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ABSTRACT: Malignant tumors are one of the main causes of
human death. The clinical treatment of malignant tumors is usually
surgery, chemotherapy, radiotherapy, and so forth. Radiotherapy,
as a traditional and effective treatment method for cancer, is widely
used in clinical practice, but the radiation resistance of tumor cells
and the toxic side effects to normal cells are still the Achilles heel of
radiotherapy. Multifunctional inorganic high-atom nanomaterials
are expected to enhance the effect of tumor radiotherapy. Tungsten
and bismuth, which contain elements with high atomic coefficients,
have strong X-ray energy attenuation capability. We synthesized
Bi,WOg nanosheets (NSs) using a hydrothermal synthesis method
and modified polyvinylpyrrolidone (PVP) on their surface to make
them more stable. PVP—Bi,WO, NSs have a variety of effects after
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absorbing X-rays (such as the photoelectric effect and Compton effect) and release a variety of particles such as photoelectrons,
Compton electrons, auger electrons, and so forth, which can react with organic molecules or water in cells, generate a large number
of free radicals, and promote cell apoptosis, thereby improving the effect of radiotherapy. We show through y-H2AX and DCFH-DA
probe analysis experiments that PVP—Bi,WO¢ NSs can effectively increase cell DNA damage and reactive oxygen species formation
under X-ray irradiation. Clone formation analysis showed that PVP—Bi,WO, NSs can effectively suppress cell colony formation
under X-ray irradiation. These versatile functions endow PVP—Bi,WO4 NSs with enhanced radiotherapy efficacy in animal models.
In addition, PVP—Bi,WO, NSs can also be used as contrast agents for X-ray computed tomography (CT) imaging with obvious

effects. Therefore, PVP—Bi,WO4 NSs can be used as CT imaging
potential medical applications.

B INTRODUCTION

Oral squamous cell carcinoma is the most common malignant
tumor in the oral and maxillofacial region. Its incidence is
gradually increasing,"”” and it is considered to be the main
cause of death from oral diseases in many countries.’
Moreover, the global cancer diagnosis rate and mortality rate
have been on the rise in the past decade.” At present, clinical
treatment methods for malignant tumors often include surgery,
chemotherapy, radiotherapy, and so forth. Radiotherapy, as a
traditional and effective treatment method for cancer, is widely
used in clinical practice. Radiotherapy is often used in
conjunction with other treatment methods to treat tumors.”®
Radiotherapy is the use of high-energy ionizing radiation such
as X-rays and y-rays as well as particle radiation, including
particles such as a particles or f particles, electrons, protons, or
neutron beams for tumor ablation.”® The basic principle of
radiotherapy is that ionizing radiation reacts with substances in
tumor cells during radiotherapy. Ionizing radiation can directly
or indirectly react with biological molecules (such as proteins,
lipids, and so forth) in the tissue, and DNA is the main target
© 2022 The Authors. Published by
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contrast agents and tumor radiotherapy sensitizers and have

molecule.” On the one hand, it can directly ionize DNA
molecules, causing DNA single-strand or double-strand breaks
and base cross-linking and other types of damage, leading to
the termination of cell division and cell proliferation; on the
other hand, high-energy rays indirectly react with water in the
tissue to generate reactive oxygen species (ROS) such as ¢ OH,
eH, H,0", and ¢0*". ROS can damage biomolecules through
chemical reactions; especially, «OH can bind to DNA, cause
DNA to undergo electron transfer and be oxidized, and induce
cell DNA damage, leading to cell damage or apoptosis.”~ ">
However, in the process of clinical treatment, the indirect
damage of ionizing radiation to normal tissues, the hypoxic
environment inside tumor cells, and the radiation resistance of
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Figure 1. (a) TEM image of Bi,WO4 NSs. (b) Powder XRD patterns of Bi, WO, NSs. (c) TEM image of PVP—Bi,WO, NSs.

tumor cells have limited the further development of radio-
therapy in the clinic to a certain extent. Moreover, in a low-
oxygen environment, DNA double-strand damage can be
repaired.”> Therefore, studying how to reduce the radiation
resistance of tumor cells, improve the radiation sensitivity of
tumor cells, and imII)rove the tumor microenvironment has
certain clinical value." """

