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ABSTRACT: Purpose: To assess the anticancer effect of micro-
bubbles (MBs) in combination with sinoporphyrin sodium
(DVDMS)-mediated sonodynamic therapy (SDT) for the in vitro
and in vivo treatment of hepatocellular carcinoma (HCC). Methods:
HepG2 cells were used for in vitro experiments. Reactive oxygen
species (ROS) production was detected using 2′,7′-dichlorodihydro-
fluorescein diacetate and singlet oxygen sensor green in vitro and in
solution, respectively. Cytotoxicity was evaluated using a Cell
Counting Kit 8 assay and the calcein AM/PI double-staining method.
Annexin V-FITC/PI staining was employed to analyze the rate of cell
apoptosis. Cell surface calreticulin exposure, high mobility group box
1 release, and adenosine triphosphate secretion were measured to
detect immunogenic cell death (ICD). The anticancer effect of the
combination therapy was further assessed in Hepa1−6 tumor-bearing
mice. Results: Compared with SDT alone, ROS production in the MBs + SDT group was enhanced 1.2-fold (p < 0.0001). The
cytotoxic effect of DVDMS-mediated SDT on HepG2 cells was concentration-dependent, and the additional application of MBs
increased cytotoxicity. Additionally, MBs augmented the SDT-induced apoptosis rate from 33.26 ± 13.48 to 72.95 ± 7.95% (p <
0.01). Notably, our results demonstrated that MBs can enhance SDT-induced ICD. In in vivo experiments, SDT combined with
MBs significantly reduced tumor volume, with negligible differences in mouse body weight. Furthermore, MBs effectively enhanced
SDT-induced tumor tissue destruction. Conclusion: The present study indicates that MBs can markedly improve the anticancer
effects of SDT in HCC.

■ INTRODUCTION
Hepatocellular carcinoma (HCC) is the most common
malignant tumor in the liver, the fourth most common cause
of cancer-related death, and the sixth most common cancer
globally.1,2 Surgical resection, liver transplantation, and radio-
frequency ablation are major treatment options for HCC.3,4

However, patients with HCC are often in the advanced stage
of the disease when they are diagnosed, rendering locoregional
therapy ineffective; accordingly, patients with HCC typically
have poor prognosis.5,6 Therefore, it is of great clinical
importance to identify other effective strategies for the
treatment of HCC, overcoming the limitations of existing
treatments.
Sonodynamic therapy (SDT) is a representative and

promising noninvasive modality for tumor therapy.7,8 Since
ultrasound (US) can penetrate deep tissues and target regions
of tumor growth, SDT addresses the drawback of photo-
dynamic therapy (PDT), where the therapeutic effect is limited
by insufficient light penetration depth.9−11 Boron neutron
capture therapy (BNCT) is a cell-selective radiotherapy that

effectively treats tumors by inducing DNA breaks.12,13

According to Hosmane’s book, BNCT and gadolinium neutron
capture therapy (GdNCT) have substantial clinical application
potential in treating malignant tumors.14 Compared to BNCT,
SDT has no radiotoxicity and is applicable to various tumor
treatments. The most accepted therapeutic mechanisms of
SDT are acoustic cavitation, sonoluminescence, and pyrol-
ysis.15,16 When US-activated sonosensitizers return to their
ground state, large amounts of energy are released and
transferred into the surrounding oxygen, producing high levels
of reactive oxygen species (ROS), including singlet oxygen
(1O2).

16 Excessive ROS was reported to kill tumor cells by
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affecting cell signaling, triggering mitochondrial apoptosis, and
inducing damage to DNA.17,18 Many sonosensitizers, such as
hematoporphyrin monomethyl ether and chlorin-e6, are used
in SDT.19,20 Sinoporphyrin sodium (DVDMS) is a novel
photo and sonosensitizer that was first isolated from Photofrin
II by Fang et al.21 of the Chinese Academy of Medical
Sciences.22 It possesses good chemical purity and water
solubility with minimal dark toxicity and, therefore, has
relatively short-term skin sensitivity and a high singlet
oxygen-producing potential.23,24 Previous studies using the
High-Performance Liquid Chromatography method have
demonstrated that DVDMS exhibits good stability in
solution.25 ROS-mediated SDT exerts cytotoxic effects by
directly eliminating cancer cells and inducing immunogenic
cell death (ICD).26−28 It was reported that ICD leads to the
release of tumor-associated antigens and substantial damage-
associated molecular patterns from apoptotic or necrotic tumor
cells and then promotes the recruitment and activation of
antigen-presenting cell populations.29,30 However, due to the
hypoxia and immunosuppressive tumor microenvironment of
HCC, SDT alone may not be sufficient to eradicate the tumor
and may need to be supplemented by other therapies to
enhance the cytotoxicity and tumor inhibition effect.31

