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ABSTRACT: Although photoelectrochemical (PEC) enzyme biosensors based
on visible-light detection would have a high practical value, their development has
been limited by the weak visible-light response of available photoactive substrates.
Here, to enhance the visible-light response of a photoelectric substrate, a TiO,
nanorods (NRs)/TiO, quantum dots (QDs)/polydopamine (PDA)/glucose
oxidase nanocomposite was prepared via hydrothermal synthesis, followed by
photopolymerization. TiO, QDs with strong light absorption and excellent
photocatalytic activity were introduced between the TiO, NRs and the PDA. An
efficient electron transport interface that formed as a result of the combination of

/
/

- TiO,@PDA nanorod
> TiO, quantum dot

the TiO, NRs, TiO, QDs, and the PDA could not only transfer electrons quickly

and orderly, but also substantially improve the response of the TiO, NRs under visible light. Through a series glucose detection, a
sensor based on the nanocomposite was found to exhibit superior sensing performance under visible light with a sensitivity of 4.63
A mM™' cm™ a linear response over the concentration 0.1—4 mM, and a detection limit of 8.16 uM. This work proposes a
biosensor that can detect under visible light, thereby expanding the application range of PEC enzyme biosensors.

B INTRODUCTION

Photoelectrochemical (PEC) enzyme biosensors have been
widely used in biological analysis and detection because of
their fast response, low cost, low background interference, and
high sensitivity."> Most previous works related to PEC enzyme
biosensors have been focused on the UV excitation stage. On
the one hand, UV can easily deactivate biomolecules and make
the sensor useless. On the other hand, high-energy UV easily
triggers side reactions among the substances in the detection
system, which will affect the detection results.”* Therefore, the
development of PEC enzyme biosensors excited by visible light
is important.

TiO, nanorods (NRs) are the most commonly used
substrates in PEC enzyme biosensors because of their
advantages of low Spreparation cost, nontoxicity, and high
specific surface area.” However, because TiO, has a wide band
gap (~3.2 eV), it exhibits no response under visible light and is
only excited by UV light with a wavelength <387 nm; the
application of traditional TiO, materials in the field of visible-
light PEC enzyme biosensors has consequently been greatly
restricted.” Recently, to improve the response of TiO, under
visible light and expand its application in PEC enzyme
biosensors, researchers have investigated strategies such as dye
sensitization,” metal doping,” and incorporation with narrow
band gap semiconductors.”'’ However, some technical
problems, such as complicated preparation methods, low
doping efficiency, and heavy-metal ion pollution, have
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restricted the development of PEC enzyme biosensors based
on visible-light-responsive TiO,. However, these problems can
be mitigated by loading materials that can improve the light
absorption efficiency and biocompatibility of TiO,."" TiO,
quantum dots (QDs) are zero-dimensional nanomaterials that
feature a small particle size, high catalytic activity, and large
specific surface area, which impart them with strong light
absorbing ability and excellent photocatalytic activity. Most
importantly, TiO, QDs can be intimately combined with TiO,
NRs through in situ growth, resulting in a material that inhibits
electron—hole recombination in a photoelectric reaction,
thereby improving the photoelectric response of TiO, NRs
under visible light.lz’13 Therefore, TiO, QDs can be loaded on
TiO, NRs to improve the response of PEC enzyme biosensors
under visible light. In addition, given the biocompatibility
requirements of enzymatic biosensors, loading of biologically
active substances is necessary. Polydopamine (PDA) exhibits
good biocompatibility, high adhesive strength, and a wide
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Scheme 1. Process Used to Fabricate the TiO, NRs/TiO, QDs/PDA Electrode
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Figure 1. (A) XRD patterns of the TiO, NRs (black line), TiO, NRs/TiO, QDs (red line), and TiO, NRs/TiO, QDs/PDA (blue line) and (B)
TiO, QDs (the vertical blue lines indicate the peaks corresponding to the PDF data for anatase). (C) XPS full spectrum and (D) Ti 2p, (E) O 1s,
and (F) N 1s high-resolution spectra of the TiO, NRs/TiO, QDs and TiO, NRs/TiO, QDs/PDA.

absorption range and has therefore often been used to modify
the photoelectrochemically active material.' "

