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Purpose: Sonodynamic therapy (SDT) is a promising and significant measure for the treatment of tumors. However, the internal 
situation of hepatocellular carcinoma (HCC) is complex, separate SDT treatment is difficult to play a good therapeutic effect. Here, we 
used SDT combined with MG-132 to mediate apoptosis and autophagy of HCC cells to achieve the purpose of treatment of cancer.
Methods: To determine the generated reactive oxygen species (ROS) and the change of mitochondrial membrane potential (ΔΨm), 
HepG2 cells were stained by 2,7-dichlorodihydrofluorescein diacetate (DCFH-DA) and 5,5′,6,6′-Tetrachloro-1,1′,3,3′-tetraethyl- 
imidacarbocyanine iodide (JC-1) staining to determine the IR-820@NBs-mediated SDT to achieve HCC therapy through the 
mitochondrial pathway. Cell counting kit 8 (CCK-8) assay and flow cytometry were used to detect cell viability and apoptosis rate 
of HepG2 cells. Autophagy was detected by mCherry-GFP-LC3B fluorescence labeling. Chloroquine (Cq) pretreatment was used to 
explore the relationship between autophagy and apoptosis. To detect the ability of HepG2 cells migration and invasion, cell scratch 
assay and transwell assay were used.
Results: The successfully prepared IR-820@NBs could effectively overcome the shortcomings of IR-820 and induce lethal levels of 
ROS by ultrasound irradiation. As a dual agonist of apoptosis and autophagy, MG-132 could effectively enhance the efficacy of SDT 
in the process of treating HCC. After pre-treatment with Cq, the cell activity increased and the level of apoptosis decreased, which 
proved that apoptosis and autophagy were induced by combined therapy, autophagy, and apoptosis have the synergistic anti-tumor 
effect, and part of apoptosis was autophagy-dependent. After combined therapy, the activity and invasive ability of HCC cells 
decreased significantly.
Conclusion: SDT combined with MG-132 in the process of treating liver cancer could effectively induce apoptosis and autophagy 
anti-tumor therapy, which is helpful to the research of new methods to treat liver cancer.
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Introduction
Liver cancer is the sixth most familiar tumor in the world and the fourth leading cause of cancer-related death.1 

Hepatocellular carcinoma (HCC) is the main type of liver cancer, and nearly 85% of patients with liver cancer represent 
HCC.2 At present, the main treatment methods of HCC include surgery, TACE, radiofrequency ablation, and systemic 
anti-tumor therapy. However, due to the limitations of these treatments, tumor recurrence, and chemotherapy resistance, 
the median five-year survival rate of patients with HCC is below 20%.3 Therefore, it is urgent to find a new treatment to 
increase the overall survival rate of patients with HCC. Sonodynamic therapy (SDT) is a new therapeutic method 
developed based on photodynamic therapy (PDT). Compared with other treatments, SDT has gradually stepped into the 
public view because of its non-invasive and higher safety. At the same time, the penetrating power of ultrasound (US) is 
stronger than that of light, and SDT is more suitable for adjuvant therapy or alternative therapy for deep organ tumors.4

SDT mediates tumor cell death by inducing intracellular production of reactive oxygen (ROS) by low-frequency US 
irradiation with sonosensitizers.5 The type and function of sonosensitizer determine the therapeutic effect of SDT. 
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Traditional sonosensitizers such as hematoporphyrin and near-infrared (NIR) dyes are mainly derived from 
photosensitizers.6,7 New indocyanine green (IR-820), derived from NIR dye ICG, has stronger stability, circulation 
ability, and ROS induction ability in vivo.8 However, the poor dispersion and strong hydrophobicity limited the use of 
IR-820 in the therapy process.9 Nanocarriers, including nanobubbles (NBs), are used to solve these problems. NBs are 
composed of phospholipid bilayers encapsulating inert gases, which show positive stability and passive tumor targeting 
ability (based on enhanced permeability and retention effect, EPR effect), and can be used to load drugs.10 The combined 
application of ultrasound-targeted nanobubble destruction (UTND) technology and NBs can achieve the targeted release 
of drugs and improve the drug uptake rate of cancer cells.11,12 Therefore, loading IR-820 on NBs can not only overcome 
the shortcomings of IR-820 but also increase the drug uptake rate of tumor cells. At the same time, IR-820 can be 
a sonosensitizer to mediate SDT and induce the production of lethal degrees of ROS in HCC cells, thus realizing the SDT 
therapy of HCC.

