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Cancer is one of the primary health concerns among humans due to its high incidence rate and lack of
effective treatment. Currently, medical techniques to achieve the precise elimination of local cancer
lesions with negligible damage to normal tissues are still intensely desired. Herein, we synthesized
BaTiO3—TiO, hollow spheres (BTHSs) for use in microwave dynamic therapy (MWDT) for cancer. Under
UV irradiation, BTHSs can mediate the production of multiple reactive oxygen species (ROS), mainly *O,,
which results in a rapid photocatalytic degradation rate (97%), 1.6-fold that of commercial P25. Impor-
tantly, the ROS production process can be triggered by microwaves to effectively execute MWDT for
cancer. Under microwave irradiation, BTHSs exhibit a remarkable therapeutic effect and slight cytotoxi-
city. In terms of mechanism, the enhanced ROS production efficiency of BTHSs can be attributed to
their unique hollow structure and the formation of a type-Il heterojunction by the incorporation of
BaTiOs. The hollow structure increases the availability of active sites and enhances light scattering, while
the BaTiOs-TiO, heterojunction enhances the photocatalytic activity of TiO, through charge transfer
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and electron—hole separation. Overall, this study provides important insights into the design and optimi-
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1. Introduction

Cancer has emerged as a significant barrier to increasing life
expectancy due to the rising rates of morbidity and mortality
worldwide.' Multiple therapeutic theories and technologies
have been developed to achieve better treatment efficiency and
prognosis.*” For neoplasms located deep in the viscera, such
as hepatocellular carcinoma (HCC), ultrasonic imaging-guided
microwave ablation therapy has become a prominent mini-
mally invasive and safe procedure for tumor elimination.®™°
However, this procedure often leads to hyperthermia-induced
side effects on important organs adjacent to the lesion
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zation of sensitizers for MWDT applications.

undergoing ablation."*™* Therefore, it is necessary to explore

and develop novel treatment technologies to address these
challenges.

The formation and progression of tumors lead to a repro-
gramming of malignant cell metabolism, characterized by a
shift toward aerobic glycolysis as the dominant energy supply
mode. This alteration in metabolism results in an imbalance in
redox homeostasis.’**® Consequently, cytotoxic reactive oxygen
species (ROS), including singlet oxygen (*0,), hydroxyl radicals
(*OH) and superoxide radicals (*O,"), are generated as bypro-
ducts of molecular oxygen-based energy metabolism. Interest-
ingly, ROS are preferentially generated and accumulated in
tumor cells rather than in normal cells,"”'® resulting in a high
basal ROS content in cancer cells that is prone to exceed the
cytotoxic threshold.'>' Exploiting this disparity, researchers
have proposed the induction of additional ROS production as
an effective and selective eradication strategy for neoplasms.>*>*

Nanostructured TiO, is widely recognized as an exceptional
photosensitizer for ultraviolet (UV)-mediated photodynamic
therapy (PDT) in cancer treatment due to its good biocompat-
ibility and UV absorbance.?**® Upon UV irradiation, electrons
and holes are generated inside TiO, nanoparticles, are trans-
ported to the surface, and react with molecular oxygen and
chemisorbed water molecules to generate various cytotoxic
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ROS. In particular, the generation of *OH is an oxygen-
independent process, making it highly promising for achieving
cytotoxicity in hypoxic tumor microenvironments.?”*® However,
the limited penetration ability of UV light significantly hinders
efforts to broaden the application of PDT based on raw TiO,
nanomaterials.*

Recently, microwave dynamic therapy (MWDT), in which
microwaves are employed in conjunction with designated
nanomaterials to generate ROS, has been proposed for the
ablation of neoplasms.*® Compared to PDT, MWDT utilizes
minimally invasive electrodes commonly used in clinical micro-
wave ablation to directly reach the interior of tumors and
generate microwaves, which penetrate much deeper than light
waves.*'*? A needle microwave electrode operated at low power
can effectively stimulate the generation of plasma from tiny
dissolved bubbles in liquids, emitting UV light to trigger ROS
production from spherical TiO, nanocatalysts.>*>> However,
TiO,-based MWDT still suffers from certain drawbacks, such as
the low separation of charge carriers.