Herein, we developed a PEC enzyme biosensor based on
PDA-assisted visible-light excitation and used the device to
detect glucose. TiO, QDs were grown uniformly in situ on the
surface of TiO, NRs through a simple hydrothermal reaction.
The in situ growth of TiO, QDs not only reduced the bulk
defects of the TiO, NRs but also formed a heterojunction with
them via the strong bonding force to reduce the electron—hole
recombination efliciency. Moreover, photopolymerization of
PDA on the surface of the material induced polymer chain
conjugation, which promoted light-induced charge separation
and further broadened the absorption of the material in the
visible-light range. Because of the long-lasting stability and
presence of reactive groups, the PDA could control the
electron transmission path of the TiO, QDs and introduce
reactive groups to form a coupled conjugate structure with
TiO, QDs, resulting in the formation of an efficient
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transmission channel. Glucose detection experiments revealed
that the obtained TiO, NRs/TiO, QDs/PDA/GOx (GOx =
glucose oxidase) biosensor shows excellent response to glucose
with the sensitivity of 4.63 A mM™" cm™, a linear response
over the concentration 0.1—-4 mM, and a detection limit of
8.16 uM. In summary, the introduction of TiO, QDs between
TiO, NRs and PDA greatly improved the response of the
material under visible light, providing a new alternative
material for use in biosensors.

B EXPERIMENTAL SECTION

Synthesis of TiO, NRs. TiO, NRs were grown on fluorine-doped
tin oxide (FTO) glass using the hydrothermal method reported by
Liu and Aydil.'® First, the FTO glass was sequentially cleaned in
isopropyl alcohol, acetone, and ultrapure water ultrasonically for 20
min. Second, 10 mL of hydrochloric acid was added to 10 mL
ultrapure water, and the resultant solution was stirred for 10 min.
Four hundred microliters of titanium isopropoxide was then added,
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Figure 2. 2D, 3D, and height profile images of (A—C) TiO, NRs, (D—F) TiO, NRs/TiO, QDs, and (G-I) TiO, NRs/TiO, QDs/PDA

electrodes, as obtained by AFM analysis.

and the mixture was stirred vigorously for ~30 min. The FTO glass
was then placed face down against the wall at an angle in a Teflon-
lined container (30 mL), and the prepared solution was added. The
Teflon-lined container was inserted into a stainless-steel autoclave,
which was placed in an oven and heated for 4 h at 150 °C; then, the
autoclave was allowed to cool to room temperature naturally.
Afterward, the FTO glass was taken and rinsed several times with
ethanol and ultrapure water. Finally, the dried samples were annealed
at 450 °C for 4 h at a heating rate of 2 °C/min.

Synthesis of TiO, NRs/TiO, QDs. The TiO, NRs/TiO, QDs
were prepared by a simple hydrothermal approach. First, 5.8 g of
hexadecyl trimethyl ammonium bromide (C,,H,,BrN) was added to
a mixed solution of 60 mL of n-hexane and 10 mL of n-pentanol. Ten
milliliters of ultrapure water was then slowly added, and the resultant
solution was stirred vigorously for 10 min. Eight hundred microliters
of titanium(III) trichloride was then added to the solution, and the
resultant mixture was stirred for 10 min. Afterward, 11.4 mL of acetic
acid was added dropwise to the mixed solution and stirred until it was
smooth, resulting in the formation of a pale-pink oil-and-water
emulsion. Thirty milliliters of the prepared emulsion was transferred
to a Teflon-lined container (50 mL), and FTO glass with TiO, NRs
was placed face down against the Teflon wall at an angle. The Teflon-
lined container was transferred to a stainless-steel autoclave, which
was placed in an oven and heated for 3 h at 200 °C; then, the
autoclave was allowed to cool to room temperature naturally. Finally,
the FTO glass was removed from the autoclave and then repeatedly
washed with ethanol and ultrapure water to remove surfactants and
other impurities.
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Fabrication of the PEC Electrode. One hundred milligrams of
dopamine hydrochloride was added to S0 mL of phosphate-buffered
saline (PBS) solution (pH = 6.0), and the resultant solution was
slightly stirred. The TiO, NRs/TiO, QDs substrate obtained was
placed in the solution and irradiated under a UV lamp for 4 h. The
prepared TiO, NRs/TiO, QDs/PDA electrode was washed with
ultrapure water and stored in a refrigerator at 4 °C for 30 min. The
electrode construction process is shown in Scheme 1. Afterward, 20
#L of GOx and 10 uL of chitosan solution were added dropwise to
the surface of the TiO, NRs/TiO, QDs/PDA electrode, which was
subsequently placed in a refrigerator at 4 °C for further use.