Ultrasound-targeted microbubble destruction (UTMD)
utilizes established short-pulse acoustic wave destruction of
abnormal tumor vessels, enhances drug accumulation and
intracellular uptake, and significantly improves therapeutic
efficacy.32,33 Gas-filled microbubbles (MBs), which are widely
used in medical diagnosis as contrast agents for assessing blood
perfusion in tumors, also play an important role in UTMD.34,35

The shells of MBs are usually composed of polymers and
lipids, and their nuclei are filled with inert polymolecular gases.
Thus, MBs can act as ultrasonic response cavity nuclei in SDT
to facilitate cavitation.36 Since SDT is mediated by the
combination of sonosensitizers with US-induced cavitation,
MBs combined with sonosensitizers have been reported to
effectively augment the antitumor effect and inhibit cancer
progression compared to sonosensitizers alone.37,38 Under
sono-irradiation, MBs are forced to expand and contract, and
the shock waves generated in this process enhance the
permeability of the plasma membrane by inducing temporary
pores in the cell membrane, thereby promoting cellular uptake
of therapeutic agents, including sonosensitizers, in a process
termed the sonoporation effect.39,40 Oxidative stress that
occurs during this process produces free radicals and
intracellular ROS, inducing cell necrosis and apoptosis.41,42

Furthermore, as MBs are suitable for contrast-enhanced US
imaging of liver disease, their combination with SDT facilitates
an integrated diagnosis and treatment.

In the present study, we focused on the combined effects of
DVDMS-mediated SDT and UTMD on HCC treatment in
vitro and in vivo. Our results revealed that MBs increased ROS
production during SDT, leading to decreased HepG2 cell
activity and increased apoptosis. The safety and effectiveness of
the combination therapy were validated using a xenograft
model.

■ MATERIALS AND METHODS
Reagents. Sinoporphyrin sodium (DVDMS, molecular

formula: C68H66N8O9Na4, molecular weight: 1231.28; purity:
99.3%) was provided by Shanghai Guangsheng Biopharma-
ceutical Co., Ltd. The chemical structure and absorption
spectrum of DVDMS are shown in Figure 1A,B. After
dissolving the DVDMS at a concentration of 10 mg/mL in
DMSO, it was stored in the dark at 4 °C. Feriview
microbubbles with lipid shells and C3F8 as the core gas were
provided by Beijing Feirida Medical Technology Co. Ltd. This
product is in the premarketing phase and is currently
undergoing phase 3 clinical trials. This is the first study to
use Feriview microbubbles to enhance the therapeutic effects
of SDT. The particle size of the Feriview microbubbles is
shown in Figure 1C, and most microbubbles have a particle
size of less than 1 μm. A microbubble suspension was prepared
using 1 mL of sterile 0.9% NaCl solution and mechanically
vibrated for 45 s (approximately 7 × 109 microbubbles/mL).
An ultrasound therapy instrument, Sonic-Stimu Pro UT1041,
was purchased from Nu-tek Medical Company (Shenzhen,
China). Cell Counting Kit-8 (CCK-8) and 2′,7′-dichlorodihy-
drofluorescein diacetate (DCFH-DA) assay kits were pur-
chased from MedChemExpress (Shanghai, China). The singlet
oxygen sensor green (SOSG) assay kit was supplied by
Meilunbio (Beijing, China). The Calcein AM/propidium
iodide (PI) Cell Viability/Cytotoxicity Assay Kit and enhanced
adenosine triphosphate (ATP) assay kit were obtained from
Beyotime Biotechnology (Jiangsu, China). The Annexin V-
FITC Apoptosis Detection Kit was purchased from BD
Biosciences (Franklin Lakes, NJ, US). Calreticulin (CRT)
and high mobility group box 1 (HMGB1) antibodies were
purchased from Abcam (Shanghai, China).
Cell Culture and Animal Model. Human and mouse