The emergence of radiotherapy sensitizers may be expected
to solve this problem, which can increase the deposition of
radiation in the tumor site, improve the hypoxia in the tumor
site, and enhance the production of ROS in tumor cells.'”"*
In recent years, studies have found that nanoparticles
containing a high atomic number can be expected to be used
as radiotherapy sensitizers to enhance the radiosensitivity of
tumor cells, thereby improving the effect of radiotherapy and
reducing normal tissue damage.'”~** Similar to heterogeneous
photocatalysis, the mechanism of radiocatalysis is also under
the irradiation of high-energy rays through a series of reactions
to generate highly active singlet oxygen, thereby damaging
DNA.”® Nanoparticles with a high atomic number have a
variety of effects (such as the photoelectric effect and
Compton effect) after absorbing rays and release a variety of
particles such as photoelectrons, Compton electrons, and auger
electrons that react with organic molecules or water in cancer
cells to generate a large number of free radicals, which can
improve the effect of radiotherapy and have potential medical
applications.”* Compton scattering is an inelastic scattering of
photons by electrons, and it is one of the most important
interactions in radiotherapy. After colliding with the electrons,
the energy of the incident photons is reduced, so the radiation
dose can be deposited at a local location. The photoelectric
effect is that the electrons in the atomic shell absorb the energy
of incident rays and are emitted to ionize surrounding
biomolecules. High-Z nanomaterials can be enabled to increase
the ionizing radiation dose at the tumor site.”> With the
development of nanomedicine, multifunctional inorganic high
atomic coefficient nanomaterials have attracted widespread
attention and have clinical significance in enhancing the effect
of cancer 1'adiothe1'apy.26’27 W (Z = 74) and Bi (Z = 83)
containing high atomic coeflicient elements have strong X-ray
energy attenuation ability. Hossain and Su controlled the
concentration of nanoparticles to 350 mg-g™" under a 50 kVp
radiation source, and the radiosensitization effect of nano-
bismuth was 1.25 times and 1.29 times stronger than that of
nano-gold and nano-platinum, respectively. It is concluded that
bismuth nanoparticles have a stronger sensitizing effect than
gold and platinum nanoparticles at the same nanometer size,
particle concentration, and action site.”® At 100 keV, the X-ray
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mass attenuation coefficients of Bi and W elements are 5.74
and 4.44 cm?/g, respectively.”””° By modifying the surface of
nanoparticles in different ways, nanoparticles can also be used
for active targeting or therapy, and multimodal imaging, which
is expected to be used as a contrast agent for X-ray computed
tomography (CT) imaging. CT is one of the most widely used
imaging methods in clinical practice, which has the advantages
of high efficiency, short scanning time, and high resolution.
Ordinary CT is suitable for different tissues with large density
differences, but it is difficult for the density differences between
soft tissues to form a clear contrast on the image. Therefore,
the application of contrast agents can selectively enhance the
image contrast between the target soft tissue and surrounding
tissues and improve CT sensitivity.”' Todide is the earliest and
most widely used CT contrast agent in clinical practice, but the
imaging time of this contrast agent is short, and its high
osmotic pressure, high viscosity, and electric charge often
trigger contrast agent reactions, posing a threat to the life
safety of patients.”” Compared with traditional small-molecule
contrast agents, nanoparticles can load a large number of
contrast elements; have long blood circulation half-life, low
renal clearance, and capillary leakage; and can accumulate in
the tumor site through the enhanced permeation and retention
effect.”” In recent years, Bi,WO, nanosheets (NSs) have been
studied as a powerful multifunctional platform with the ability
of photothermal therapy and photodynamic therapy.** Bi, WO
NSs can kill tumor cells and achieve local photothermal
ablation of tumors under the irradiation of ultraviolet to near-
infrared lasers. At the same time, ¢ OH free radicals are
generated without consuming oxygen molecules, so that these
Bi,WO4 NSs can play a photodynamic kjllin% effect in an
oxygen-free manner during cancer treatment.” In addition,
Bi,WOg4 NSs have a variety of effects after absorbing X-rays
(such as the photoelectric effect and Compton effect) and
release a variety of particles such as photoelectrons, Compton
electrons, and auger electrons, which have the potential to be
used in tumor radiotherapy.*®