Combining hollow structures and heterojunction configura-
tions in TiO, nanocomposites is a promising approach to
improve the generation and separation of electron-hole pairs.
TiO, hollow structures (THSs) possess a large specific surface
area and high light harvesting ability to enhance the photo-
generation of charge carriers,**® while heterojunctions facil-
itate the separation and transfer of electron-hole pairs.>*™*°
Therefore, the development of hollow heterojunction structures
has attracted considerable attention due to their synergistic
advantages. BaTiO;-TiO, hollow spheres (BTHSs) are represen-
tative examples of such structures. The bandgap of BaTiO; is
higher than that of TiO,, enabling the transfer of photogener-
ated electrons from TiO, to BaTiO; and inhibiting the recom-
bination of photogenerated electron-hole pairs.’*>* In
addition, the hollow spheres exhibit strong structural stability,
excellent photocatalytic activity and biocompatibility, making
them ideal candidates for various applications that depend on
the generation of additional ROS, including MWDT.

In this study, we successfully synthesized BTHSs with a
heterojunction structure to explore their potential application
in MWDT. Photocatalytic experiments clearly demonstrated
that these BTHSs can sufficiently increase the ROS production
efficiency under UV irradiation, as determined by electron spin
resonance (ESR) and trapping tests. Furthermore, the enhanced
ROS production efficiency of BTHSs under microwave irradia-
tion was also observed, demonstrating the good MWDT perfor-
mance of these materials for killing cancer cells in vitro. The
results suggest that BTHSs are promising nanoscale catalytic
materials for MWDT-mediated cancer treatment.

2. Experimental methods
2.1 Synthesis of THSs

THSs were prepared by using a polystyrene (PS)-template sol-
vothermal method. Typically, 200 mg of tetrabutyl titanate
(TBOT) was dissolved in 15 mL of PS suspension (210 nm in
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diameter, 1 wt% in water) under vigorous stirring. Then, 1 mL
of hydrochloric acid (38%) was added dropwise. Following
stirring for 1 h, a reaction was conducted for 12 h in a
Teflon-lined stainless-steel autoclave at 200 °C. Finally, the
products were centrifuged, washed with ethanol/deionized
water three times, and heated at 500 °C for 2 h.

2.2 Synthesis of BTHSs

BTHSs were synthesized from the THSs by a facile hydrother-
mal method. Typically, 460 mg of Ba(OH),-8H,0 was dispersed
in 50 mL of ethanol, diethylene glycol, and isopropanol with a
volume ratio of 2:2:1 under stirring, while 150 mg of tetra-
butylammonium hydroxide was dissolved in 10 mL of deio-
nized water in another beaker and subjected to ultrasonication.
After mixing these two solutions, 200 mg of THSs were dis-
persed in the mixture under stirring for 30 min, and the
mixture was sealed in a 100 mL Teflon-lined stainless-steel
autoclave and heated at 170 °C for 4 h. Finally, the product was
centrifugally washed with deionized water and ethanol 3 times
and dried overnight at 80 °C. To investigate the effect of
temperature and time on the synthesis of BTHSs, other samples
were synthesized under the same conditions except for the
heating temperature and time.

2.3 Characterization

The morphology and structure of the samples were characterized
by scanning electron microscopy (SEM, Hitachi SU-8010) and
transmission electron microscopy (TEM, JEOL JEM-2100F). The
chemical states were determined by X-ray photoelectron spectro-
scopy (XPS, Thermo Kalpha). The crystal structure of the samples
was analyzed by X-ray powder diffraction (XRD, Ultima IV) with a
scan range of 10°-80°.