HCC cell lines HepG2(Cat No.: CL-0103) and Hepa1−6 (Cat
No.: CL-0105) were purchased from Procell Life Science
&Technology Co., Ltd. (Wuhan, China) and cultured in
Dulbecco’s modified Eagle’s medium (Gibco, Carlsbad, USA)
supplemented with 10% fetal bovine serum (Vivacell
Biosciences, Shanghai, China) and 1% penicillin/streptomycin
(Gibco, Carlsbad, USA). Cells were cultured at 37 °C in
humidified air containing 5% CO2.

Figure 1. (A) Chemical structure of DVDMS. (B) Absorption spectrum of DVDMS. (C) Particle size of Feriview microbubbles.
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Thirty female C57BL/6 mice, aged 6−8 weeks and weighing
16−20 g, were selected for this experiment. The mice were
purchased from Vital River Laboratory Animal Technology
Co., Ltd. (Beijing, China) and kept in a specified pathogen-free
environment. The subcutaneous tumor model of HCC was
established according to published literature.43 Hepa1−6 cells
were digested, washed once using phosphate-buffered saline
(PBS) buffer, resuspended in PBS with the cell density
adjusted to 1 × 107 cells/mL, and placed on ice. After
anesthesia of the C57BL/6 mice, the depilated skin was slightly
clamped up using tweezers, and the cell suspension was
aspirated using a 1 mL syringe, which was slowly inserted into
the subcutaneous space and pulled out slowly after a 100 μL
injection to prevent leakage of fluid. When the tumor volume
increased to approximately 100 mm3, the mice were ready for
treatment experiments. All animal experiments complied with
the ARRIVE guidelines and were carried out in accordance
with The Animals (Scientific Procedures) Act 1986. All animal
experiments were conducted according to the protocol
approved by the Institutional Animal Care and Use Committee
of Peking University (approval number: FT-DaiZF-4).
Reactive Oxygen Species Detection in Solution and

In Vitro. After the HepG2 cells were trypsinized, they were
placed into 6-well plates at a density of 3 × 105 cells/well and
placed in an incubator overnight, and then divided into four
groups: (a) NC (untreated control), (b) DVDMS, (c) SDT,
and (d) MBs + SDT. The concentrations of DVDMS and MBs
used for cell experiments were 5 μM and 3.5 × 107
microbubbles/mL, respectively, except for special markings.
According to published literature, HepG2 cells were incubated
with DVDMS for 5 h.44 The DCFH-DA dilution was
configured using serum-free medium to achieve a final
concentration of 5 mM, 1 mL of configured dilutions of
DCFH-DA was added to each well, and the wells were
incubated in the dark for 30 min at 37 °C before ultrasound
sonication. To prevent adherent cells from falling off the plate
due to excessive ultrasonic oscillations, the ultrasound
treatment for cell experiments was set at an acoustic intensity
of 0.5 W/cm2, a frequency of 1 MHz, and a duty cycle of 10%
for 2 min. After different treatments, cells were washed with
serum-free medium three times and observed by fluorescent
microscopy (Nikon, Tokyo, Japan).
Singlet oxygen detection in solution was performed using

SOSG. SOSG was dissolved to a concentration of 5 mM using
methanol. The respective drugs in the different treatment
groups were diluted to the above concentrations with PBS, and
SOSG solutions of 5 μM concentration were added. After
ultrasound irradiation (0.5 W/cm2, 1 MHz, 10% duty cycle, 2
min), the fluorescence intensity of SOSG was analyzed using a
fluorescence spectrophotometer (HITACHI, Tokyo, Japan).
In Vitro Cellular Uptake of DVDMS Assay. After the