Therefore, we studied the radiosensitization effect of
Bi,WO¢ NSs in tumor radiotherapy. In this study, we use a
reasonable design to increase the amount of nanomaterials in
tumors, enhance the sensitivity of nanomaterials under X-ray,
and enhance their ability to produce singlet oxygen and better
kill tumor cells. Therefore, we prepared Bi,WO4 NSs. In
addition, the surface of the NSs was modified with PVP, which
is stable and negatively charged. In the blood circulation, it can
effectively avoid being marked and removed by the same
negatively charged labeling factors. Therefore, PVP—Bi,WOgq
NSs were beneficial to the accumulation in tumors, and the
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Figure 2. (a) In vitro cytotoxicity of PVP—Bi,WO;4 NSs with different concentrations was tested by CCK-8. (b) In vitro cytotoxicity of PVP—

Bi,WO4 NSs with different concentrations was tested by flow cytometry.
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Figure 3. (a) The apoptosis of CAL27 cells under different treatments was conducted by flow cytometry analysis. (b) The apoptosis of CAL27 cells
under different treatments and X-ray dose was conducted by flow cytometry analysis. (c) Clonogenic assay of CAL27 cells under different
treatments (X-ray dose: 6 Gy). (d) Survival fraction of CAL27 cells under different treatments (X-ray dose: 6 Gy). (e) Survival fraction of CAL27
cells under different treatments and X-ray doses. **P < 0.01 and ***P < 0.001.

accumulation rate showed a trend of increasing first and then
decreasing gradually, reaching the highest at about 24 h. PVP—
Bi,WOg NSs contain both tungsten and bismuth nanomaterials
that are radiosensitizing elements, and the sheet structure has a
large specific surface area. These factors greatly enhance the
radiosensitization capabilities of nanomaterials. Moreover,
because of the presence of two metal elements, tungsten and
bismuth, PVP—Bi,WO4 NSs can also be used as CT imaging
contrast agents to locate tumors. The lamellar structure has a
large specific surface area, which can increase the ray
absorption cross section, deposit high-energy ray energy,
promote the generation of free radicals, and enhance DNA
damage, which greatly improves the radiosensitization ability
of nanomaterials. In addition, due to the high atomic numbers
of the two metal elements, tungsten and bismuth, PVP—
Bi,WO¢ NSs can also be used as CT imaging contrast agents to
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show good CT imaging capabilities. In vitro anti-tumor results
show that PVP—Bi,WO¢ NSs have the function of enhancing
the destruction of cancer cells under radiation irradiation. The
in vivo anti-tumor results also clearly show that the presence of
PVP—Bi,WOy NSs after radiation exposure can effectively
reduce solid tumor tissue. We believe that after continuous
exploration and research, PVP—Bi,WO4 NSs will definitely
play an active role in future clinical treatments.

B RESULTS AND DISCUSSION

We synthesized Bi,WO¢ NSs by a simple hydrothermal
method, and the morphology is shown in Figure la, which is
a two-dimensional lamellar structure. The X-ray diffraction
(XRD) spectrum showed their good crystallinity, and it can be
well matched with orthorhombic Bi,WO, (JCPDS: 73-1126,
Figure 1b). Then, we modified PVP on their surface to prepare
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PVP-Bi,WO4 NSs. The TEM image showed that the obtained
PVP—Bi,WOg¢ NSs basically maintained the same morphology
as Bi,WO4 NSs (Figure 1c). PVP modification greatly
improved the water-solubility of Bi,WO¢ NSs. On the one
hand, PVP is negatively charged and can maintain the colloidal
stability through electrostatic repulsion. On the other hand,
space-occupying PVP ligands can stabilize Bi,WO4 NSs
through spatial effects.”” The enhanced water-solubility could
enhance the stability of NSs. PVP can also reduce the toxicity
of nanoparticles. Many studies have shown that PVP is a kind
of ligand with very low toxicity and has certain advantages in
improving biocompatibility.”**”