B RESULTS AND DISCUSSION

Characterization of the TiO, NRs/TiO, QDs/PDA
Electrode. To investigate the crystal structure of the electrode
material, the materials synthesized in the present work were
analyzed by X-ray diffraction (XRD, Figure 1A). The
diffraction peaks corresponding to the black curve are well
consistent with the diffraction peaks of rutile TiO,'” specified
in JCPDS no. 02-0494, indicating that the TiO, NRs prepared
in the present work was pure rutile phase. Compared with the
XRD pattern of the TiO, NRs, that of the TiO, NRs/TiO,
QDs (Figure 1A) showed two new peaks at 47.96 and 74.99°,
which are the characteristic peaks of anatase TiO,; the
appearance of these peaks thus implies the presence of anatase
in the TiO, QDs. To further investigate the crystal structure of
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Figure 3. SEM images of the (A) TiO, NRs, (B) TiO, NRs/TiO, QDs, and (C) TiO, NRs/TiO, QDs/PDA. TEM images of the (D) TiO, NRs,
(E) TiO, NRs/TiO, QDs, and (F) TiO, NRs/TiO, QDs/PDA. HRTEM images of the (G) TiO, NRs, (H) TiO, NRs/TiO, QDs, and (I) TiO,
NRs/TiO, QDs/PDA. (J) Energy-dispersive X-ray spectroscopy mapping images of the TiO, NRs/TiO, QDs/PDA. SAED patterns of the (K)

TiO, NRs and (L) TiO, NRs/TiO, QDs.

the TiO, QDs, the XRD pattern of the TiO, QDs was
recorded alone. The diffraction peaks of the TiO, QDs were
well consistent with the anatase TiO,'® diffraction peaks in
JCPDS no. 21-1272 (Figure 1B), indicating that the TiO, QDs
prepared in the present work have a pure anatase phase with
excellent crystallinity. The blue curve (Figure 1A) shows the
XRD pattern of the TiO, NRs/TiO, QDs/PDA electrode,
where the diffraction peak positions are basically consistent
with those of the TiO, NRs/TiO, QDs electrode; no new
peaks were observed. These results indicate that the PDA
synthesized by photopolymerization may be an amorphous
compound that cannot be characterized by XRD analysis.

To further confirm the elemental chemical states and surface
chemical compositions of the as-prepared electrodes, X-ray
photoelectron spectroscopy (XPS) was used to analyze the
synthesized electrode materials and the obtained spectra were
compared with those for the TiO, NRs/TiO, QDs electrode.
Figure 1C shows the XPS full spectrum of the TiO, NRs/TiO,
QDs electrode (black line) and the TiO, NRs/TiO, QDs/
PDA electrode (red line). Peaks of C Is, N Is, Ti 2p, and O Is
are observed in the spectrum of the TiO, NRs/TiO, QDs/
PDA electrode, whereas peaks of C Is, Ti 2p, and O Is are
observed in the spectrum of the TiO, NRs/TiO, QDs.
Compared with the TiO, NRs/TiO, QDs electrode, the Ti 2p
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and O Is peaks in the spectrum of the TiO, NRs/TiO, QDs/
PDA electrode are substantially less intense; in addition, a new
peak N Is appears in the spectrum. This was because the
successful loading of the PDA film reduced the XPS signal
intensity of the TiO, substrate.'” Figure 1D—F shows a
comparison of the Ti 2p, O Is, and N Is high-resolution
spectra of the two electrode materials, respectively. The Ti 2p
peak of the TiO, NRs/TiO, QDs/PDA electrode was
deconvoluted into two peaks (458.5 and 464.4 eV),
representing the Ti 2py, and Ti 2p,, states of Ti%,
respectively.”” Compared with the Ti 2p;,, and Ti 2p;),
peaks in the spectrum of the TiO, NRs/TiO, QDs, those in
the spectrum of the TiO, NRs/TiO, QDs/PDA electrode
were less intense and shifted to the direction of low binding
energy. The O 1s peak (Figure 1E) of the TiO, NRs/TiO,
QDs electrode was deconvoluted into two peaks at 530.0 and
531.4 eV (Figure S1A), corresponding to O in the crystal
lattice (Ti—O—Ti) and O in Ti—OH bonds, respectively.21
After the PDA was loaded, the O 1s peaks of the Ti—O—Ti
and Ti—OH bonds were shifted 0.1 eV to the direction of low
binding energy and a new peak appeared at 532.6 eV (Figure
S1B), corresponding to the O in associative C—O/C=0 in
the PDA layer.”” Compared with the O 1s spectrum ratio of
Ti—hydroxyl/Ti—O bonds in the spectrum of the TiO, NRs/
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Figure 4. (A) UV—visible diffuse-reflection spectra, (B) photoelectric response when irradiated with light with a wavelength >420 nm, (C) PL
spectra, (D) electrochemical impedance spectroscopy measurements, (E) M—S spectra, and (F) open-circuit potential response of TiO, NRs, TiO,
NRs/TiO, QDs, TiO, NRs/PDA, and TiO, NRs/TiO, QDs/PDA electrodes.

