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Purpose: Owing to the limitations of single-mode cancer treatments, combination therapies have attracted much attention. However,
constructing a platform for combination therapies in a simple and effective way and improving the overall treatment effect remains
a challenge. Our aim was to combine sonodynamic therapy, radiotherapy and chemotherapy together and improve therapeutic
outcomes within one nanoplatform.

Methods: In this work, we sought to exploit the properties of nanoscale heterojunctions to this end. A multifunctional Bi,O5-TiO,
@polydopamine-doxorubicin (BTPD) nanoparticle platform was constructed as an anti-cancer theranostic. Under ultrasound irradia-
tion, the Bi,0;-TiO, core can generate singlet oxygen to damage tumor cells. Meanwhile, the high-Z Bi,O; can attenuate the energy of
X-rays and scatter secondary electrons to enhance radiation damage in the tumor. A thin coating of polydopamine (PDA) increases the
biocompatibility but also gives the particles the ability for photoacoustic imaging. Doxorubicin, a DNA repair inhibitor which can
hinder tumor recovery from radiation damage, was loaded onto the PDA.

Results: A comprehensive series of in vitro and in vivo assays demonstrated that the nanoparticles were effectively taken up into
cancer cells, where they could induce ROS production and cause cell death. In vivo, this led to a marked reduction in tumor volume in
a murine 4T1 cancer model.

Conclusion: The formulations developed here have significant potential for future investigation and exploration in the treatment of
cancer.

Keywords: sonodynamic therapy, radiosensitization, DNA repair inhibition, combination therapy

Introduction

Cancer remains one of the primary diseases threatening human health.! Due to the difficulty in achieving a full and
comprehensive treatment and the high potential for metastasis, it is particularly important to continuously improve
existing treatment methods and develop targeted therapies. A number of cancer treatments are currently used in the
clinic, of which chemotherapy (CT) and radiotherapy (RT) are the most commonly used.* However, there are challenges
in RT: healthy tissues are generally more sensitive to radiation, and different types of tumors have varying absorbance of
X-rays, which may result in severe side-effects and dissatisfactory therapeutic efficacy.®® To solve these problems,
several strategies have been developed by researchers.

X-rays can directly damage DNA by causing DNA double-strand breaks (DSBs), DNA single-strand breaks (SSBs)
or ionizing water molecule to generate reactive oxygen species (ROS).” While all three of these processes can be
effective, cells have a complex set of countermeasures available to enable them to recover from radiation injuries.
Disrupting these could be a potent way to increase radiation damage and thus improve the efficacy of RT.'®'" One
method to do this is by combining RT with CT, with a particular eye on hindering cancer cells’ ability to repair radiation
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damage. Topoisomerase is a key enzyme in the process of DNA duplication and repair, which makes it a suitable target in
the DNA damage repair (DDR) pathway.'? Many drugs have been discovered that act as topoisomerase inhibitors, such
as camptothecin,'? etoposide and doxorubicin.'? These could hence be applied in concert with RT to improve therapeutic
efficacy.

Another strategy to enhance RT is to elevate the absorption of X-ray energy through high-Z elements. High-Z
elements can attenuate X-rays effectively through the Compton and photoelectric effects, resulting in more photoelectron
and Auger electron generation.'*'> These scattered secondary electrons can directly damage DNA and produce ROS by
water ionization.'® Bismuth has the highest Z of all the non-radioactive elements, and many studies have proved that
bismuth-based materials have excellent radiosensitizing ability.'”"'® For instance, Liu et al prepared a multifunctional
ultrathin BiO,_, nanosheet which can effectively aid the absorption of X-ray energy in the tumor.”’ The presence of
surface defects also promoted the separation of electrons (e) and holes (h"), which endowed it with the ability to
catalyze the decomposition of H,O, to ROS.

Sonodynamic therapy (SDT) is a non-invasive cancer treatment based on the absorption of ultrasound and subsequent
generation of ROS. At present, the most frequently used sonosensitizers are a series of small molecules such as
dihydrochlorin €6,>' hematoporphyrin, and its derivatives.”? Unfortunately, these small molecule sensitizers have
a number of shortcomings. Many can also be used as photosensitizers, which means they can produce ROS under
light exposure. This phenomenon may lead to side effects such as skin sensitization.”*> Moreover, toxicity can also be
caused by heavy-atom effects. Overall, these issues compromise the overall therapeutic efficacy of SDT. To overcome
this challenge, some scholars have turned their attention to inorganic sonosensitive materials, with TiO, being one of the
most widely studied. However, the rapid recombination of e and h" in TiO, reduces the production of ROS such that the
sonodynamic therapeutic efficacy is limited.**

A heterojunction strategy can be a solution to these problems. When two semiconductors or a semiconductor and
a metal are in contact with one other physically, their energy bands undergo various forms of curvature due to differences
in the Fermi energy levels. The former is termed an S-S junction, while the latter is an S-M junction. This phenomenon
can hinder the recombination of electrons and holes when semiconductors are excited, resulting in the generation of
increased amounts of ROS. Most studies employing S-M junctions to enhance antitumor performance have utilized noble
metals (eg, gold, platinum).?>*® Although these materials exhibit excellent performance, their high cost hinders practical
applications. In contrast, the strategy of S-S junctions holds greater advantages in this regard.

Zhou et al designed a two-dimensional heterojunction composed of TiO, nanosheets and oxygen-defective MnO, dots
and found that this can effectively promote e /h" separation and increase the production of singlet oxygen and hydroxyl
radicals.** Among the various semiconductor options, bismuth oxide not only exhibits the previously mentioned radio-
sensitizing effects but is also easy to prepare. Previous studies have shown that nanoscale bismuth oxide-contained
materials demonstrate high biocompatibility and low toxicity.?”*® These advantages make bismuth oxide the preferred
choice for this study.