2.4 Detection of UV-induced ROS

The total ROS generation induced by UV photocatalysis was
evaluated by measuring the effectiveness of the generated ROS
in the decomposition of methyl orange (MO) using photo-
chemical reaction apparatus (PL-03, Changzhou Hongming
Co., Ltd.). Specifically, 10 mg of BTHSs were dispersed in
50 mL of MO aqueous solution (10 mg L™'). The suspension
was vigorously stirred in the dark for 2 h to establish an
adsorption/desorption equilibrium between the dye and the
nanoparticles. Then, the suspension was irradiated with a
300 W mercury lamp, and 0.5 mL of the solution was removed
at 5 min intervals. The concentration of MO was determined at
464 nm using a UV-Vis spectrophotometer (MAPADA M4). The
degradation efficiency was calculated by C/C,, where C and C,
represent the MO concentration at the beginning and during the
reaction, respectively. To investigate the main active species
involved in photocatalytic reactions, excess p-benzoquinone
(BQ), isopropanol (IPA), and triethylene diamine (DABCO) were
separately added as scavengers for *0,~, *OH and '0,, respec-
tively. The photocatalytic degradation efficiencies of the THSs
and BTHSs were compared after adding free radical scavengers
to determine the involved active species.
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2.5 Detection of MWDT-induced ROS

1,3-Diphenylisobenzofuran (DPBF, 400 pL, 1 mg mL™ ') or
methylene blue (MB, 1 mL, 0.1 mg mL™ ") was added to
the nanoparticles suspended in deionized water (50 mlL,
1 mg mL ). The suspension was vigorously stirred in the dark
for 2 h to establish an adsorption/desorption equilibrium
between the dye and the nanoparticles. Then, 0.5 mL of the
above mixture was added to an EP tube with a maximum
capacity of 1.5 mL. Subsequently, the samples were irradiated
using a needle microwave probe for 30 min under 10 W power
using microwave emission equipment at 2450 MHz (WB-
3100AI, Baoxing Medical, China) on ice. After centrifugation,
the concentrations of DPBF and MB were determined as
described above for MO except that the detection wavelengths
were 410 nm and 665 nm, respectively.

2.6 Cell culture

The representative cancer cell line HepG2 (HCC cells) was
supplied by the Cell Bank of Type Culture Collection of the
Chinese Academy of Sciences (Shanghai, China). The culture
medium for HepG2 cells was prepared by supplementing
DMEM with fetal bovine serum and penicillin-streptomycin
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reagent in a sterile environment. A humidified incubator con-
taining 5% CO, was set to 37 °C.

2.7 MTT assay

HepG2 cells were incubated with different doses of THSs or
BTHSs for 24 h in a 96-well plate. To detect cell viability, a
standard MTT assay was performed. Briefly, the tested cells
were sequentially subjected to 4 h of incubation with MTT,
dissolution with DMSO, and measurement of the absorbance at
490 nm. For the MWDT experiments, the HepG2 cells were
incubated with THSs or BTHSs for 24 h, followed by microwave
irradiation, 3 h of incubation and MTT detection.

2.8 ROS detection in cancer cells

HepG2 cells were incubated with THSs or BTHSs for 24 h in a
48-well plate. Subsequently, the cells were washed twice
with PBS and incubated with a DCFH-DA probe (300 pL,
10 umol L") for 20 min. Then, microwave irradiation was
conducted on ice, and the visualized fluorescence intensity
reflecting intracellular ROS production was imaged by means
of a fluorescence microscope (BX53, Olympus) after washing
with PBS.
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2.9 Calcein AM/PI staining

HepG2 cells were incubated with THSs or BTHSs for 24 h in a
48-well plate. Subsequently, the cells were irradiated with
microwaves on ice after washing twice with PBS. After 3 h,
the cells were incubated with 300 pL calcein AM/PI reagent for
30 min in the dark. The survival status of the cells was visually
determined by means of a fluorescence microscope after wash-
ing with PBS.

2.10 Statistical analysis

One-way ANOVA was implemented using SPSS 23.0 software,
which is designed for the statistical analysis of data collected
from multiple groups (>2). In addition, the recognized statis-
tically significant threshold was set as P < 0.05.