TiO, QDs electrode, that in the spectrum of the TiO, NRs/
TiO, QDs/PDA clearly increased, indicating that the PDA
molecules might have reduced the number of oxygen vacancies
by bonding well to the TiO, NRs/TiO, QDs.”” The N 1s peak
(Figure 1F) at 400.4 €V is attributed to the dopamine terminal
group NH;", indicating that the dopamine-coated TiO, NRs/
TiO, QDs/PDA electrode was successfully prepared after
photopolymerization.”*

To characterize the changes in the surface morphology of
the electrode materials, atomic force microscopy (AFM) was
used to observe the roughness and surface morphology of each
electrode material. The AFM two-dimensional (2D), three-
dimensional (3D), and height profile images of each electrode
material are presented in Figure 2. The average roughness (R,)
was defined as the arithmetic average of the absolute value of
the surface height deviations measured from the center plane.”
As evident in Figure 2A—C, the uneven height between the
prepared NRs led to a high roughness of the TiO, NRs. After
the TiO, QDs and PDA were sequentially loaded, R, gradually
decreased. The TiO, QDs were small particles; due to the
higher chemical potential, TiO, QDs prefer to grow on the
indentation of the nanotube, which could improve the uneven
morphology of TiO, NRs (Figure 2D—F). Therefore, R, of the
material did not dramatically change after the TiO, QDs were
loaded. After the PDA was loaded, R, of the composite
material was substantially reduced, indicating that photo-
polymerization could potentially enable the polymer film
material to grow uniformly anywhere on the electrode surface
(Figure 2G—I).”° The aforementioned data all indicate that
PDA was evenly loaded onto the electrode surface.

To characterize the change in morphology of the electrode
materials before and after loading and explore the loaded states
of the TiO, QDs and PDA, scanning electron microscopy
(SEM) was used to observe the materials prepared in this
work. Figure 3A shows an SEM image of typical TiO, NRs that
exhibits uniform hydrothermal growth on the FTO glass
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substrates. The average width of the NRs was ~120 nm, and
the surface was smooth and wrinkle-free. Figure 3B shows an
SEM image of the TiO, NRs/TiO, QDs. Compared with the
image of the TiO, NRs, that of the TiO, NRs/TiO, QDs
shows numerous nanoparticles on top of the TiO, NRs,
indicating that the TiO, QDs were successfully loaded onto
the TiO, NRs. However, the large amount of TiO, QDs
loaded onto the surface of the TiO, NRs will result in a
disordered electron-transport path, which will substantially
increase the electron—hole recombination rate.'> Therefore,
the use of the nanomodified material was extremely important.
As shown in Figure 3C, as a result of photopolymerization, the
PDA film uniformly covered the electrode surface. The cross-
sectional view of the electrode material (Figure S2A—C) also
shows the successful loading of PDA onto the TiO, NRs. The
introduction of PDA could not only control the electron
transmission path of the TiO, QDs but also introduce reactive
groups to combine with Ti-5C to form a coupled conjugate
structure and construct an efficient electron transmission
path.”’

To obtain additional details of the structure of the electrode
materials, the specific structure of each substance was observed
more intuitively and transmission electron microscopy (TEM)
was used to characterize the microstructure of the materials.
Figure 3D shows a typical TEM image of rutile TiO, NRs. The
width of the NRs was ~120 nm, which is consistent with the
SEM observations. The lattice fringes (Figure 3G) show a
lattice spacing of 0.32 nm, corresponding to the (110) planes
of rutile TiO,.'° Figure 3E shows TEM images of the TiO,
NRs/TiO, QDs, where the TiO, QDs are clearly distributed
on the surface of the NRs. To explore the molecular
composition and specific morphology of the TiO, QDs, EDS
and TEM analyses of the TiO, QDs powder were carried out.
As shown in Figure S3, the TiO, QDs consisted of a titanium
oxide compound (the Cu and C peaks are attributed to the
instrument). The low-resolution TEM images of the TiO,
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QDs (Figure S4A,B) show the TiO, QDs distributed in the
granular form, confirming the SEM results. The HRTEM
images of the TiO, QDs (Figure S4C,D) show that the TiO,
QDs exhibit excellent crystallinity and that the lattice fringes
exhibit a lattice spacing of 0.35 nm, corresponding to the (101)
planes of anatase TiO,.”* Consistent with the aforementioned
results, lattice spacings of 0.32 and 0.35 nm are observed in the
HRTEM images of TiO, NRs/TiO, QDs (Figure 3H),
corresponding to the (110) planes of rutile TiO, and the
(101) planes of anatase TiO,, respectively. Figure 3F shows
TEM images of the TiO, NRs/TiO, QDs/PDA. The TiO,
NRs and TiO, QDs were wrapped in a PDA film, and the TiO,
QDs were distributed around the NRs. This structure could be
used to construct an eflicient electron-transport interface and
greatly improve the separation efficiency of photoelectrons and
holes generated by the TiO, QDs.”” HRTEM images of the
TiO, NRs/TiO, QDs/PDA (Figure 3I) show that the TiO,
NRs were coated with a uniform PDA film 20—30 nm thick.
The elemental mapping analysis of a single NR in the TiO,
NRs/TiO, QDs/PDA electrode is shown in Figure 3]. The
matrix of the electrode was composed of Ti and O, and N was
evenly distributed on the surface. These results showed that
dopamine was uniformly loaded onto the electrode surface.
The selected-area electron diffraction (SAED) pattern of the
TiO, NRs (Figure 3K) shows periodic spots, corresponding to
the (110) planes and the (111) planes of rutile TiO,,
respectively. This indicates that the TiO, NRs prepared in
the present work were rutile TiO, single crystals. The SAED
pattern of the TiO, NRs/TiO, QDs (Figure 3L) shows
superior crystallinity, revealed some extra diffraction spots in
addition to the (110) planes of rutile TiO,, corresponding to
the (101) planes of anatase TiO,. These results indicated that
the TiO, NRs/TiO, QDs electrode loaded with TiO, QDs was
successfully obtained.