There are to date few reports on the combination of SDT and RT, despite the great potential for synergistic therapy
which could result from this.?**° Herein, a Bi,O3/TiO, nanoscale heterojunction was constructed through hydrothermal
methods and calcination. Following a surface modification with polydopamine, the chemotherapeutic agent doxorubicin
(DOX) could be loaded onto the platform through electrostatic interactions and n-m stacking to give Bi,O5-TiO,@PDA-
DOX (BTPD) nanoparticles (NPs). As demonstrated in Figure 1, BTPD NPs accumulate at the tumor site passively
through the enhanced permeability and retention effect, and the mildly acidic tumor microenvironment will accelerate
degradation of the polydopamine layer. This triggers DOX release and inhibits topoisomerase II, preventing the tumor
cells from repairing DNA damage caused by RT. Simultaneously, the presence of bismuth allows the nanoplatform to
generate highly toxic secondary electrons and further damage DNA. With an effective separation of ¢ and h' after
ultrasound irradiation, BTPD is able to produce high levels of singlet oxygen, resulting in enhanced SDT. In addition,
polydopamine can emit an ultrasound signal when being irradiated by near-infrared light. This endows the nanoplatform
with photoacoustic imaging (PAI) ability. Therefore, this work demonstrates a multifunctional drug-loaded nanoscale
heterojunction which integrates RT, enhanced SDT, CT and PAI functionality.
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Figure | The strategy underlying this work, in which BTPD can achieve anti-cancer therapy through RT/enhanced SDT/CT.

Materials and Methods

Materials

Tetrabutyl titanate (TBT), glacial acetic acid, nitric acid (65%), absolute ethanol, dimethyl sulfoxide (DMSO) and urea
were purchased from Sinopharm Chemical Reagent Co., Ltd. Bismuth nitrate was sourced from Shanghai Yien Chemical
Technology Co., Ltd. Dopamine hydrochloride was purchased from Aladdin Scientific Corp. Doxorubicin hydrochloride
was obtained from Meryer (Shanghai) Biochemical Technology Co., Ltd. Tris-HCI, 1.3-diphenylisobenzofuran (DPBF)
was sourced from Shanghai Macklin Biochemical Technology Co., Ltd. A calcein AM/PI kit was purchased from Bestbio
Biotechnology Co., Ltd. 4',6-diamidino-2-phenylindole (DAPI) dye solution, CCK-8 kit, 2',7'-dichlorodihydrofluorescein
diacetate (DCFH-DA) kit, phosphate buffer (PBS, pH=7.4), penicillin—streptomycin solution and trypsin-EDTA solution
were obtained from Labgic Technology Co., Ltd. Dulbecco’s Modified Eagle Medium (DMEM) and Roswell Park
Memorial Institute 1640 medium (RPMI 1640) were provided by Cytiva. Fetal bovine serum (FBS) was purchased from
Sigma-Aldrich. A dihydroethidium kit was obtained from Beyotime Biotech Inc. 4T1 cells, and L929 cells were
purchased from iCell Bioscience Inc, a Ki67 staining kit from Cell Signaling Technology, and a y-H2AX staining kit
(ab243906) from Abcam. All chemicals were used without additional purification.

Preparation Methods
The preparation of BTPD is illustrated in Scheme 1.

Preparation of TiO, nanocrystals (TiO, NCs): the method to prepare TiO, NCs was based on a previous study.’' Two
milliliters of TBT was added to 30 mL of glacial acetic acid, and 1 mL of deionized (DI) water rapidly added dropwise to
the solution. After stirring for 10 min at room temperature, the solution was transferred to a 50 mL Teflon-lined autoclave

= Bi, 0, Vigorous
TBT, 3; Bi(NO,), Stirring O DOX
Acetic acid 7 ; j ’
150°C Calcined 3 "f Stirring
12h TiO, NPs Bi,O,/TiO, 1“5 H(" BTH@PDA BTP-DOX
Heterojunction (PH=8.5)
(BTH NPs) (BTP NPs) (BTPD NPs)

Scheme | Preparation of TiO, NCs, BTH NPs, BTP and BTPD.
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and heated at 150 °C for 12 h. The prepared TiO, NCs were collected through centrifugation (13,000 rpm, 10 min) after
the autoclave had cooled to ambient temperature. The solid product was washed with DI water and absolute ethanol three
times. The TiO, NCs were freeze-dried for subsequent use.

Preparation of Bi,O5-TiO5 heterojunction (BTH): following a previous study,’?,100 mg of TiO, NCs was dispersed in
50 mL of DI water which contained 10 puL of HNOj;. About 73.0 mg of Bi(NO3); and 1.2 g of urea were added to the
dispersion. The mixture was heated at 80 °C for 6 h under continuous stirring. The precipitate was collected through
centrifugation (13,000 rpm, 10 min) and calcined at 500 °C for 3 h in air to form BTH.

Preparation of Bi;O3-TiO@PDA (BTP): Polydopamine (PDA) can be easily formed through the self-polymerization
of dopamine (DA) under alkaline conditions. Twenty milligrams of BTH nanoparticles (NPs) was dispersed in 30 mL of
Tris-HCI buffer (15 mm, pH = 8.5). Twenty milliliters of DA solution of different concentrations (0.1 mg/mL, 0.2 mg/mL
and 0.4 mg/mL) was added to the dispersion at a speed of 10 mL/h under vigorous stirring in dark environment. After the
addition had finished, the dispersion was stirred for a further 4 h.

Characterization

Transmission electron microscopy (TEM, JEM-2100, JEOL) was used to observe the morphology and measure the size
of the TiO, NCs, BTH NPs and BTP NPs. High-resolution TEM (JEM-2100F, JEOL) was used to observe the lattice
fringe and elemental distribution of BTH NPs. The composition of TiO, NCs and BTH NPs were assessed through X-ray
diffraction (XRD, Bruker D8, Bruker) and X-ray photoelectron spectroscopy (XPS, Escalab 250Xi, Thermo Fisher
Scientific). Zeta potential measurements (ZS90, Malvern) and Fourier transformed infrared spectroscopy (FT-IR, Nicolet
Nexus 670, NICOLET) were used to confirm the successful coating of PDA and loading of DOX.