HepG2 cells were trypsinized, they were seeded into 6-well
plates at a density of 3 × 105 cells/well and incubated
overnight. After applying different treatments, the cells were
harvested and washed three times with PBS, and cellular
uptake of DVDMS was determined using flow cytometry
(Becton, Dickinson and Company, New Jersey, USA).
Cytotoxicity Analysis. After the HepG2 cells were

trypsinized, they were placed in 96-well plates at a density of
5 × 103 cells/well, and cytotoxicity was assessed using the
CCK-8 method.45 After different treatments for 24 h, 10 μL of
the CCK-8 reagent was added to each well and incubated in
the dark for 60 min. Subsequently, the optical density was

measured using a microplate reader at 450 nm wavelength.
Cell viability was evaluated using a Calcein AM/PI Cell
Viability/Cytotoxicity Assay Kit. HepG2 cells precultured in
six-well plates were treated and incubated for another 24 h.
Fresh medium containing Calcein AM (5 μM) and PI (5 μM)
was used to replace the original culture medium in each group.
After three washes with serum-free medium, a fluorescence
microscope was then used to observe the stained cells.
Cell Apoptosis Analysis. After the HepG2 cells were

trypsinized, they were placed into 6-well plates at a density of 4
× 105 cells/well, and cell apoptosis was assessed using the
Annexin V-FITC Apoptosis Detection Kit 24 h after different
treatments.46 The digested cells were suspended in 100 μL of
1× binding buffer; 5 μL of Annexin V-FITC and 5 μL of PI
were then added and coincubated for 15 min in the dark at 25
°C. After staining, 400 μL of 1× binding buffer was added
before flow cytometry. The data were analyzed using
FlowJo_V10 software.
Detection of ICD Molecules. HepG2 cells were placed in

confocal dishes at a density of 3 × 105 cells/dish followed by
treatment, as mentioned above. After 24 h of incubation, the
cells were stained with anti-CRT/HMGB1 antibody.47 Nuclear
staining was performed using 4′,6-diamidino-2-phenylindole
(DAPI), and images were captured with confocal laser
scanning microscopy following three washes with PBS.
Additionally, the cells were digested for flow cytometric
analysis.
For the ATP secretion assay, HepG2 cells were plated in 96-

well plates at a concentration of 5 × 103 cells/well and
incubated overnight. Subsequently, the cells were treated as
described above. Once the supernatant was collected, dead
cells were eliminated by centrifugation (1000 rpm, 4 min, 25
°C). An enhanced ATP assay kit was used to detect ATP
secretion using a luminometer.
In Vivo Antitumor Effect Evaluation. For antitumor

treatment analysis, Hepa1−6 tumor-bearing mice were divided
into six groups (n = 5 per group): (a) NC, (b) US, (c)
DVDMS, (d) MBs + US, (e) SDT, and (f) MBs + SDT.
Treatment protocols were partly based on published articles.48

DVDMS was administered at a dose of 2.5 mg/kg through
caudal vein injection 12 h before ultrasound sonication, and 50
μL of MBs was intravenously injected immediately before
ultrasound sonication. The mice were treated with ultrasound
on days 1, 3, and 5. According to existing literature, the
ultrasound parameters were set at an acoustic intensity of 3 W/
cm2, a frequency of 1 MHz, and a duty cycle of 50% for 5 min.
Tumor development and mice weights were observed and
recorded every other day until day 14. The formula for tumor
volume calculation was as follows: volume = (Length ×
Width2)/2 mm3. On the 15th day after therapy, mice were
euthanized, and tumors were collected and placed in 4%
paraformaldehyde for 24 h. Hematoxylin and eosin (H&E)
staining, Ki67 staining, and transferase dUTP nick end labeling
(TUNEL) staining were performed to test for therapeutic
efficacy. Quantitative analysis of Ki67 and TUNEL staining
images was performed using ImageJ software.
Statistical Analysis. To ensure accuracy, each experiment

was repeated under the same conditions at least three times.
Statistical analysis of the experimental data was performed
using the GraphPad Prism 10 software. All data are presented
as mean ± SD, and p < 0.05 was considered statistically
significant. t tests were used to compare data between two
groups, and one-way analysis of variance (one-way ANOVA)
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was used to compare data between multiple experimental
groups.