PEC Characterization of TiO, NRs/TiO, QDs/PDA
Electrode. To explore the light absorption intensity of the
electrode in the visible region and use it to demonstrate the
effectiveness of the fabricated electrode, UV—visible diffuse-
reflectance spectra were recorded for the TiO, NRs, TiO,
NRs/TiO, QDs, TiO, NRs/PDA, and TiO, NRs/TiO, QDs/
PDA electrodes (Figure 4A), and the band gap of each
electrode was obtained using the Kubelka—Munk function
(Figure SS). Compared with the light absorption of the TiO,
NRs electrode, that of the TiO, NRs/TiO, QDs electrode in
the visible-light range was substantially enhanced. On the one
hand, the rutile phase of the TiO, NRs and anatase phase of
the TiO, QDs could form a heterojunction to enhance light
absorption. On the other hand, the quantum effect of the TiO,
QDs could enhance the absorption of the electrode in the
visible region. However, when the TiO, QDs were loaded onto
the TiO, NRs, the absorption band edge of the electrode was
not changed. PDA exhibits strong absorption in the visible-
light region; thus, after the PDA was loaded, the absorption
intensity of the electrode in the visible-light region was further
improved. In addition, PDA is an organic semiconductor, and
its loading substantially shifted the absorption band edge of the
electrode because of coupling of the semiconductor levels.'”

A series of electrochemical tests were conducted to
determine the PEC performance of the TiO, NRs, TiO,
NRs/TiO, QDs, TiO, NRs/PDA, and TiO, NRs/TiO,
QDs/PDA electrodes under visible light. Figure 4B shows
the transient photocurrent density versus time plots for each
electrode at 0.4 V versus Ag/AgCl under visible light at
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wavelengths >420 nm with 20 s light ON/OFF cycles. The
photocurrent response of the TiO, NRs under visible light was
very weak, indicating that TiO, could not be excited by visible
light. After the TiO, QDs were introduced, due to the
formation of heterojunction and the quantum effect of the
TiO, QDs, the photoelectric response of the electrode under
visible light was substantially enhanced. However, the
photoelectrons generated by the TiO, QDs were disordered
in the transmission process, which greatly increased the
photoelectron—hole recombination efficiency. Therefore, the
photoelectric performance of the electrode decreased rapidly
(Figure S6). PDA exhibits strong absorption in the visible
region;29 thus, the introduction of PDA improved the
photocurrent intensity of TiO, under visible light to a certain
extent (approximately tenfold). When the TiO, QDs and PDA
were simultaneously loaded onto the electrodes, the TiO, QDs
and PDA could build an efficient electronic transmission path
and the TiO, QDs could compensate for the bulk defects
between the PDA and the TiO, NRs; thus, the photocurrent
response of the TiO, NRs/TiO, QDs/PDA electrode was
improved by a factor of approximately 18, thereby demonstrat-
ing that the TiO, QDs and PDA could synergistically sensitize
the TiO, NRs.