Drug Loading

Different mass ratios (1:1, 1.5:1, 2:1) of DOX and BTP NPs were dispersed in 5 mL of DI water. These three different
mass ratios correspond to 2 mg DOX+2 mg BTP NPs, 3 mg DOX+2 mg BTP NPs, and 4 mg DOX+2 mg BTP NPs,
respectively. The dispersion was then stirred vigorously in the dark for 24 h. The drug loaded nanomaterials were
harvested through centrifugation (13,000 rpm, 12 min), and the solid product was lyophilized for further use. To quantify
the drug loading, a standard curve of DOX was constructed in water over the concentration range 5 to 120 pg/mL. The
absorbance of DOX at 481 nm was measured with a UV-Vis spectrophotometer (UV-1800, Shanghai Jinghua Instrument
Co., Ltd).

Measurement of Drug Loading Rate and Encapsulation Efficiency
Drug loading rate and encapsulation efficiency were determined by measuring the UV absorbance of DOX in the

supernatant and calculated according to the following formulae:
~ My—M

v P % 100% (1)

Encapsulation Efficiency (EE)

MO _Msup

Drug Loading Rate (DL) = MMM
0 — Vsup mat

x 100% 2)
Where M, represents the mass of added DOX, Mg,, represents the mass of DOX in the supernatant, and M, represents
the mass of BTP NPs.

Drug Release

Drug release was measured through the dialysis method. To mimic healthy tissue and the mildly acidic tumor micro-
environment, two different pH conditions were explored. One milligram of BTPD was dispersed in 2 mL of PBS
(pH=7.4 or pH=6.5) and loaded in a dialysis bag (MWCO = 7000 Da). Then, the dialysis bag containing BTPD NPs was
soaked in 18 mL PBS at the same pH and shaken continuously at 37 °C. At predetermined time points, 1 mL of liquid
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was extracted from outside the dialysis bag, and its absorbance at 481 nm was measured to calculate the amount of DOX
released. An equivalent amount of fresh pre-heated PBS was added into the container to maintain a constant volume.

ROS Generation Performance

The ROS generating performance of the TiO, NCs and BTH NPs was determined by first preparing a dispersion at 50 pg/
mL in DI water. Next, 2.7 mg of DPBF was dissolved in 1 mL of DMSO to form a solution with a concentration of
10 mM. Three milliliters of TiO, NCs or BTH NPs suspension was thoroughly mixed with 30 pL. of DBPF solution in
a brown sample bottle, followed by an ultrasonic treatment (1.0 MHz, 0-5 min, 40% duty cycle, 1.5 W/cm?). The
absorbance at 417 nm was recorded to evaluate ROS generation.

Electron spin resonance (ESR) spectroscopy (EMXplus-6/1, Bruker) was utilized to identify the type of ROS
generated under US irradiation. 2,2,6,6-Tetramethylpiperidine (TEMP) and 5.5-dimethyl-1-pyrroline-N-oxide (DMPO)
were chosen as the spin traps for singlet oxygen and hydroxy radicals, respectively. The ESR signal was recorded before
and after US irradiation (1.0 MHz, 40% duty cycle, 1.5 W/cmz, 5 min).

Cellular Uptake
When DOX is excited by a laser with a wavelength of 490 nm, it can emit fluorescence at 550 nm, and thus can be used
to track uptake. To observe the uptake behavior of 4T1 cells, the cells were seeded in glass bottomed petri dishes at
density of 1 x 10° cells (2 mL) per dish. After a 24 h incubation, the old culture medium was removed. BTPD NPs were
dispersed in RPMI 1640 to prepare a suspension with a DOX concentration of 5 pg/mL, and 2 mL of this BTPD
suspension was added to the cell-seeded dish and co-incubated for a pre-determined time (0, 4, 12, 24 h). Subsequently,
the suspension was removed, and the cells were washed three times with PBS (pH=7.4). The cells were fixed with 4%
paraformaldehyde for 15 min and then washed three times. After that, the cells were stained with DAPI solution (10 pg/
mL) in the dark for 5 min and washed another three times with PBS. Confocal laser scanning microscopy (CLSM;
LSM700 microscope, Zeiss) was used to observe the fluorescence of DOX.

Quantification of uptake was done through flow cytometry. The same treatment as above was performed on 4T1 cells
in 6-well transparent culture plates, and the cells harvested at different times (0, 2, 4, 8, 12, 24 h). The intracellular
fluorescence intensity of the DOX was measured with the aid of a flow cytometer (Accuri C6, BD).

Biocompatibility and In Vitro Cytotoxicity

L1929 cells and 4T1 cells were chosen to evaluate the potential cytotoxicity of the nanomaterials to healthy and tumor
cells. 4T1 cells were cultured in RPMI 1640 and 1.929 cells in DMEM. In both cases, the media was supplemented with
penicillin—streptomycin solution (100 U/mL penicillin and 100 pg/mL streptomycin) and 10% v/v FBS to give complete
media.

For assays, the cells were firstly seeded in 96-well transparent cell culture plates at a density of 1 x 10* cells per well
(200 pL). After incubation (37 °C, 5% CO,) for 24 h, the original culture medium was replaced with a pre-prepared
RPMI 1640 or DMEM dispersion of BTP at a range of concentrations (50, 100, 150, 200, 300 pg/mL). After another
24 h incubation, the cell viability was then evaluated through the CCK-8 method.