■ RESULTS

Detection of ROS Production. Since intracellular ROS
production is the most important mechanism for SDT, we
investigated whether MBs could enhance the DVDMS-
mediated SDT effect by detecting intracellular ROS generation
in HepG2 cells using the cell-permeable fluorescent probe
DCFH-DA. As shown in Figure 2A, minimal fluorescent
signals were observed in the untreated control and DVDMS
groups, whereas the ROS fluorescence of SDT-treated cells was
much stronger. Moreover, the MBs + SDT group exhibited the

highest ROS production, which was significantly higher than
that observed with SDT alone.
To explore the mechanisms underlying increased ROS

generation after MBs + SDT treatment, cellular uptake of
UTMD-facilitated DVDMS was detected using flow cytometry.
As shown in Figure S1, MBs effectively promoted DVDMS
uptake by HepG2 cells under ultrasonic irradiation (p <
0.0001). Subsequently, we used the fluorescent probe SOSG to
investigate whether the presence of MBs enhanced the
production of singlet oxygen during SDT in a cell-free system.
As shown in Figure 2B, the combination of MBs and US
promoted intracellular ROS production (p < 0.01). Compared
to the groups without ultrasound sonication, the SDT group
demonstrated a 56.38 ± 8.21 and 52.79 ± 10.22% increase in

Figure 2. Detection of ROS production. (A) Fluorescence images of ROS generation in HepG2 cells indicated by a DCFH-DA probe. Scale bar:
100 μm. (B) Quantitative analysis of fluorescence intensity for singlet oxygen production in solution using SOSG. ** p < 0.01, *** p < 0.001, and
**** p < 0.0001 compared to NC group.

Figure 3. Microbubbles enhanced SDT-associated cytotoxicity. (A) Cytotoxicity of different treatments on HepG2 cells detected by a CCK-8
assay. *p < 0.05, **p < 0.01, compared to the SDT group. (B) Fluorescence images of HepG2 cells stained with Calcein AM (green fluorescence,
representing living cells) and PI (red fluorescence, representing dead cells) after different treatments. Scale bar: 100 μm.
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average fluorescence intensity, respectively. In addition,
compared with SDT alone, the fluorescence intensity of MBs
+ SDT was enhanced 1.2-fold (p < 0.0001). These data

demonstrate that adding MBs during SDT results in
significantly higher ROS levels through UTMD.

Figure 4. A combination of MBs and SDT induced HepG2 cell apoptosis. (A) Dot plots of HepG2 cell apoptosis using Annexin V-FITC and PI
staining by flow cytometry. (B) MBs increased SDT-induced HepG2 cell apoptosis rate. *p < 0.05, **p < 0.01.

Figure 5. Evaluation of ICD in vitro. (A) Images of CRT exposure on the cell surface captured using confocal laser scanning microscopy. Scale bar:
50 μm. (B) Confocal laser scanning microscopy images of HMGB1 release in HepG2 cells. Scale bar: 100 μm. (C) Flow cytometry analysis of cell
surface CRT exposure. (D) Flow cytometry analysis of intracellular HMGB1 expression. (E) Quantification analysis of CRT-positive cells (n = 3).
**p < 0.01. (F) Quantification analysis of HMGB1 positive cells (n = 3). *p < 0.05. (G) The release of ATP in the cell culture medium from
HepG2 cells (n = 3). *p < 0.05, **p < 0.01.
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Microbubbles Enhanced SDT-Associated Cytotoxic-
ity. It has been reported that the production of intracellular
ROS may be closely related to the cytotoxic effect induced by
the sonosensitizer in the acoustic field. Therefore, the
cytotoxicity of combined MBs and DVDMS under US
irradiation was subsequently evaluated using the CCK-8

assay. As shown in Figure 3A, DVDMS or ultrasound alone
did not demonstrate a marked effect on cytotoxicity, whereas
their combination inhibited HepG2 cell proliferation in a dose-
dependent manner. Notably, MBs under ultrasonication also
inhibited HepG2 cell proliferation owing to UTMD, resulting
in cytotoxicity of 27.97 ± 4.45%. Moreover, cytotoxicity was