3. Results and discussion

The EDS spectra show that the THS sample consisted of only Ti
and O, and Ba was successfully incorporated without the
introduction of other impurities in the BTHS sample (Fig. 1a).
The XRD pattern of the BTHSs shows the coexistence of BaTiO;
and anatase TiO, phases (Fig. 1b). The diffraction peaks at
25.18°, 38.02°, 47.96°, 54.60°, 62.72°, 70.39°, 74.98°, and 82.74°
correspond to the (101), (004), (200), (105), (204), (220), (215),
and (224) planes of anatase TiO, (PDF card No. 98-001-0081),
while the diffraction peaks at 22.27°, 32.02°, and 44.87° corre-
spond to the (100), (110), and (200) planes of BaTiO; (PDF card
No. 01-075-1606), respectively. These results indicate that a
portion of TiO, crystals was calcified to form BaTiO;-TiO,
nanocomposites.

Fig. 1c shows the SEM image of THSs, indicating that the
hollow spheres exhibited a uniform size distribution with an
average diameter of approximately 240 nm. After forming
BaTiO3;, the average diameter did not significantly increase,
but the surface became rougher (Fig. 1d). The TEM image of the
BTHSs further confirmed the hollow structure of the spheres
with a wall thickness of ~30 nm (Fig. le). In the high-
resolution TEM image, lattice spacings of 0.23 nm and
0.32 nm corresponding to the (111) plane of BaTiO; and (110)
plane of TiO,, respectively, were observed (Fig. 1f). The selected
electron diffraction (SAED) pattern indicated that the BTHSs
were polycrystalline (inset of Fig. 1f). As seen from the ele-
mental mapping profiles in Fig. 1g-i, Ti, Ba, and O were
uniformly distributed in the 30-nm-thick shell of a BTHS.

The chemical compositions of the THSs and BTHSs were
analyzed by XPS. The survey spectrum shows the presence of
Ba, Ti, O and C in the BTHSs, with C originating from environ-
mental sources (Fig. 2a). The high-resolution Ti 2p, O 1s and Ba
3d spectra are presented in Fig. 2b-d, respectively. In Fig. 2b,
the Ti 2p spectrum of the BTHSs shows two peaks at 458.6 and
464.0 eV, corresponding to Ti 2ps/, and Ti 2p,, respectively. In
comparison to the those of the TiO, sample, the peak positions
of Ti 2p states experience a slight shift toward lower energy,
indicating the coexistence of TiO, and BaTiO;.”* In Fig. 2c, the
O 1s spectrum of TiO, exhibits two peaks at 529.7 and 531.9 eV,
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Fig. 2 XPS spectra of THSs and BTHSs. (a) Survey spectrum. (b) Ti 2p.
(c) O 1s. (d) Ba 3d.

representing Ti-O bonds and oxygen vacancies, respectively.
For the BTHSs, the peak assigned to lattice oxygen shifts
considerably to 529.0 eV, which is attributed to Ba-O bonds.
The Ba 3d spectrum in Fig. 2d exhibits two prominent peaks at
780.2 and 796.2 €V, corresponding to Ba 3ds, and Ba 3dj,
respectively. These results confirm the successful formation of
the BaTiO;-TiO, heterojunction.

The PL spectra of THSs and BTHSs are shown in Fig. 3a. The
strong peak at 400 nm corresponds to the intrinsic emission of
TiO,, while the broad peak in the range of 500-700 nm corre-
sponds to defect-related emissions. Upon heterojunction for-
mation with BaTiO;, the intensity of the intrinsic emission
significantly decreases, which can be attributed to the spatial
separation of hole-electron pairs enhanced by the effective
charge transfer between TiO, and BaTiO;. Fig. 3b presents
the transient photocurrent curves. It can be observed that the
photocurrent of BTHSs is three times higher than that of THSs
under the same conditions, indicating superior charge separa-
tion efficiency in BTHSs.

The photocatalytic ROS production of THSs and BTHSs was
compared by evaluating the photocatalytic degradation effi-
ciency of MO (Fig. 4a). Upon exposure to UV illumination,
MO was barely degraded without any catalysts. When commer-
cial P25 was used as a photocatalyst, the MO concentration
decreased to ~57% of its initial value after 30 min, confirming
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the efficient catalytic activity of TiO,. The synthesized THSs
achieved an even lower MO concentration, reaching ~21%.
The BTHSs exhibited the highest efficiency for degrading MO,
with a degradation rate of ~93%. The photocatalytic degradation
kinetics of the samples followed a quasi-first-order reaction
equation, as shown in Fig. 4b. Notably, the reaction rate constant
of the BTHSs was more than twice that of the THSs. The
photocatalytic degradation performance of the samples synthe-
sized under different heating temperatures and times is presented
in Fig. 4c and d, respectively, displaying that the optimal synthesis
conditions were heating at 170 °C for 4 h.