We tested and analyzed the in vitro cytotoxicity of PVP—
Bi,WO¢4 NSs through CCK-8. As shown in Figure 2a, CAL27
cell viability is still above 90% at concentrations of 100 and 200
ug/mL. At the highest concentration (400 ug/mL), the
cytotoxicity is still low, and the cell vitality is still above 85%.
This further proves that PVP—Bi,WO¢ NSs have lower
cytotoxicity and also means that PVP—Bi,WO4 NSs have
good biocompatibility in biomedical applications. In addition,
we used flow cytometry to detect the effect of PVP—Bi, WO
NSs on the apoptosis of CAL27 cells. The results are shown in
Figure 2b. There is no significant difference in the apoptosis
rate of cells compared with the control group at different
concentrations, even though at a higher concentration (200
ug/mL), the effect of PVP—Bi,WO, NSs on cell apoptosis is
still very small and can be ignored.

We analyzed the apoptosis rate of cells under different
irradiation doses using flow cytometry. As shown in Figure 3a,
compared with the control group, there was no significant
difference in the apoptosis rate of the PVP—Bi,WOy group,
and the apoptosis rate of the simple X-ray irradiation group
increased; compared with the simple irradiation group, the
proportion of live cells in the PVP—Bi,WOy + X-ray irradiation
group is less, and the apoptotic rate is higher (Figure S1).
Whether it is a low dose or a high dose, the cell apoptosis rate
after co-culturing with the PVP—Bi,WO¢ NSs is higher than

that of the irradiation alone group (Figure 3b). We did a clone
formation test to evaluate the radiosensitization effect of PVP—
Bi,WO4 NSs. As shown in Figure 3c, the combination of
PVP—Bi,WO¢ NSs and X-ray can inhibit the clone formation
to a great extent. After co-culturing with PVP—Bi,WO4 NSs
alone, the survival rate of CAL27 cells was 97.7%. When only
X-ray irradiation (6 Gy) was applied, the survival rate of
CAL27 cells decreased to 17.7%. However, after co-cultivation
with PVP—Bi,WOg and X-ray irradiation, the survival rate of
the cells dropped to 1.5%, which was significantly lower than
that in the X-ray irradiation group (Figure 3d). Under different
irradiation doses (2, 4, 6, and 8 Gy), the colony formation rate
of the cell group co-cultured with PVP—Bi,WO4 NSs was
significantly lower than that of the control group (Figure 3e).

In addition, ROS probe DCFH-DA can combine with ROS
to emit green fluorescence, and the relative strength of
fluorescence can reflect the relative content of ROS in cells.
The intensity of green fluorescence in the control group and
PVP—Bi,WO¢ NS group was extremely low, which proved that
ROS generation was very low, and simple co-culture with
PVP—Bi,WOg4 NSs could not improve the ROS content in
CAL27 cells. X-ray irradiation can produce a small amount of
ROS in cells, but the content is relatively low. Under X-ray,
PVP—Bi,WOg¢ NSs can generate a large number of ROS, which
helps to promote cell apoptosis (Figure 4a). In addition to
direct comparison of fluorescence photographs, the fluores-
cence intensity was also quantitatively analyzed. The results
showed that the fluorescence intensity of the PVP—Bi,WOjq
NSs + X-ray group was significantly higher than that of other
groups, which proves that PVP—Bi,WO4 NSs can effectively
increase the level of ROS in CAL27 cells under X-ray
irradiation (Figure 4b).