The cytotoxicity of different groups of materials and different treatments on 4T1 cells was also determined using the
CCK-8 method. 4T1 cells were seeded into 96-well transparent cell culture plates at 1 x 10* cells per well (200 pL) and
incubated for 24 h in complete RPMI 1640. BTPD was dispersed in RPMI to prepare suspensions at different
concentrations (to give a DOX concentration of 0.5, 1, 2, 4, 8 pg/mL). The concentration of drug-free materials was
3.5,7, 14, 28, 56 ng/mL. After 24 h, the original media was removed and replaced with 200 puL of the BTPD suspension.

Several treatments were explored, with groups comprising: individual material treatment, ultrasound treatment,
radiation treatment, and a combined treatment. For the individual material treatment group (BTPD group), cell viability
was investigated with a CCK-8 kit directly after co-incubation for 24 h. For the ultrasound treatment groups (BTP+US
and BTPD+US), the cells were irradiated by ultrasound (1.0 MHz, 2 W/cm?, 40% duty cycle, 3 min) after co-incubation
with the relevant materials for 16 h. Cell viability was investigated using a CCK-8 kit after another 8 h incubation period.
For the radiation treatment groups (BTP+X-ray and BTPD+X-ray), the cells received X-ray irradiation at a dosage of 4
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Gy (tube voltage 120 kV, 385 mAs) after 16 h of incubation with the materials. After incubation for another 8 h, cell
viability was measured by the CCK-8 method. For the combined treatment group (BTP+US+X-ray, BTPD+US+X-ray),
after co-incubation with the test material for 16 h the cells were treated with US irradiation (1.0 MHz, 2 W/cm?, 40%
duty cycle, 3 min) first and then X-ray irradiation at a dosage of 4 Gy (tube voltage 120 kV, 385 mAs). After another
8 h incubation, a CCK-8 kit was used to determine the cell viability.

Live/Dead Staining

4T1 cells were seeded in a 6-well transparent cell culture plate at 1 x 10° cells per well (2 mL), followed by
a 24 h incubation. A series of test groups (PBS, BTP, DOX, BTPD, PBS+US+X-ray, BTP+US+X-ray, DOX+US
+X-ray and BTPD+US+X-ray) were established. After 24 h, the old culture medium was replaced by 1 mL of fresh
medium containing the test material (at a concentration to give a final DOX concentration of 8 pg/mL) and the cells were
incubated for 16 h. Then, the US/X-ray co-treated groups were irradiated by US (1.0 MHz, 2 W/em?, 40% duty cycle,
3 min) and X-rays (4 Gy) sequentially. All groups were incubated at 37 °C for another 8§ h.

After the incubation period was complete, the culture medium was removed, and the cells were washed with PBS (pH
=7.4) 3 times. A calcein-AM/PI kit was used to differentiate living and dead cells. After diluting the stock solutions of
calcein-AM and PI 1000-fold with culture medium, 1 mL of calcein-AM working solution was added to each well and
the plate incubated for 10 minutes in the dark. The calcein-AM working solution was removed, and the cells were
washed twice with PBS (pH = 7.4). Next, 1 mL of PI working solution was added to each well, and the plate was
incubated for another 5 minutes in the dark. The PI working solution was removed, the cells washed twice, and
fluorescence observed using an inverted fluorescence microscope (DMi8, Leica).

In Vitro ROS Staining

4T1 cells were seeded at density of 1 x 10° cells per well (2 mL) in a 6-well transparent cell culture plate and incubated
in a 37 °C incubator for 24 h. The medium was then aspirated, followed by the addition of 1 mL of an NP suspension.
The treatments were PBS, BTP, DOX, BTPD, PBS+US, BTP+US, DOX+US and BTPD+US. The concentration of BTP
NPs and BTPD NPs were set as 56 pg/mL and 64 pg/mL, respectively, containing the same amount of BTP. The BTPD
suspension contained the same amount of DOX as the free DOX group (8 ng/mL). After incubation for 16 hours, the
culture medium was removed, and the cells were washed twice with PBS. Subsequently, 1 mL of DCFH-DA working
solution (prepared with serum-free medium) was added to each well. After incubation for 10 minutes, the US treatment
group was irradiated (1.0 MHz, 2 W/cm?, 40% duty cycle, 3 min). An inverted fluorescence microscope (DMiS8, Leica)
was used to observe the green fluorescence of 2',7'-dichlorofluorescein (DCF) after another 20 min incubation in the
dark.

Establishment of Animal Model

All animal experiments were performed in accordance with the guidelines outlined in the National Research Council’s
Guide for the Care and Use of Laboratory Animals and approved by the Institutional Animal Care and Use Committee of
Donghua University (SYXK(SH)2020-0018). 4-5-week-old female Balb/c mice (obtained from Shanghai Jiesijie
Experimental Animal Co., Ltd.) were used to establish a tumor-bearing mouse model. 2 x 10° 4T1 cells in 200 pL
PBS (pH=7.4) were subcutaneously injected under the armpit of the left forelimb of each mouse. The tumor volume was
estimated by the following formula:

Width?

Tumor volume = Lengthx

Biodistribution and Blood Compatibility
In the biodistribution study, the particles were loaded with indocyanine green (ICG) instead of DOX. To prepare the ICG
loaded material, 2 mg of ICG was dissolved in 5 mL of DI water, and then 2 mg of BTP was added to the solution. After
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being mixed with ultrasonic assistance, the mixture was vigorously stirred at room temperature in the dark for 24 h. ICG-
labelled BTP was then collected through centrifugation (13,000 rpm, 10 min).

ICG-labelled BTP was then dispersed in saline to prepare a suspension at a concentration of 800 pg/mL. 100 puL of
ICG-labelled BTP dispersion was injected into a tumor-bearing mouse (n=1) through its tail vein. The near-infrared
(NIR) signal at 785 nm was collected with an in vivo imaging system (IVIS Lumina Series III, PerkinElmer) at pre-
determined time points (2, 4, 8, 12, 24 h).

