GOx 0-0.7, 0.7—4
TiO, NTs/Au/Pt/GOx 0-0.8, 0.8—4

LOD (uM) sensitivity (4A mM™! cm™?) ref

0.16 0.3 26

25.2 7.36 27

17 3.1 28
2 232 29

61.1 8.53, 2.98 this work
3.07 20.9, 5.40 this work

13.5 41.73, 473 this work
1.39 81.93, 6.39 this work

the photocurrent remained stable after 10 repeated switches,
with negligible changes in the photocurrent at each period.

Considering that the molecular interferents such as sodium
chloride (NaCl), sucrose (Suc), ascorbic acid (AA), uric acid
(UA), galactose (Gal), and fructose (Fru) normally coexist in
human serum, we investigated their effects at certain
concentrations of the biosensing response of the electrodes.

As shown in Figure 6d, the PEC test was performed under
the same conditions of detecting, and the selectivity of the
TiO,NTs/Au/Pt/GOx electrode was investigated based on the
photocurrent response plots after the addition of different
interferents (0.1 mM). By comparing the biosensing response
of the interferer with that of glucose to the electrode, almost no
change was observed in photocurrent after the addition of the
interferer. Hence, the TiO,NTs/Au/Pt/GOx biosensor
maintained its high selectivity for glucose.
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As shown in Table 1, the TiO,NTs/Au/Pt/GOx biosensor
has higher sensitivity and better detection limits than the other
PEC glucose biosensors.

We tried to explain the mechanism for PEC detection of
glucose at enzyme modification electrodes as shown in Scheme
2. The modification of the electrode by Au and Pt NPs has an
important effect on the PEC generation of photogenerated
electrons and holes on the external of TiO,. The SPR effect of
AuNPs enhanced the absorption of light; meanwhile, high-
energy charge carriers are generated during the plasma decay
process,” thereby improving the catalytic activity of the
electrode. Moreover, Au and Pt NPs can form a Schottky
junction with TiO,, which could reduce the recombination of
photogenerated electrons and holes and increase the carrier
lifetime. After loading GOx, glucose was present in the PBS
electrolyte solution, glucose oxidase gradually oxidized glucose
into gluconic acid and H,0, (formula 1), and the holes in the
TiO,NTs/Au/Pt/GOx electrode could capture the enzymatic
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Scheme 2. Mechanism of Action of the TiO,NTs/Au/Pt/
GOx PEC Biosensor for Glucose Detection
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----- (o)
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H,0, GOx

Glucose

Gluconic acid

products for redox reactions and generate a photocurrent
(formula 3, photoelectrocatalytic reaction). Besides, the PtNPs
loaded on the surface of TiO, promoted the decomposition of
hydrogen peroxide because of their strong catalytic activity,
which enhanced the transfer of electrons in the enzymatic
reaction and further enhanced the current response to glucose
(formula 4, electrocatalytic reaction). Therefore, when the
glucose concentration was varied, different electrical signals
were generated. The reaction formula is as follows

glucose + O, GOx gluconic acid + H,0, (1)
hv — b+ e~ 2)
H,0, + i" - H,0 + H' (3)
H,0, — e 2% 0, + H* (4)

3. CONCLUSIONS

In summary, we have successfully designed the high-perform-
ance PEC biosensor for glucose testing based on TiO,NTs/
Au/Pt nanocomposites. Gold nanoparticles enhanced the
conductivity of the electrode and promoted the absorption
of light via the SPR effect and the separation of photo-
generated carriers in the material through forming a Schottky
junction. Subsequently, the catalytic activity of the electrode
was greatly improved. At the same time, PtNPs can catalyze
the decomposition of H,0, in the enzymatic reaction to
enhance the transfer of electrons in the enzymatic reaction and
further enhance the PEC performance of the sensor. Finally,
the obtained TiO,NTs/Au/Pt/GOx PEC biosensor has good
stability and selectivity in the linear range of 0—0.8 mM and
from 0.8 to 4 mM, where the sensitivities are 81.93 and 6.39
uA mM™' cm™2 and the detection limit is low at 1.39 uM.
Inspired by demonstrating the excellent performance of the
TiO,NTs/Au/Pt/GOx PEC biosensor for glucose detection
performance, the introduction of active substances will
promote the process of enzymatic reactions, possibly resulting
in the quick transfer of electrons in enzymatic reactions to
further improve the performance of the sensor, which will be a
new approach for building other high-performance PEC
enzymatic biosensors.

4. EXPERIMENTAL SECTION

4.1. Fabrication of TiO,NTs. Before the anodizing
treatment, the pretreated titanium foil sample (10 X 20 X
0.25 mm) was polished for 30 s and then washed in acetone,

ethanol, and deionized water for 5 min by ultrasonication and
dried in air at 50 °C. Afterward, anodic oxidation was
performed in an electrochemical cell with titanium foil as the
working electrode and a stainless-steel sheet as the counter
electrode. The electrolyte consists of a glycol system
containing 0.5 wt % ammonium fluoride and 6 vol % deionized
water. Under magnetic stirring with a direct current power
supply, anodization was carried out for 30 min under a 60 V
bias. Then, the sample was sonicated with deionized water for
30 min (smooth surface) and anodized again for 90 min under
a bias of 20 V. Subsequently, it was cleaned twice with ethanol
ultrasonically and dried naturally. Finally, the specimen
obtained by anodization was placed in a crucible and annealed
at 400 °C in air for 3 h with a heating rate of 2 °C/min.

4.2. Deposition of AuNPs on the TiO,NT Photo-
electrode. Chloroauric acid was used as the precursor, Ag/
AgCl was used as the reference electrode, and the Pt sheet was
used as the counter electrode. Gold nanoparticles were
electrochemically deposited in 0.1 M phosphate buffer (PBS,
pH = 7.4). The traditional three-electrode system adopts the
CV method, and the voltage range is from —1.25 to —0.7 V
(reverse) with different cycles (0, S, 10, 15 and 20 cycles).
Afterward, the prepared TiO,NTs/Au was washed with
deionized water and dried in a vacuum oven at 70 °C for 12 h.

4.3. Deposition of PtNPs onto the TiO,NTs/Au
Photoelectrode. Platinum nanoparticles were loaded on
TiO,NTs by UV lamp deposition. Chloroplatinic acid was
added to 30 mL of deionized water containing 10 mL of
methanol. Then, the prepared TiO,NTs/Au electrode was
placed in the above solution and irradiated with a UV lamp for
0, 5, 10, 15, and 20 min. Subsequently, the prepared
TiO,NTs/Au/Pt was washed with deionized water several
times and dried in a vacuum oven at 70 °C for 12 h.

4.4. Deposition of GOx onto the TiO,NTs/Au/Pt
Photoelectrode. Glucose oxidase is loaded on the target
electrode by the drop coating method. Glucose oxidase was
first coated on the electrode surface and kept at 4 °C for 24 h.
Subsequently, chitosan solution dissolved in acetic acid was
applied dropwise to immobilize GOx and kept at 4 °C for 72 h.
The target biosensor TiO,NTs/Au/Pt/GOx was finally
obtained.
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