Finally, immunofluorescence staining was used to measure
DNA damage in cells. Damaged DNA can be recognized by y-
H2AX and labeled with red fluorescence. Both PVP—Bi, WOy
NSs and X-ray alone have a low effect on DNA damage.
However, under X-ray irradiation, PVP—Bi,WO4 NSs can
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Figure S. In vivo synergistic therapy. The mice are divided into four groups: control group, PVP—Bi,WOg¢ group, X-ray irradiation group, and
PVP-Bi{,WOq + X-ray irradiation group. (a) Tumor volume of mice during 18 days. (b) Photographs of tumors at the end of treatment. (c)
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during 18 days. ns P > 0.0S (no significant difference) and ***P < 0.001.

cause large areas of DNA damage (Figure 4d). Quantitative
analysis of fluorescence intensity showed that the fluorescence
intensity of the PVP—Bi,WO4 NSs + X-ray group was 2.65
times that of the X-ray group, and the effect was very obvious
(Figure 4c). These experiments indicate that PVP—Bi, WOy
NSs are expected to be used as radiotherapy sensitizers to
enhance the radiotherapy effect on tumors.

In view of the remarkable results of the cell experiment, we
further studied the radiotherapy effect of PVP—Bi,WO4 NSs in
animals. After subcutaneously inoculating mice with CAL27
cells to establish the tumor models, the mice were randomly
divided into four groups: (I) control group, (II) PVP—Bi,WOq
group, (III) X-ray irradiation group, and (IV) PVP—Bi,WO, +
X-ray irradiation group. In the exploration of the optimal time
to apply radiation, the experimental results showed that the
accumulation rate of PVP—Bi,WO4 NSs in CAL27 tumors
showed a trend of gradually increasing at first and then
gradually decreasing, and it reached the highest value at 24 h,
which was 6.19% (Figure S2). Therefore, 24 h was identified as
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the point in time to apply X-ray in animal experiments. In
subsequent experiments, the tumor volume and the weight of
the mice were measured every day. On the 18th day, the tumor
volume and weight data could be used to intuitively compare
the treatment effects. As shown in Figure Sa—c, the tumor
volumes of the mice in the control group and in the PVP—
Bi,WO¢ group continued to increase. By the end of the
treatment, the tumors had grown to about 300 mm’. The
fluctuation in the mice’s weight suggested that the body’s
metabolism is out of whack, and the tumors are not well
treated (Figure Sf). Compared with these two groups, the
tumor volumes of the mice in the simple X-ray group were
suppressed to a certain extent, and the tumor volumes were
reduced. However, the tumor volumes of mice in the PVP—
Bi,WOg4 + X-ray group were significantly reduced, and the
growth rate of the tumors was significantly inhibited (Figure
Sa—c). At the same time, the fluctuation of body weight was
small, and the mice were basically in a normal growth state,
indicating that the tumors were highly treated and the growth
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Figure 6. (a) CT images of diatrizoate meglumine and PVP—Bi,WO, NSs. (b) HU value of diatrizoate meglumine and PVP—Bi,WO¢ NSs in CT
imaging at different concentrations. (c) HU value in CT imaging 24 h after injection of diatrizoate meglumine and PVP—Bi,WO, NSs into the tail

vein of mice, respectively.

of mice was not affected. Besides, this not only proved the low
toxicity of nanomaterials, but it also proved the effective
protection to the mouse during irradiation (Figure Sf). In
Figure Sd,e, tumor weights and H&E-stained tumor sections
also confirm the antitumor effects of PVP—Bi,WO,; NSs in
vivo. Finally, we performed H&E staining on major organs
(including heart, spleen, lung, liver, kidney, and testis) and
observed the pathological manifestations of the tissues under
an optical microscope. We observed that no obvious
pathological manifestations were observed in the tissues of
the four groups of mice (Figure S3). At the same time, we
performed liver and kidney function analysis on the blood of
each group of mice (Figures S4—S6). Compared with the
control group, each treatment group showed no obvious
toxicity. The above results all proved the good compatibility of
PVP—Bi,WOg¢ NSs in vivo and low biological toxicity.

The results of in vitro CT imaging experiments showed that
the CT imaging ability of PVP—Bi,WOg NSs and meglumine is
similar at a low concentration, but at a high concentration, the
CT imaging ability of PVP—Bi,WO, NSs is stronger (Figure
6a,b). In order to further prove the CT imaging ability of
PVP—Bi,WOq in mice, we injected PVP—Bi,WO4 NSs and
diatrizoate meglumine into the mice via tail vein, respectively,
and then compared their imaging effects. As shown in Figure
6¢, the HU value of the tumor site in the control group is 544,
and the HU value of the tumor site in the PVP—Bi,WOg¢ group
is as high as 809, which further proves that PVP—Bi,WO¢ NSs
can reach the tumor site through the EPR effect and obtain
better therapeutic effects.