After determining when the near-infrared signal of the tumor site reached its peak (t,eax), another tumor-bearing
mouse received the same treatment and was euthanatized at t = t,.,, to capture ex vivo NIR images of the major organs
(heart, liver spleen lung and kidney) and tumor.

Hemolysis experiments were used to evaluate the blood compatibility of BTPD NPs. BTPD NPs were dispersed in
1 mL of saline to prepare dispersions with different concentrations (50, 100, 200, 300, 400 pg/mL). Subsequently, 2 mL
of blood from healthy Balb/c mice was taken, and red blood cells were extracted by centrifugation (3000 rpm, 3 min).
About 20 pL of the red blood cell suspension was added to each NPs dispersion. Positive control and negative control
groups were established to give 100% hemolysis and 0% hemolysis, respectively. The positive control comprised 1 mL
of deionized water with 20 pL red blood cells, and the negative control 1 mL of saline with 20 pL red blood cells. The
suspensions containing red blood cells were mixed with a pipette and then placed in a refrigerator at 4 °C for 1 h. Next,
the samples were centrifuged (3000 rpm, 3 min) to separate the red blood cells out. 200 puL of the supernatant from each
group was transferred moved to a 96-well transparent cell culture plate and absorbance at 570 nm measured on a plate
reader (Multiskan FC, Thermo Fisher Scientific). The hemolysis rates of each group were then calculated. All the
experiments were performed in triplicate.

In Vivo Antitumor Efficacy

When the tumor volume reached 100 mm?®, tumor-bearing mice were randomly divided into 8 groups (n=6 in each).
These groups were then subjected to 8 different treatments: control: saline, group I: saline+US+X-ray, group II: free
DOX, group III: free DOX+US+X-ray, group IV: BTP, group V: BTP+US, group VI: BTPD, group VII: BTPD+US
+X-ray. The treatment procedure is illustrated in Scheme 2. With reference to the dosages utilized in previous studies,
a BTP or BTPD saline suspension was intravenously injected into each mouse of groups IV-VII at a dosage of 5 mg/kg
every 2 days for 14 days. Each mouse in the US groups received ultrasound irradiation (2 W/cm?, 5 min) at the tumor site
12 hours after each injection. Similarly, all mice in the X-ray group received a dose of 4 Gy of X-ray irradiation 12 hours
after administration every 4 days for 14 days (ie at days 0, 4, 8 and 12). The body weight of each mouse and the tumor
volume were measured every 2 days. After 14 days’ treatment, all mice were euthanized and the major organs (heart,
liver, spleen, lung, kidney) and tumors were harvested. The major organs and tumor tissue were then fixed in
polyformaldehyde. After dehydration and paraffin embedding, the tissues were sliced for hematoxylin and eosin
(H&E), Ki67 and y-H2AX staining.
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In Vivo ROS Generation

Another set of Balb/c tumor-bearing mice was divided into 8 groups (n=1), with the groups the same as above. Twelve
hours after NP administration, ultrasound irradiation was performed on the tumor site (2 W/em?, 5 min). The mice were
sacrificed immediately, and the tumor tissue harvested, frozen in liquid nitrogen, and stored at —80 °C. The frozen
sectioning technique was used to slice the samples and dihydroethidium (DHE) staining performed to observe the
generation of ROS at the tumor site.

In Vivo Photoacoustic Imaging (PAI)
BTPD NPs were intravenously injected into tumor-bearing mice through the tail vein, at a dosage of 5 mg/kg. At various
time points (0, 3, 6, 12, 24 h), the tumor region was subjected to PAI using a VEVO LAZR-X system (VisualSonics).

Statistical Analysis

No fewer than three parallel experiments were conducted in each experiment. Quantitative data are presented as mean +
standard deviation (S.D.), and analyzed by a two tailed Student’s #-test. P < 0.05 was taken as a statistically significant
difference. Data are marked with (*) for P <0.05, (**) for P < 0.01, and (***) for P <0.001.

Results and Discussion

Characterization

The TiO, NCs synthesized hydrothermally had uniform ellipsoid shapes with a size of approximately 77 + 8 nm
(Figure 2a). After the precipitation of Bi,O3, the size underwent a slight increase to 108 & 11 nm (Figure 2b). In the
deposition of the PDA coating, as demonstrated in Figures S1 and 2c, varying concentrations of DA solutions were found
to yield distinct outcomes. There was no distinguishable PDA layer observed on the surface of BTH when a DA solution
concentration of 0.1 mg/mL was employed. Furthermore, the formulation utilizing a 0.4 mg/mL DA solution caused
particle adhesion. In contrast, the addition of 0.2 mg/mL DA solution led to a distinct translucent PDA layer on the
surface of BTH NPs and another increase in size. The thickness of the PDA coating was ~9 nm, as was measured by
ImageJ. The increase in particle size with successive modifications can be seen in Figure 2d.

Figure S2 illustrates the XRD patterns of the TiO, NCs and BTH NPs. Through comparison with the PDF standard
substance cards (Bi,O5: PDF#76-2478, TiO,: PDF#21-1272), it can be seen that BTH was composed of anatase TiO, and
Bi,03. The Bragg reflections at 25.3°, 37.8° and 48.0° correspond to the (101), (004) and (200) crystal planes of TiO,
and those at 28.3°, 47.1° and 55.9° are the (111), (220) and (311) planes of Bi,O;. XPS spectra are displayed in
Figure 2e. The expected elements of Ti, Bi and O are all clearly present in the survey spectrum. Considering the standard
binding energies detailed in the NIST XPS database, the high-resolution spectra of Ti and Bi (Figures S3 and S4)
revealed the presence of Ti*" and Bi** ions.***> Zeta potential data (Figure S5) reveal a distinct reduction from
+14.8 £ 1.0 mV to —12.8 + 0.4 mV upon the deposition of the PDA coating on BTH, owing to the presence of myriad
hydroxyl groups in PDA. These findings are all consistent with the formation of the desired system.