In order to characterize the effect of each component on the
photoelectron—hole separation efliciency and on the charge-
transfer resistance of the electrode, each electrode was
characterized using photoluminescence (PL) and electro-
chemical impedance spectroscopy measurements. As shown
in Figure 4C, the emission intensity of the TiO, NRs decreased
after the TiO, QDs and PDA were introduced onto the
electrode, indicating that the TiO, QDs and PDA could
effectively reduce the recombination rate of photoelectrons
and holes. As shown in Figure 4D, under visible-light
irradiation, upon introduction of the TiO, QDs and PDA,
the semicircle radius in the Nyquist plot of the material
gradually decreases. In the same frequency range, the TiO,
NRs/TiO, QDs/PDA electrode exhibited a smaller semicircle
radius, which means that it exhibited a higher charge-transfer
efficiency. The reduction in the recombination rate of
photoelectrons and holes and the increase in charge transfer
efficiency are all due to the construction of efficient electron
transport paths.

To better understand the electron transfer mechanism of the
electrodes, they were characterized using the Mott—Schottky
(M—S) test and the open circuit potential (OCP) test.
Capacitance measurements at the electrode/electrolyte inter-
face were conducted to generate M—S curves. As shown in
Figure 4E, all the curves had a positive slope, explaining the n-
type semiconductor behavior of all the electrodes. Upon the
introduction of TiO, QDs and PDA, the slope of M—S curves
of the electrodes gradually decreased. The carrier density (Np)
of the electrode was calculated from the slope of the M—S
curves using the following equation (eq 1)

2 kT
(US_ UFB) -2

1
2

C Npeeye (1)
where C is the space—charge capacitance in the semi-
conductors; e is the fundamental charge; € and ¢, is the
relative permittivity and permittivity of vacuum in the
semiconductor, respectively; Ug and Upg is the applied
potential and the fiat band potential in the semiconductor,
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Figure S. Under irradiation by light with a wavelength >420 nm, the (A) photocurrent response and (B) calibration curve for the TiO, NRs/TiO,
QDs/PDA/GOx biosensor in 0.1 M PBS (pH = 7.4) electrolyte at different concentrations of glucose from 0 to 4 mM, (C) repeatability test at 1
mM glucose, and (D) characterization of the anti-interference performance of the electrode. The experiments were conducted in 0.1 M PBS (pH
7.4) at concentrations of 0.1 mM sodium chloride (NaCl), fructose (Fru), galactose (Gal), sucrose (Suc), uric acid (UA), ascorbic acid (AA), and

dopamine (DA) in the presence of 1 mM glucose.

respectively; kg is the Boltzmann constant; and T is the
temperature. The value of Ny, was calculated using eq 2:*°

o2)

d(Ts)

~1
2

ND = —[@
()

where e = 1.6 X 107" C; £, = 8.86 X 107"* F/cm; and £ = 170
for rutile TiO,.”" The calculated N, was 1.39 X 107%%, 1.74 x
107", 3.39 x 107", and 6.86 X 107" cm™ for the TiO, NRs,
TiO, NRs PDA, TiO, NRs/TiO, QDs, and TiO, NRs/TiO,
QDs/PDA electrode, respectively. These values are attributed
to the introduction of TiO, QDs and PDA, improving the
electric conductivity and accelerating the electron transfer. The
results of OCP measurements with the electrodes are shown in
Figure 4F, and the photoelectron lifetime was estimated on the
basis of the following equation (eq 3)*

kT [ dVpe r
B dt

T

()

where 7 is the electron lifetime and V¢ is the open-circuit
voltage at time t. The TiO, NRs/TiO, QDs/PDA electrode
displayed a longer carrier lifetime than the other electrodes,
which showed high PEC performance. In general, the TiO,
NRs/TiO, QDs/PDA electrode exhibited extremely high
charge separation efficiency that directly benefited from the
interaction among the TiO, NRs, TiO, QDs, and the PDA.
Characterization of the Sensing Performance of a
TiO, NRs/TiO, QDs/PDA/GOx Biosensor. Because of its
excellent photoelectric properties under visible light, the TiO,