B CONCLUSIONS

We successfully prepared PVP-modified Bi,WO4 NSs by
hydrothermal synthesis. The sheet-like structure gives it a
large surface area and makes it have a strong absorption effect
on X-ray. We have proved its good effect of inhibiting cell
proliferation through the clone formation experiment, and the
ROS experiment proved that it has a better effect of increasing
the level of intracellular ROS. The y-H2AX experiment further
proved that PVP—Bi,WO,4 NSs can significantly increase the
level of DNA fragmentation under X-ray irradiation. In vivo
experiments have further proved its powerful radiosensitization

effect. Through H&E staining of organs and liver and kidney
function tests, we have not observed its toxicity to organs and
tissues. The above experiments have effectively proved that
PVP—-Bi,WO4 NSs can be expected to be used as a
radiotherapy sensitizers, thereby improving the therapeutic
effect of radiotherapy and reducing its side effects, which has
potential medical application value.

B EXPERIMENTAL SECTION

Materials. Bi(NO,);-SH,0 (99.0%) and Na,WO,-2H,0
(99.5%) were purchased from Aladdin. HNO; (AR) and KOH
(AR) were purchased from Sinopharm Chemical Reagent
Company. Poly(vinylpyrrolidone) (PVP, M,, ~ 1 300 000) was
purchased from Sigma-Aldrich. Cell counting kit-8 (CCK-8),
immunostaining permeabilization solution with Triton X-100,
ROS assay kit, immunol staining fix solution, blocking buffer
for immunol staining, immunol staining wash buffer, crystal
violet staining solution, and Hoechst 33342 were all purchased
from Beyotime. An annexin V-FITC/PI apoptosis detection kit
was purchased from Solarbio. y-H2AX (phosthoS139) anti-
body [EP854(2)Y] (AlexaFluor568) (ab206901) was pur-
chased from Abcam.

Synthesis and Modification of PVP—Bi,WOg NSs. First,
10 mmol Bi(NO,);-SH,O was dissolved in 4.5 mL of 20%
HNO; aqueous solution under ultrasound, and then it was
slowly added dropwise into the Na,WO,2H,0 aqueous
solution (S mmol Na,WO,2H,0 dissolved in 40 mL of
deionized water). Next, the mixture was stirred for 1 h. After
adjusting the pH to 7.5 by KOH, the mixture was transferred
to a Teflon-lined autoclave and treated at 180 °C for 2 h. After
cooling to room temperature, the mixture was centrifuged at
6000 rpm for 5 min, and then the precipitate was re-dispersed
in water. This step needs to be repeated twice.*®