To further confirm the formation of a heterojunction, the lattice fringes of BTH NPs were imaged through HRTEM.
As shown in Figure 2f, two different lattice fringes were observed on the surface of BTH. Of these, that at 0.35 nm arises
from the (101) crystal plane of TiO, and that at 0.24 nm from the (330) crystal plane of Bi,O;. The elemental mapping
results in Figure 2g show a homogeneous distribution of Ti, Bi and O throughout the particles. The existence of bismuth
inside the BTH NPs was attributed to the penetration of some bismuth source solution into the interior through pores or
defects in the TiO, NCs during the deposition.

FT-IR spectroscopy was obtained to verify the successful coating of PDA and loading of DOX. As shown in Figure
S6, the peaks at 1622 cm ' and 1066 cm “!in the spectrum of BTP arise from the stretching of C=C in the aromatic ring,
bending of N-H and stretching of C-N bonds in PDA.**>” The peak at 2987 cm-1 is the C-H stretch.*® The characteristic
peaks of DOX can also be seen in the BTPD spectrum (see highlighted areas in Figure S6), while they did not exist in the
BTP spectrum, indicating that DOX was successfully loaded onto the surface of the BTP NPs. The change of zeta
potential (Figure S5) also supported the loading of DOX: DOX has a positive charge, and the zeta potential of the BTPD
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Figure 2 TEM images of TiO, NCs (a), BTH NPs (b) and BTP NPs (c); size distribution (d); XPS spectrum of BTH NPs (e); HRTEM image and lattice fringes observed in the
marked area (f), scale bar=10 nm; and elemental mapping of the BTH NPs (g), scale bar=50 nm; drug-release from BTPD at different pH (h), n=3; UV-Vis spectra of DPBF
treated by BTH NPs (i).

NPs showed a slight increase compared with the BTP NPs. This phenomenon suggests the occurrence of electrostatic
adsorption.*® Additionally, since both DOX and PDA contain aromatic ring structures, 7-r stacking interactions may also

contribute to the drug-loading process.**!

Measurement of Drug Loading Rate and Encapsulation Efficiency
The drug loading rate and encapsulation efficiency were measured by UV-Vis spectroscopy based on a calibration curve
(Figure S7). The DL and EE of DOX in BTPDs prepared with different mass ratios are displayed in Table 1. The highest
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Table | DL* and EE® Results for BTPD Prepared at
Different DOX:BTP NP Mass Ratios

Mass ratio (DOX:BTP NPs) | DL (+5.D.) | EE (+S.D.)

I:1 6.5+0.5% 7.04+0.8%
1.5:1 12.6+1.5% 9.1£1.2%
2:1 11.44+0.8% 6.9+0.5%

NoteS: *Drug loading rate. “Encapsulation efficiency.

DL and EE were calculated to be 12.6£1.5% and 9.1+1.2%, respectively, at a ratio of 1.5:1. This ratio was thus used for
the preparation of BTPD NPs for future work.

Drug-Release Behavior

As illustrated in Figure 2h, there was a burst release of DOX in the first 4 h, after which a plateau is observed up to
36 h. The same trend is seen at both neutral and mildly acidic conditions, except that in the latter the maximum release
was 46.4%, two-fold higher than in neutral conditions. The reason for the difference may be the breaking of electrostatic
interactions between DOX and PDA, which arises due to the protonation of the amine group of DOX.*** Since drug
release is accelerated in conditions representative of the tumor microenvironment, the NPs potentially have the ability to
target delivery to cancer cells and avoid off-target effects.

ROS Generation

Both the TiO, NCs and BTH NPs have the ability to generate singlet oxygen under US irradiation. Notably, the
absorbance of DPBF at 417 nm showed a greater decline in intensity with time with the BTH group than with the
TiO, group (Figures 2i and S8), indicating that more ROS was generated by BTH.

The difference in ROS generation performance between the TiO, NCs and BTH NPs can be attributed to differences
in e /h" pair separation. As illustrated in Figure 3a, when TiO, is excited by US, e move to the conduction band and h”
are left in the valence band. However, these e and h* can easily recombine, therefore limiting the catalytic efficiency.
When Bi,03 and TiO, are in contact in the form of a heterojunction the excited e move to the surface of TiO,, while the
h" are transferred to the surface of Bi,Os. This makes it much harder for the two to recombine, resulting in greater
efficiency in generating ROS.**

ESR spectra allow the identification of the type of ROS generated. As illustrated in Figure S9, after ultrasound
irradiation, BTH clearly exhibited a characteristic signal of singlet oxygen, whereas no such signal was observed in the
absence of ultrasound irradiation. This result was consistent with the decrease in DPBF absorbance. Hydroxyl radicals,
another common ROS, were also investigated using ESR. The data (Figure S10) showed no significant signals
corresponding to hydroxyl radicals in the ESR spectra, regardless of ultrasound irradiation, indicating that the primary
therapeutic ROS was not hydroxyl radicals.

Cellular Uptake

The cellular uptake behavior of BTPD was investigated by CLSM (Figure 3b). The uptake of DOX can be seen by dint of
its red fluorescence. Stronger red fluorescence was observed in 4T1 cells after 4 and 12 h than at 0 h, showing that the
uptake of BTPD was time dependent. The brightest fluorescence was seen at 12 h, followed by a decline at 24 h. Flow
cytometry quantification was undertaken to verify these findings (Figure 3c). The results are in full agreement with the
CLSM imaging. The amount of BTPD that was internalized by 4T1 cells increased until it reached a peak value at
12 h and then started to fall. This confirms that 12 h is a suitable time point for further experiments.
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Biocompatibility and In Vitro Cytotoxicity

Two cell lines, L929 and 4T1 cells, were used to represent healthy and tumor cells for biocompatibility analysis. The
results (Figure 3d) showed that the BTP NPs did not exhibit any notable toxicity (>90% viability) towards either L929 or
4T1 cells even at concentrations up to 300 pg/mL, suggesting that the BTP NPs are highly cytocompatible.