[4
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NRs/TiO, QDs/PDA electrode was used as the main
photoactive substrate for PEC enzyme sensing and detection.
The sensor performance of the electrode material was
determined using a series of glucose tests, in which GOx
plays a selective role. The parameters used to evaluate the
performance of the biosensors were mainly sensitivity, linear
range, and limit of detection (LOD). Figure SA shows the
photoelectric response of the TiO, NRs/TiO, QDs/PDA/
GOx biosensor to different glucose concentrations under
constant stirring and under irradiation with >420 nm light.
GOx shows strong specificity toward oxidation of glucose, and
then, when glucose was present in the PBS electrolyte solution,
GOx gradually oxidized glucose into gluconic acid and H,O,,
generating FADH, (eqs 4 and S). The holes in the TiO, NRs/
TiO, QDs/PDA electrode could capture the enzymatic
products for redox reactions and generate a photocurrent.
When the glucose concentration was varied, different electrical
signals were generated. Detection of the electrical signals
enabled the detection of biological signals. The linear
regression equation for the photocurrent is represented as
photocurrent (uA) = 4.63[Glu] (mM) + 5.82 (R* = 0.99878)
(Figure SB). In summary, the TiO, NRs/TiO, QDs/PDA/
GOx biosensor showed a broad linear range from 0.1 to 4.0
mM, a high sensitivity of 4.63 yA mM™! cm~2, and a base LOD
of 8.16 uM [signal-to-noise ratio (S/N) = 3].

GOx(FAD) + glucose —» GOx(FADH,) + gluconic acid
(4)

GOx(FADH,) + O, - GOx(FAD) + H,0, (s)
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To more clearly show the advantages of the TiO, NRs/TiO,
QDs/PDA/GOx biosensors, identical glucose tests were
conducted using other electrodes. The PEC I—t curves for
the TiO, NRs/GOx, TiO, NRs/PDA/GOx, TiO, NRs/TiO,
QDs/GOx, TiO, NRs/TiO, QDs/PDA, and TiO, NRs/TiO,
QDs/PDA/FAD sensors under irradiation with >420 nm light
and in the presence of glucose at various concentrations are
shown in Figure S7—S11. As shown in Figure S7, the response
of the TiO, NRs/GOx biosensor was linear in the
concentration range of 0.2—1.0 mM and its sensing perform-
ance was poor. This poor performance is attributed to TiO,
exhibiting weak absorption of visible light and relatively poor
biocompatibility. As shown in Figure S8, after the PDA was
introduced, the TiO, NRs/PDA/GOx biosensor exhibited a
linear response in the range of 0.2—2.4 mM, and its sensitivity
decreased to 2.80 yA mM ™' cm™, which is 39.52% lower than
that of TiO, NRs/TiO, QDs/PDA/GOx biosensors. The
existing PDA reduces the electron—hole recombination rate of
TiO, NRs to a certain extent and enhances the photoelectric
response of the TiO, NRs; these effects, combined with the
better biocompatibility of PDA, were responsible for the
broader linear range of the TiO, NRs/PDA/GOx biosensor
compared with that of the TiO, NRs/GOx biosensor. As
shown in Figure S9, after the TiO, QDs were introduced, the
heterojunctions enhanced the photoelectric response of the
TiO, NRs but the transmission process of photoelectrons was
disordered, resulting in poor sensitivity and a low LOD of the
TiO, NRs/TiO, QDs/GOx biosensor. As shown in Figure
S10, the response of the TiO, NRs/TiO, QDs/PDA biosensor
was linear in the concentration range of 0.1—1.7 mM and its
sensing performance was poor, and so, the presence of
enzymes is necessary. As shown in Figure S11, the response of
the TiO, NRs/TiO, QDs/PDA/FAD sensor was linear in the
concentration range of 0.1—4.0 mM and with a sensitivity of
495 yA mM™' cm™ The results obtained are similar to the
results of the TiO, NRs/TiO, QDs/PDA/GOx biosensor,
which proved that the active sites of GOx on the electrode
could be regarded as the catalytic active center of the glucose
enzyme sensor and perform catalytic reactions by itself in this
work.*

Scheme 2 shows the sensing mechanism of the TiO, NRs/
TiO, QDs/PDA/GOx biosensor. PDA could absorb the
energy in the photon and induce a 7—n* transition under
visible light. The excited-state electrons transition from the

Scheme 2. Sensing Mechanism of the TiO, NRs/TiO, QDs/
PDA/GOx Biosensor
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highest occupied molecular orbital (HOMO, 2.501 eV s
NHR) of PDA to the lowest unoccupied molecular orbital
(LUMO, —1.468 eV vs NHR).>> The conduction-band
potential (Ecp) values of the TiO, QDs and rutile TiO,
were approximately —0.26 and —0.05 eV (vs NHR),***
respectively; thus, a photoelectron in the HOMO of the PDA
will first metastasize to the conduction band of the TiO, QDs,
then metastasize to the conduction band of the TiO, NRs, and
finally metastasize to the FTO substrate. In this process, TiO,
QDs could provide more carriers and a higher charge-transfer
efficiency and inhibit the recombination of photoelectrons and
holes, thereby improving the PEC performance of the material.
The holes generated in PDA were transferred to GOx, which
promoted oxidation of glucose to gluconic acid by GOx, and
the presence of PDA could effectively avoid enzyme
inactivation and improve the biocompatibility of the electrode.
Moreover, the improved sensing performance of the electrode
is attributable to the coupling effect between the TiO, QDs
and PDA, which form an electron transmission channel, and to
the TiO, QDs compensating for the bulk defect of the TiO,
NRs, further improving the photoelectron transfer efficiency of
the electrode. The mechanism proposed in the preceding
discussion provides a basis for the development of a steady
PEC glucose biosensor based on detection under visible light.