In order to modify PVP, the PVP aqueous solution (30 mg
of PVP dissolved in S mL of deionized water) was slowly
added dropwise into the Bi,WOy aqueous solution (30 mg of
Bi,WO4 dissolved in S mL of deionized water). After
sonicating for 2 h, the mixture was centrifuged at 6000 rpm
for S min, and then the precipitate was re-dispersed in water.
This step needs to be repeated twice. The final sample PVP—
Bi,WO4 NSs were dispersed in deionized water.
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Cell Experiments In Vitro. CAL-27 cells were selected for
the study. CAL-27 cells, also named Centre Antoine
Lacassagne-27 cells, were developed by J. Gioanni in 1982,
derived from a lesion in the middle of the tongue of a 56-year-
old white male. For the in vitro cytotoxicity assay, 100 yL of
CAL27 cell suspension (5000 cells/well) was placed in a 96-
well plate, and the culture plate was placed in an incubator for
24 h (37 °C, 5% CO,). Then,10 uL of PVP—Bi,WO; at
different concentrations was added to each well (0, 6.25, 12.5,
25, 50, 100, 150, 200, and 400 pug/mL). The 96-well plate was
placed in an incubator and was allowed to continue to incubate
for 24 h. Then, the original medium was discarded, and the
cells were washed twice with phosphate buffered saline (PBS).
10 uL of CCKS8 solution was added to each well. The culture
plate was incubated in an incubator for 2 h. The absorbance at
450 nm was measured with a microplate reader. In the cell
apoptosis assay, 100,000 CAL27 cells were added to each well
of a six-well plate, and they were placed in an incubator for 24
h. Different concentrations of PVP—Bi,WO; (0, 20, 50, 100,
150, and 200 ug/mL) were added to the wells and incubated
with the cells overnight. The original culture medium was
collected, the cells were washed 3 times with PBS, and then the
cells were resuspended in a binding buffer. A annexin V-FITC/
PI apoptosis detection kit was used for flow cytometric analysis
of apoptosis. In the clonogenic assay, 1,500 of CAL27 cells
were added to each well of a six-well plate, the culture plate
was placed in an incubator for 24 h (37 °C, 5% CO,), and
then, 20 uL of PVP—Bi,WOg (concentration of 100 pg/mL)
was added to each well. After culturing for 24 h, each orifice
plate was irradiated with different doses (0, 2, 4, 6, and 8 Gy)
of X-ray, and they were put in an incubator to continue
culturing. The medium was changed every 2—3 days, and the
formation of cell colonies was observed frequently until the
formation of visible colonies (50—100). The original medium
was discarded in the well plate, the cells were washed with PBS
3 times, the cells were fixed with 4% paraformaldehyde at room
temperature for 15 min, stained with crystal violet staining
solution for 10 min, and the six-well plate was washed with
distilled water. Under the microscope, the number of cells
proliferating more than 50 was counted, the number of each
well was recorded, and photographs were taken of the six-well
plate. The average survival score was obtained from three
parallel samples. In the apoptosis assay, CAL27 cells (50,000
cells per well) were added to a six-well plate and placed in an
incubator for 24 h. After the cells were completely attached,
PVP-Bi{,WO, (100 pg/mL) was added to the wells to co-
culture these cells overnight. Then, they were irradiated with
X-rays, culturing was continued for 24 h, the original culture
fluid was collected, the cells and centrifuge were digested, the
cells were washed with PBS 3 times, and the cells were
resuspended with the binding buffer. An annexin V-FITC/PI
apoptosis detection kit was used for flow cytometric analysis of
apoptosis. In the ROS experiment in vitro, CAL27 cells were
added to a six-well plate (50,000 cells per well), 20 uL of
PVP-Bi,WOg (100 pug/mL) was added after culturing
overnight, and co-culturing was continued for 4 h. The cells
were washed 3 times with PBS. Serum-free medium was used
to dilute the DCFH-DA probe by a thousand times; then, the
diluted probe was added to the well and incubated for 20 min,
and the cells were carefully washed with serum-free medium 3
times. Finally, 1.5 mL of serum-free culture medium was added
to each well. The cells were irradiated with X-ray (6 Gy) and
then detected using a fluorescence microscope (excitation

wavelength: 488 nm, emission wavelength: 525 nm). In the
DNA double-stranded breaks assay, CAL27 cells were cultured
in a confocal dish with a density of 50,000 cells per dish and
cultured in an incubator for 24 h (37 °C, 5% CO,). Then, the
cells were divided into four groups: (1) control group, (2)
PVP-Bi,WO, group, (3) X-ray irradiation group, and (4)
PVP—Bi,WOg + X-ray irradiation group. Then, PVP—Bi,WOj
(100 pug/mL) was added to the cells of groups (2) and (4). It
was incubated with the cells for 24 h, and the cells in groups
(3) and (4) were irradiated at 6 Gy (1 Gy/min) with X-ray.
After culturing for 4 h, immunofluorescence staining of y-
H2AX was performed. The cells were fixed with immunostain-
ing fixative for 10 min and then washed 3 times with
immunostaining washing solution. Then, the cells were
permeabilized with immunostaining permeate for 15 min,
and the cells were washed 3 times. Then, the cells were
blocked with immunostaining blocking solution for 2 h. The
blocking solution was discarded, diluted y-H2AX (diluted
1:1000 with the primary antibody dilution solution) was
added, and the cells were incubated overnight at 4 °C in the
dark. Next, excess antibodies were removed, the cells were
washed with a washing solution 3 times, the nuclei were
stained with Hoechst 33342 (diluted 1:100 with PBS), and
then, a laser confocal microscope was used to detect the
fluorescence intensity of each group. (Primary antibody
excitation wavelength: 590 nm, emission wavelength: 617
nm; Hoechst33342 excitation wavelength: 346 nm, emission
wavelength: 460 nm.)