To evaluate the cytotoxicity of different treatments towards 4T1 cells, a series of CCK-8 tests were performed. The
results are given in Figures 3e and S11. Overall, the combined treatment group had a greater impact on 4T1 cell viability
than the individual material treatment groups, ultrasound treatment group, and radiation treatment group. The BTPD NPs,
providing CT, could only reduce the cell viability of 4T1 cells by a relatively small amount. The combination of SDT and
RT induced by BTP NPs with US and X-ray treatment led to greater suppression of cell viability. In comparison, the
triple CT/SDT/RT obtained after treatment with BTPD+US+X-rays gave the strongest inhibitory effect. Specifically, the
viability of the 4T1 cells decreased to 18.4 + 2.7% after incubation with BTPD NPs at a DOX concentration of 8 pug/mL
and application of US and X-rays. At all concentrations, the BTPD+US+X-ray treatment gave a significantly reduced
viability. Live/dead staining (Figure 4a) also confirmed that triple therapy caused the most severe cell death (denoted by
red cells).

In Vitro ROS Staining

To illustrate the extent of in vitro ROS generation visually, DCFH-DA was used as a fluorescent probe. DCFH-DA is
a small molecule which can penetrate the cell membrane. When it reaches the cytoplasm, it can be hydrolyzed, being
converted to DCFH which can no longer pass through the cell membrane. Non-fluorescent DCFH can be oxidized by
intracellular ROS to DCF which emits green fluorescence. As the ROS staining results (Figure 4b) show, none of DOX,
BTP NPs or BTPD NPs could generate any form of intracellular ROS without ultrasound. After being irradiated by
ultrasound, no green fluorescence was observed in the PBS and DOX groups, indicating that ultrasound irradiation itself
did not trigger ROS generation, and DOX is not a factor affecting intracellular ROS production. In comparison, the BTP
+US group and BTPD+US group exhibited distinct green fluorescence, consistent with ROS production. This indicated
that the source of ROS is BTH excited by ultrasound.

Biodistribution and Blood Compatibility
After being intravenously injected, the ICG-labelled BTP was found to accumulate at the tumor site (see Figure 4c), and
over 12 h the intensity of the NIR signal continuously rose. After this, the intensity started to fall. The NIR images of
isolated organs (Figure 4d) after 12 h also confirmed the enrichment of ICG-labelled BTP at the tumor site. The signals in
the liver and kidneys indicated that BTPD NPs were also processed to the liver and kidney and thus can be cleared from
the body. There is also a notable intensity in the lungs, the reason for which is not clear.

Blood compatibility of BTPD NPs was evaluated with a hemolysis experiment. Corresponding hemolysis rates are
shown in Figure S12. Even at a concentration of 400 pg/mL the hemolysis rate was below 5%, indicating that the drug-
loaded nanoplatform had good blood compatibility and should be safe for intravenous administration.

In Vivo Antitumor Efficacy

The antitumor efficacy was investigated in 4T1 tumor-bearing mice. The mice were divided into eight groups (n=6) as
follows: control: saline, group I: saline+US+X-ray, group II: free DOX, group III: free DOX+US+X-ray, group IV: BTP,
group V: BTP+US, group VI: BTPD, group VII: BTPD+US+X-ray. Tumor volume and the changes in body weight
(Figure 4e) of each mouse were recorded every two days. There was no significant fluctuation in weight within the 14
days of treatment, indicating that the various treatments did not adversely affect the health of the mice.

The changes in the tumor volume observed during the treatment period (Figure 4f) and digital photos of the tumors
after sacrifice (Figure S13) revealed that groups I and VI exhibited no obvious antitumor efficacy. The tumor sizes in
groups II, V and VI were smaller, while there was a significant reduction in size in groups III and VII compared to the
control group. This was because both the presence of BTP and US irradiation were indispensable for SDT, and a low
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dose X-ray treatment could not effectively damage the tumor tissue. In comparison, group VII demonstrated the greatest
extent of tumor suppression, indicating that the combination of radiosensitization/SDT/CT was a successful strategy.

H&E staining was performed on the major organs and tumor tissues from each group (see Figure S14). The tissue
morphology of the major organs did not show significant changes after the different treatments, indicating that the
BTPD NPs have good biosafety. In the tumor tissues (Figure 5a), it was evident that groups I and IV exhibited dense
structural organization and a significant number of nuclei, with obvious differences from the untreated control group.
This indicates that the tumor tissues have not been significantly damaged. In contrast, the number of nuclei in group
VII was markedly reduced, suggesting that the combined treatment of radiosensitization/SDT/CT had effectively
suppressed tumor growth.

To evaluate the cellular proliferation activity and DNA damage present in the tumors, Ki67 and y-H2AX immuno-
fluorescence staining were performed. Ki67 is a protein specifically expressed during the cell proliferation phase.
Proliferative activity of the tumor can be estimated by detecting the expression level of Ki67 (green fluorescence).
The results (Figure 5b) showed that the control group and group I exhibited the strongest green fluorescence, indicating
that ultrasound and low-dose X-ray irradiation could not significantly affect the proliferation of tumor tissue. The green
fluorescence of group II and group III showed a slight decrease compared to the control, which could be attributed to the
toxicity of free DOX. In addition, the fluorescence of group III was weaker because DOX could prevent DNA repair and
accumulated radiation damage. The fluorescence of group IV was similar to that of the control group, indicating that the
BTP NPs could not directly affect the ability of tumor cells to proliferate. In contrast, the fluorescence intensity of group
V was notably reduced, suggesting that SDT mediated by BTP NPs and radiosensitization effectively damaged tumors
and inhibited cellular proliferation. The fluorescence of group VI was similar to that of group II. This is because the main
way for BTPD NPs to kill tumor cells without the influence of ultrasound and X-rays is release of the chemotherapeutic
agent DOX. The green fluorescence of group VII was the weakest amongst all the groups, which was a result of
combined SDT, radiosensitization and DDR inhibition. Thus, under the combined treatment, the proliferation activity of
tumor tissue was greatly inhibited.