To assess the stability of BTHSs, the photocatalytic process
is repeated, as shown in Fig. 5a. After four cycles of catalytic
degradation of MO, the degradation rate of photocatalysts
remained at 85%. Afterwards, the BTHSs are subjected to
centrifugation and drying processes and analyzed by XRD, as
shown in Fig. 5b. Compared to the XRD pattern of initial
BTHSs, no discernible changes can be observed, exhibiting a
favorable level of stability of BTHSs.

To investigate the role of reactive radicals in the photocata-
lytic activity of THSs and BTHSs, the photoinduced generation
of three representative ROS ('0,, *OH and *0, ) was tested by
electron spin resonance (ESR) (Fig. 6a—c). The BTHSs generated
significantly more radicals than the THSs. To study the
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Fig. 5 Stability of BTHSs. (a) Repeat test. (b) XRD pattern of BTHSs after
the reaction.
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contribution of each ROS, the ROS were selectively quenched
using their corresponding scavengers (Fig. 6d). The addition of
each type of ROS scavenger led to a decrease in photocatalytic
activity to varying degrees for both THSs and BTHSs. The most
severe inhibition of the catalytic activity was observed when a
singlet oxygen scavenger was added. The dominant inhibitory
effect of the singlet oxygen scavenger on both THS and BTHS
photocatalysts suggests that the generation of singlet oxygen is
the key factor in the degradation of MO. This work provides an
improved understanding of the mechanism of BTHS-mediated
photocatalytic ROS production.

To reveal the detailed photocatalytic mechanism, the band
alignment structure of the TiO,/BaTiO; heterojunction is deter-
mined, as shown in Fig. 7. Fig. 7a shows the DRS spectra of
TiO,/BaTiO;, revealing their absorption ranges in the ultravio-
let region. Fig. 7b presents the corresponding Tauc plots, where
the band gaps (Eg) of TiO, and BaTiO; are determined to be
3.11 and 2.95 eV, respectively. The measured band gap values
are slightly smaller compared to standard crystals, which can
be attributed to the presence of abundant defects during the
hydrothermal synthesis process. Fig. 7c displays the VB-XPS
spectra, confirming that the valence band (VB) values of TiO,
and BaTiOj; are 2.88 and 2.56 eV, respectively, indicating that
the VB of TiO, is more positive than BaTiO;. Mott-Schottky
curves of TiO, and BaTiO; under different frequencies are
shown in Fig. 7d and e, respectively. The positive slope of the
curves indicates that both TiO, and BaTiO; are n-type semi-
conductors. By the intersection of the tangent line of the M-S
curves and the x-axis, the flat band potentials of TiO, and
BaTiO; are determined to be -0.11 and -0.23 V, respectively,
indicating a more negative conduction band (CB) position of
BaTiO; compared to TiO,. Based on these results, TiO, and
BaTiO; can form type-II heterojunction, as shown in Fig. 7f.
The excellent UV photocatalytic performance of BTHSs was
attributed to the synergistic effect of their hollow structure and
heterojunction. The unique energy band structure of the hetero-
junction plays a crucial role in enhancing the photocatalytic
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activity by promoting the generation of free radicals. Specifically,
the BaTiO;/TiO, heterojunction possesses a bandgap structure
that enables efficient photoinduced charge separation.>* The VB
value of TiO, is positioned higher than that of BaTiO;, allowing
the extraction of electrons from the CB of BaTiO;.>> This leads to
the accumulation of holes on the CB of BaTiO;. Consequently,
the recombination rate of photogenerated electron-hole pairs is
effectively suppressed. Furthermore, an interface junction is
formed at the interface between BaTiO; and TiO,, facilitating
the transfer of holes from the CB of BaTiO; to TiO,. This process
contributes to the enhanced generation of free radicals.>®
Additionally, the hollow internal structure of BTHSs enhances
light absorption, and the thin shell reduces the electron migra-
tion distance, which promotes efficient carrier separation and
transfer.’” Therefore, by utilizing the unique energy band struc-
ture and hollow structure of BTHSs, the photocatalytic activity
can be significantly improved, and the generation of free radicals
can be effectively increased.