Figure 6. Evaluation of antitumor effect in vivo. (A) Schematic of antitumor study on hepa1−6 tumor mice. Created in BioRender. Zhao, C.
(2023) BioRender.com/l66h355. (B) Tumor growth curves in the different groups (n = 5). (C) Images of corresponding tumors at the end of
treatment. (D) Body weight curve of Hepa1−6 tumor-bearing mice (n = 5). (E) Histological images of H&E, TUNEL, and Ki67 staining revealed
tissue damage, apoptosis, and cell proliferation, respectively. Scale bar: 50 μm.
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significantly higher in the combination of MBs plus SDT group
than in the single SDT group, with the IC50 value of DVDMS
decreasing from 8.004 to 1.943 μM.
Furthermore, costaining with Calcein AM (green fluores-

cence, Ex/Em = 494/517 nm, representing living cells) and PI
(red fluorescence, Ex/Em = 535/617 nm, representing dead
cells) was also evaluated by fluorescence microscopy to reveal
the antitumor effects of different treatments. The cells
irradiated with or without US exhibited strong green
fluorescence (Figure 3B). A similar phenomenon was observed
in cells incubated with DVDMS in the absence of ultra-
sonication. However, the SDT and MBs + SDT groups
demonstrated stronger red fluorescence and significant
cytotoxicity, whereas the MBs + US group only demonstrated
spotted red fluorescence.
Combination of MBs and SDT-Induced HepG2 Cell

Apoptosis. According to published literature, when the
cytotoxic ROS produced by SDT destabilizes the mitochon-
drial membrane, the released cytochrome C binds to an
apoptosis protein activator in the cytoplasm, resulting in
apoptosis.49 Additionally, the sonotoxicity of UTMD has also
been reported to induce cell apoptosis.50 To explore the
therapeutic mechanism of SDT in combination with MBs,
Annexin V-FITC and PI staining were used to analyze HepG2
cell apoptosis (Figure 4). Compared with the control group or
DVDMS alone, SDT treatment led to significant cellular
apoptosis, predominantly early apoptosis. Furthermore, MBs
enhanced cell apoptosis induced by the SDT process, as the
apoptotic rate increased from 33.26 ± 13.48 to 72.95 ± 7.95%
(p < 0.01). These results indicated that MBs increased SDT-
induced HepG2 cell apoptosis.
Evaluation of ICD In Vitro. In addition to inducing cell

necrosis and apoptosis, intracellular ROS can significantly
trigger ICD, thereby initiating antitumor immune responses.
Moreover, the ICD process could be characterized by the
upregulated expression of CRT on the cell surface, increased
extracellular HMGB1 release, and secretion of ATP. ICD-
associated biomarkers were evaluated to investigate the role of
ICD in combination with SDT and MBs. As indicated in the
confocal laser scanning microscopy images in Figure 5A,
HepG2 cells treated with DVDMS demonstrated slightly
increased CRT exposure, whereas HepG2 cells treated with
SDT with or without MBs demonstrated higher green
fluorescence intensity. Flow cytometry analysis confirmed
that CRT exposure was most pronounced in HepG2 cells after
SDT and MBs + SDT treatments (Figure 5C,E).
The confocal laser scanning microscopy image in Figure 5B

shows that intracellular HMGB1 expression was significantly
reduced in both the SDT and MBs + SDT groups because of
the increased extracellular HMGB1 release induced by ICD.
According to the flow cytometry analysis, the intracellular
HMGB1 expression in HepG2 cells after SDT and MBs + SDT
treatment decreased to approximately 35.43 ± 5.80 and 17.00
± 1.77% (p < 0.05), respectively, compared to the untreated
group (Figure 5D,F).
Consistent with the results of CRT expression and HMGB1

release, the highest level of extracellular ATP secretion was
observed in cells from the MBs + SDT group relative to other
treatments (Figure 5G). These results indicate that SDT
treatment could induce immunogenic death of HepG2 cells in
vitro and that MBs-triggered UTMD further enhanced ICD
efficacy.