CT Imaging Assay In Vitro. In the CT imaging assay in
vitro, deionized water was used to configure PVP—Bi,WOq
NSs into solutions of different concentrations, with concen-
tration gradients of 0.1, 0.5, 1, 2.5, and § mg/mL, respectively.
A CT machine was used to test the effect of CT imaging. To
more intuitively reflect the effect of CT imaging, the
corresponding CT signal values of each sample were read in
the reading system, and the signal intensity of each group was
compared with a numerical value. (The voltage is 60 kV, the
current is 1 mA, and the radiation dose is 0.1 mGy.)

Animal Experiments. Five-week-old BALB/c nude mice
were selected, and the mice were purchased from Beijing Vital
River Laboratory Animal Technology Co., Ltd. All the animal
procedures were performed in accordance with the Guidelines
for the Care and Use of Laboratory Animals of Jilin University
and approved by the Animal Ethics Committee of College of
Basic Medical Sciences, Jilin University. After being adaptively
raised in a barrier environment for 1 week, a tumor-bearing
mouse model was established. 1,200,000 of CAL27 cells were
injected subcutaneously into the middle part of the back of the
mouse. After that, the mice were raised normally, the tumor
size of the mice was observed and measured, and the tumor
volume was estimated according to the formula: V = ab*/2
(where a and b are the length and width of the tumor,
respectively). When the tumor volume reached 50—60 mm?>,
the mice were randomly divided into four groups (n = 3): (I)
control group, (II) PVP—Bi,WO group, (I1I) X-ray irradiation
group, and (IV) PVP-Bi,WO, + X-ray irradiation group.
Then, mice in groups (I) and (III) were injected with 40 uL of
normal saline through the tail vein, and tumor-bearing mice in
groups (II) and (IV) were injected with 40 uL of PVP—
Bi,WOy (5 mg/mL) through the tail vein; (III) and (IV) X-ray
irradiation was performed 24 h after the tail vein injection in
the group, the irradiation dose was 6 Gy, 1 Gy/min. After
irradiation, the mice were raised normally, and the body weight
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and tumor size of the mice were measured and recorded every
day to compare the treatment effects of each group. After 18
days of continuous measurement, the mice were sacrificed, and
the tumors and major organs (including heart, spleen, lung,
liver, kidney, and testis) of the mice were taken out, and these
tissues were weighed and stained. The tumors and main organs
of the mice were fixed with 4% paraformaldehyde, dehydrated,
embedded in paraffin, and frozen sectioned. Finally, the
histological section was co-stained with hematoxylin and eosin
(H&E) and then imaged using an optical microscope to
analyze and compare the pathological manifestations of each
tissue. The blood of the mice was centrifuged to obtain the
upper serum, and the serum was tested for liver and kidney
function.

Characterization. XRD was measured using an Empyrean
X-ray diffractometer with Cu K radiation (4 = 1.5418 A).
Transmission electron microscopy (TEM) was conducted
using a JEM-2100F transmission electron microscope (200
kV). The absorbance of cells in the plate was detected using a
Bio-tek microplate reader at a 490 nm wavelength. The
apoptosis was measured using a BD Biosciences FACScan flow
cytometer. The ROS fluorescence intensity was monitored
using an Olympus U-LH100HG fluorescence microscope. The
DNA double-stranded break staining was observed using C2
laser scanning confocal microscopy. The X-ray irradiation was
treated with a PXi X-RAD 320 X-ray irradiator (1 Gy/min).
The CT imaging capability was assessed with Planmeca Cone
beam CT (60 kV, 1 mA). The HU value was measured using
Invivo 5.0 software..
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