Based on the preeminent performance of BTHSs and THSs
in UV-induced ROS generation, we investigated whether this
procedure can be activated by microwave irradiation to produce
ROS with significant cytotoxicity, such as 'O, and °*OH.
Therefore, the capability of BTHSs and THSs to catalyze ROS
production under microwave irradiation was detected using
DPBF and MB degradation efficiency. DPBF is widely believed
to be mainly degraded by 'O,, while MB mainly undergoes
degradation reactions with *OH.>®**° The results indicate that
microwave irradiation alone was unable to cause significant
degradation of DPBF or MB. Under microwave irradiation,
THSs and BTHSs catalyzed the remarkable degradation of
DPBF and MB, while the catalytic degradation effect of P25
was weaker (Fig. 8a and b). This phenomenon could be attrib-
uted to the benefits of the hollow cavity, which increased the
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Fig. 8 The degradation performances of (a) DPBF and (b) MB

under MWDT.

utilization rate of UV by enhancing the UV harvest through its
high specific surface area and multiple reflections within the
interior cavity. In addition, BTHSs exhibited better catalytic
performance with regard to microwave-induced ROS produc-
tion than THSs. This disparity could be illustrated by the
presence of the BaTiO;-TiO, heterojunction, which facilitates
the separation and transfer of generated charge carriers. Over-
all, the existence of hollow structures and heterojunctions
markedly improves the catalytic capacity of TiO, nanoparticles,
making BTHSs an excellent candidate nanomaterial for MWDT.

Then, we further investigated whether these two nano-
particles could produce ROS in cancer cells and exert MWDT
effects. First, we demonstrated that BTHSs or THSs alone had
no notable cytotoxicity in HepG2 cells (Fig. 9a). After combined
intervention with microwave irradiation and BTHS/THS incu-
bation, enormous ROS production was detected in HepG2 cells,
and ROS levels were higher in the BTHS + MW group than in
the THS + MW group. However, no obvious ROS generation was
detected in the other groups (Fig. 9b). Subsequently, calcein
AM/PI staining was employed to observe the survival or death of
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HepG2 cells. The results showed that the mortality rate of
HepG2 cells was positively correlated with the ROS level, and
the largest amount of cell death was observed in the BTHS +
MW group (Fig. 9¢). Next, MTT assays quantitatively validated
this result (Fig. 9d). It should be noted that although BaTiO;
nanomaterials exhibit excellent biocompatibility and non-
toxicity in biological therapeutic applications,®’~®* the degrada-
tion and discharge of nanomaterials remain important
challenges for the application of inorganic nanomaterials in
tumors. Typically, surface modification with targeting moieties
is employed to enhance the accumulation of nanomaterials at
tumor sites and facilitate their excretion through urine or feces,
thereby reducing the adverse effects on normal tissues.®*® In
future studies, we will further improve the design of nanoma-
terials to make them more suitable for clinical applications.

4. Conclusions

In summary, hollow-structured BaTiO;-TiO, heterojunctions
are successfully synthesized for MWDT. Under UV irradiation,
BTHSs can effectively generate multiple ROS, mainly composed
of '0,, which can be triggered by microwaves to implement
effective MWDT for cancer. The enhanced catalytic ROS pro-
duction performance of BTHSs can be attributed to their
unique hollow structure and BaTiO;-TiO, heterojunction,
which increased the utilization rate of UV as well as facilitated
the separation and transfer of generated charge carriers, mak-
ing BTHSs an excellent nanomaterial for mediating MWDT.

This journal is © the Owner Societies 2024

Although the mechanism of MWDT still needs further investi-
gation, this study provides important insights into the design
and optimization of catalytic materials for MWDT studies.
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