Evaluation of Antitumor Effect In Vivo. Encouraged by
the enhanced antitumor results in vitro, the therapeutic efficacy
of SDT combined with MBs was further evaluated in a
Hepa1−6 tumor-bearing mice model (Figure 6A). As shown in
Figure 6B, the tumors in the control group continued to grow
rapidly within 14 days, and treatment with US or DVDMS
alone did not demonstrate obvious antitumor effects (all, p >
0.05). MBs + US treatment demonstrated a mild tumor
suppressive effect (p > 0.05). Both SDT and MBs + SDT
treatment significantly suppressed tumor growth (p < 0.05).
Notably, the MBs + SDT group demonstrated a smaller tumor
volume, demonstrating that MBs contribute to SDT efficacy in
vivo (Figure 6C). The weight of the mice exhibited no major
changes in either the control or different treatment groups
during the experiments, indicating negligible systemic toxicity
of the treatments (Figure 6D). The tumors were then removed
and stained with H&E, TUNEL, and Ki67 to confirm
therapeutic efficacy (Figure 6E). According to the H&E
staining results, the control, US, and DVDMS-treated groups
exhibited normal morphology; the MBs + US group
demonstrated mild tissue damage, whereas the SDT and
MBs + SDT groups exhibited severe tissue damage. Similarly,
the TUNEL assay revealed stronger apoptosis in the MBs +
SDT group than in the SDT group, with almost no apoptosis
observed in other groups (Figure S2A). Moreover, Ki67
staining results demonstrated that SDT and MBs + SDT
treatment effectively inhibited tumor cell proliferation (Figure
S2B). Taken together, our results demonstrated the ability of
MBs to enhance the therapeutic effect of SDT in vivo.

■ DISCUSSION
Sonodynamic therapy is a cancer treatment with great clinical
application value, high biocompatibility, and deep tissue
permeability.51,52 Low-intensity ultrasound is used in SDT to
activate sonosensitizers and generate excessive ROS, leading to
tumor cell inhibition and apoptosis.53,54 Additionally, SDT has
demonstrated synergistic anticancer effects with other
therapies, such as photodynamic therapy and chemother-
apy.55,56 Currently, improving drug delivery and increasing
drug enrichment within tumor cells are key challenges for
tumor therapies. According to Sauerwein’s book, neutron
capture therapy uses the high propensity of the nonradioactive
nuclides to capture thermal neutrons, resulting in prompt
nuclear reaction.57 Therefore, developing boron and gadoli-
nium carrier compounds is essential for selectively delivering
sufficient amounts of 10B and 157Gd into tumor cells for
neutron capture therapy.58 Similarly, increasing the uptake of
sonosensitizers by tumor cells also contributes to improving
the therapeutic efficacy of SDT. The development of
nanomaterials has facilitated drug delivery and targeted release,
increasing the concentration of therapeutic agents at the tumor
site and avoiding damage to surrounding normal tissue.59 In
this study, we used MBs to increase the uptake of
sonosensitizer by tumor cells. Ultrasound-targeted micro-
bubble destruction (UTMD) has been used in multiple studies
to inhibit tumor progression by destroying tumor blood
vessels.60,61 As a commonly used contrast-enhanced agent to
improve ultrasound imaging, MBs are characterized by high
safety and stability and have been validated to improve drug
delivery by augmenting plasma membrane permeability.62,63

Our experimental results demonstrated that MBs combined
with US can effectively increase the accumulation of DVDMS
in HepG2 cells (Figure S1).
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It was reported that MBs combined with SDT efficiently
killed cancer cells and induced apoptosis. Wang et al.
demonstrated the combination of clinically approved MBs
SonoVue and SDT treatment for enhancing cell cytotoxicity
and improving tumor tissue destruction for colon cancer.64

This study used an ultrasound contrast agent, Feriview, which
was independently developed by Chinese scholars and is
currently undergoing phase 3 clinical trials. Moreover, our
research further investigated the mechanisms by which MBs
combined with SDT increased ROS production. Previous
studies indicated that DVDMS can be effectively absorbed by
HepG2 cells, reaching maximum uptake after 5 h of
incubation, whereas normal hepatocytes metabolize it within
4−9 h.44 Therefore, the optimal incubation time of DVDMS
with HepG2 cells before sono-irradiation was set at 5 h in our
experiment. Results in Figure 2 demonstrated notable amounts
of ROS generated after SDT + MBs treatment, both in vitro
and in solution. On one hand, the cavitation effect produced
by MBs under US irradiation enhanced cell permeability,
which increased the cellular uptake of DVDMS; on the other
hand, the UTMD process could also promote ROS
production. Thus, our experimental results suggest that the
introduction of MBs during SDT further increases intracellular
ROS production.
In addition to the ROS-based cytotoxicity induced by SDT,