The stability of the TiO, NRs/TiO, QDs/PDA/GOx
biosensor was demonstrated by nine cycles of intermittent
light radiation in the presence of 1 mM glucose. As shown in
Figure SC, after nine cycles, the photocurrent of the TiO,
NRs/TiO, QDs/PDA/GOx biosensor changed only slightly,
indicating good stability. The specificity of the TiO, NRs/
TiO, QDs/PDA/GOx biosensor was verified by testing the
effects of several components of human blood (eg, sodium
chloride, Fru, Gal, Suc, UA, AA, and DA) on the sensor’s
glucose detection performance. GOx consisted of a protein
shell and FAD. In this structure, protein was used to identify
the substrate and FAD was used as catalytic active sites. When
glucose is present, it could be captured by the protein shell and
oxidized by FAD in GOx, which ensured the selectivity of the
reaction. As shown in Figure 5D, after the interferants were
added, the TiO, NRs/TiO, QDs/PDA/GOx biosensor
maintained a high selectivity toward glucose, indicating that
the biosensor has excellent anti-interference performance.

In addition, to further comprehend the performance of TiO,
NRs/TiO, QDs/PDA/GOx biosensors in real human serum
samples (provided by Hainan Medical University), I—t
measurement of glucose was performed in serum diluted
with 0.1 M PBS. Different concentrations of glucose solutions
were added to the diluted human serum, and the precision of
the recovery test was assessed from five concentration
gradients. As shown in Table S1, the test results show that
the recovery of the TiO, NRs/TiO, QDs/PDA/GOx
biosensors is between 97.64 and 100.97%. This shows that
our reported TiO, NRs/TiO, QDs/PDA/GOx biosensor can
be used to determine the blood glucose content in real human
serum.

Finally, the performance of the TiO, NRs/TiO, QDs/PDA/
GOx biosensor was compared to that of similar reported
biosensors (Table 1). Benefiting from the efficient con-
struction of electron transport channels and the high affinity
of PDA for GOx, the proposed biosensor achieved satisfactory
results in terms of sensitivity and LOD.
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Table 1. Comparison of the Analytical Performance of the
Proposed Glucose Biosensor with that of Previously
Reported Similar Sensors

structure sensitivity/
LOD/ linear range/ pA mM™'
electrode UM mM cm™? ref.
ITO/MoS,-TiO,/GOx 15.0 0.1-10 0.81 36
GOx-f-Gal@Au NPs- 0.23 0.008—-2.50 1.66 37
g—C;N,—MnO,-
TiO,/ITO
ITO/MTiO,-Au NPs- 1.2 0.004—1.75 4.42 38
MoS,-GOx
GOx/Ag,S/Sn0,/ITO 324 0.1-122 N/A 39
ITO/NiO/CdS/GOx 10.0 0.05-7.1 0.1 40
TiO, NRs/PDA/GOx 12.96 02-2.4 2.80 this
work
TiO, NRs/TiO, QDs/ 816  0.1-40 4.63 this
PDA/GOx work

B CONCLUSIONS

A TiO, NRs/TiO, QDs/PDA electrode with enhanced visible-
light response was successfully prepared as a photosensitive
substrate for PEC enzyme biosensors. Finally, a TiO, NRs/
TiO, QDs/PDA/GOx biosensor with excellent performance
was obtained. The TiO, QDs and PDA jointly formed an
efficient electron-transport interface, which imparted the
electrode with a stronger photoelectric response under visible
light. The PDA uniformly covers the surface of the electrode,
not only firmly bonding the enzyme on the electrode surface
but also avoiding deactivation of the enzyme via reaction with
the strongly oxidizing holes generated in TiO,, resulting in
better sensing performance of the electrode. In addition, the
presence of GOx makes the electrode highly selective to
glucose. Through a series of glucose detection, the as-obtained
TiO, NRs/TiO, QDs/PDA/GOx biosensor achieved a
sensitivity of 4.63 yA mM™" cm™?, a linear response range of
0.1-4 mM, and an LOD of 8.16 uM (S/N = 3). Thus, the
proposed design provides a feasible route for the development
of future energy-saving, practical, and user-friendly PEC
enzyme biosensors.
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