H2AX is a type of histone. When DNA sustains damage, the serine at position 139 is rapidly phosphorylated, leading
to the formation of y-H2AX. In y-H2AX staining (Figure 5c), the intensity of green fluorescence reflects the level of y-
H2AX in the tumor tissue. Hence, the stronger the green fluorescence, the more severe the radiation damage. Group IV
exhibited the same performance as the control group, suggesting that BTP NPs did not cause observable DNA damage.
In groups I, II, V, and VI, the tumor tissue showed weak green fluorescence, indicating that low-dose X-ray, DOX, and
SDT/radiosensitization therapy had modest effects on the DNA of tumor cells. In comparison, the green fluorescence of
group III was stronger, which was attributed to reduction of the activity of topoisomerase I, thereby inhibiting the ability
of tumor cells to repair DNA. The strongest green fluorescence could be observed in group VII, indicating the greatest
extent of radiation damage. This was the result of the combination of SDT/radiosensitization and DNA repair hindrance
induced by DOX. The former elevated radiation injuries by depositing the energy of the X-rays in the tumor, and via
resultant scattered highly toxic secondary electrons. At this time, tumor cells will try to activate the DNA repair process
to aid in their recovery, but the presence of DOX can inhibit this and leaves more DNA single or double strand breaks,
thus resulting in the accumulation of radiation injuries at the tumor site.

In Vivo ROS Generation

To evaluate ROS generation at the tumor site, DHE was used as a fluorescent probe. When DHE enters a cell, it will be
easily oxidized by intracellular ROS and combined with DNA or RNA to produce red fluorescence. DHE staining of
tumor sections is presented in Figure S15. The control group and all treatment groups without ultrasound irradiation
(group II, IV and VI) did not exhibit significant red fluorescence, indicating that none of the free DOX nor the BTP and
BTPD NPs alone can catalyze the production of ROS, which aligns with the results of in vitro cell experiments. Among
all treatment groups subjected to ultrasound and X-ray irradiation, groups V and VII present strong red fluorescence,
while groups I and III show no change over the control. This suggests that the primary source of ROS at the tumor site is
the BTP component and its ability to drive ultrasound-mediated SDT.
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PAI

The PDA coating on BTPD can absorb NIR irradiation and, as a result, emit ultrasonic signals. This property allows it to
be used as a PAI agent. Following the intravenous injection of BTPD, photoacoustic signals from the tumor site were
collected at predetermined time points (0, 3, 6, 12, 24 h). The photoacoustic signal at the tumor site (Figure S16)
gradually increased and permeated from the periphery to the deep tumor tissue over 12 h. This was attributed to the
accumulation of BTPD NPs in the tumor, which was also identified in biodistribution studies. Subsequently, the signal
began to decay, indicating that BTPD NPs were metabolized and removed from the tumor. PAI is a non-invasive and
powerful imaging technique, and thus this property means that the BTPD NPs could be used to monitor the tumor in real
time during clinical treatments.

Compared with other studies exploring radiosensitization and SDT induced by titanium-based materials,>*****° th

e
BTPD NPs result in similar tumor suppression levels at a lower dosage of X-rays and with a lower concentration of the
TiO, component. In terms of dosage, some studies based on titanium-based materials have used administration doses
of 10 mg/kg or higher in mouse experiments.*®*” The fact that our study achieves comparable therapeutic effects at
a lower dose demonstrates the superior efficiency of our system. Moreover, the PAI properties make it possible for the
BTPD NPs to be used as a theranostic platform. This functionality is also uncommon in other multimodal therapeutic
platforms. It is worth noting that some studies have reported the use of bismuth-based materials as contrast agents for
CT imaging.*®*° However, the BTPD prepared in this study did not exhibit this capability, which can be attributed to
the bismuth content at therapeutic concentrations being insufficient to generate distinguishable CT imaging contrast.

There remain a number of challenges which may still impede the clinical translation of BTPD. While the nanoplat-
form demonstrates preferential accumulation at tumor sites, its pH-dependent drug release mechanism raises concerns, as
premature drug release in other mildly acidic physiological environments could diminish therapeutic efficacy at the target
site. Furthermore, the potential long-term toxicity of this platform and its therapeutic efficacy against other tumor types
require further investigation. Comprehensive validation through long-term follow-up studies and the collection of data
across diverse cancer types will be essential.

Conclusions

In this work, a triple-modality anti-cancer therapeutic nanoplatform is reported. We first synthesized TiO, nanocrystals
(NCs) with uniform ellipsoidal shape through a hydrothermal method. Bi,O; was then precipitated on the surface of the
TiO, NCs to form a nanoscale heterojunction. This was expected to enhance the efficiency of ROS production by
promoting the separation of electrons and holes. Subsequently, a thin layer of PDA was coated on the system, endowing
the nanoplatform with good biocompatibility and PAI ability. Doxorubicin, a DNA repair inhibitor, was loaded onto the
PDA through electrostatic interactions and n-r stacking. The resultant BTPD NPs induced enhanced SDT, radiosensi-
tization and DNA repair inhibition after treatment with ultrasound irradiation and low-dose X-rays. The antitumor
efficacy was demonstrated through a wide range of experiments, both in vitro and in vivo. Overall, the results show that
the BTPD system developed in this work could effectively suppress the growth of a tumor, suggesting that it has the
potential to be a promising theranostic for cancer.
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