MBs may also enhance the mechanical damage caused by US
to tumor cells, contributing to cell necrosis. As shown in Figure
3, the cytotoxic effects of DVDMS-mediated SDT on HepG2
cells were concentration-dependent. The addition of MBs
further increased cytotoxicity compared to SDT alone. Calcein
AM/PI staining further confirmed the antitumor effectiveness
of SDT and MBs. The reported study has shown that DVDMS
localizes subcellularly to mitochondria, while increased ROS
production is often associated with mitochondrial dysfunc-
tion.65 Our previous work also demonstrated the involvement
of mitochondrial membrane depolarization in SDT-induced
cell apoptosis.66 In the present study, the most significant
apoptosis was observed in the MBs + SDT group (Figure 4),
indicating that MBs may contribute to the mechanical damage
caused by SDT in tumor cells and induce cell apoptosis.
Similarly, the study by Xie et al. also demonstrated that MBs
combined with SDT could increase the apoptosis rate of
cancer cells. Notably, we have further investigated the role of
other kinds of cell death, in addition to apoptosis, in treating
liver cancer.67

Recent studies have reported that SDT not only directly kills
cancer cells but also induces an ICD effect.68,69 During SDT,
sonosensitizers activated by US are utilized to generate ROS
for direct killing or induction of tumor cell apoptosis, and the
destruction of tumor cells leads to the production and
secretion of tumor-associated antigens.70,71 Uptake of antigens
by dendritic cells (DC) in the presence of immunostimulatory
cytokines leads to the development of anticancer effects by
cytotoxic T lymphocytes (CTLs).47,72 Moreover, UTMD was
reported to induce endoplasmic reticulum stress, triggering
ICD and releasing multiple danger-associated molecular
patterns (DAMPs).50 Therefore, representative ICD markers,
including CRT expressed on the tumor cell surface, released
HMGB1, and secreted ATP, were detected in our experiment.
As shown in Figure 5, both CRT exposure and nuclear
HMGB1 release were significantly enhanced after SDT
treatment and reached a maximum in the MBs + SDT
group, consistent with the ICD. Similar to our results, Wu et al.

prepared nanomaterials loaded with sonosensitizer IR780 for
SDT treatment and observed an increase in the expression of
CRT and HMGB1.73 Moreover, the highest level of
extracellular ATP was observed with the combination of
MBs and SDT. Our results demonstrated that MBs-mediated
UTMD further enhanced ICD induction in the SDT,
consistent with a previous study.74

In addition to analyzing the effects of various treatments in
vitro, tumor suppression was assessed in Hepa1−6 tumor-
bearing mice. The results shown in Figure 6 clearly
demonstrate the superiority of SDT and MBs + SDT treatment
in inhibiting tumor growth compared to the other treatment
groups. Consistent with the safety advantage of SDT, there was
no remarkable change in mice weight in the different treatment
groups compared to the control, suggesting that the anticancer
approach had slight side effects. The results of H&E, TUNEL,
and Ki67 staining further demonstrated the potential of MBs
to promote SDT-induced cancer cell necrosis and apoptosis
and inhibit tumor cell proliferation.
Our study had some limitations. First, we used subcutaneous

tumor models and should focus on the treatment of orthotopic
tumors in further studies. Second, the effects of ICD on
immune cells, such as DC maturation, CTLs recruitment, and
serum pro-inflammatory cytokine secretion, have not been
validated.

■ CONCLUSIONS
The present study demonstrated the synergistic effect of MBs
and DVDMS-mediated SDT, both in vitro and in vivo. Our
data indicated that UTMD potentiated SDT-induced excessive
ROS production, inhibition of cell proliferation, and apoptosis
of HepG2 cells. Notably, we found that some tumor cells
underwent ICD after SDT and MBs + SDT treatment,
indicating that MBs can be used as synergistic agents in SDT
for HCC treatment. Owing to the superior biosafety and wide
clinical use of MBs, and SDT being noninvasive and effective
in cancer treatment, we can expect MBs combined with SDT
to be a promising clinical transformation strategy.
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