The role of apoptosis (type I programmed cell death) and autophagy (type II programmed death) in the occurrence 
and growth of cancer are important.13 The occurrence of apoptosis is mainly mediated by the death receptor pathway 
(external pathway) and the mitochondrial pathway (internal pathway).14 All external and internal apoptosis pathways 
lead to the activation of the caspase protease family.15 The accumulation of intracellular ROS will cause mitochondrial 
damage, and change the permeability of the mitochondrial outer membrane. And then, cytochrome C (Cyt C) is released, 
which will cause the caspase cascade reaction and induce cell apoptosis.16 Due to the influence of extrinsic and intrinsic 
factors, apoptosis is one of the main death modes of tumor cells.17 Autophagy is a regulated process that exists in cell 
growth, including the formation of autophagosomes enclosing cytoplasm and transporting them to lysosomes for 
degradation.18 The effect of autophagy in cancer cells is opposite in the process of tumor growth. On the one hand, low- 
level autophagy can help cancer resist the environmental pressure caused by excessive growth and the pressure caused by 
treatment, and achieve the role of promoting tumor growth.19,20 On the other hand, excessive autophagy can inhibit 
cancer directly or by promoting other ways of cell death, such as apoptosis and ferroptosis.21–23 SDT mainly cure tumor 
by inducing tumor cell apoptosis, but autophagy also exists in the process of treatment.24 Therefore, apoptosis combined 
with autophagy-mediated tumor therapy can be regarded as one of the directions of SDT in subsequent research.

Ubiquitin-proteasome system (UPS) and autophagy are the main intracellular protein degradation pathway. 
Intracellular short-lived proteins are mainly degraded by UPS, while autophagy mainly degrades long-lived proteins.25 

Intracellular apoptosis signals are degraded mainly by UPS.26 26S proteasome is the main proteasome in cells and the 
key to UPS. Cbz-leu-leu-leucinal (MG-132) is a reversible 26S proteasome inhibitor, which can effectively inhibit 
UPS.27 The treatment of tumors with MG-132 can inhibit the degradation of tumor cell apoptosis signal, thus promoting 
tumor cell apoptosis. At the same time, autophagy can be activated responsively due to the inhibition of UPS.28 

Therefore, MG-132 can be used as a dual agonist of apoptosis and autophagy.
In this study, we used IR-820 as a sonosensitizer to mediate SDT in HCC therapy. The advantages of IR-820 could 

achieve the effect of SDT better in the treatment of HCC. The construction of IR-820@NBs could effectively overcome the 
shortcomings of IR-820 and reduced the toxicity to normal cells. The particle size of IR-820@NBs realized the targeted drug 
delivery and release of sonosensitizer by EPR effect and UTND technology. Due to the complex growth mechanism of HCC, 
separate SDT treatment could not achieve the purpose of treatment well. SDT exerts anti-tumor effect mainly by mediating 
tumor cells apoptosis. However, a certain degree of autophagy will reduce the therapeutic effect of SDT. Therefore, we 
choose the combination of SDT and MG-132, a dual agonists of apoptosis and autophagy, to induce apoptosis and autophagy 
of HCC cells to achieve apoptosis combined with autophagy synergistic anti-tumor therapy.

Materials and Methods
Fabrication and Characterization of IR-820@NBs
To compose IR-820@NBs, we dissolved 1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC, MedChemExpress, USA), 
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-mPEG-2000 (DSPE-MPEG2000, MedChemExpress, USA) and IR- 
820 in a mixture made up of chloroform and methyl alcohol which at a volumic ratio of 2: 1. The molar ratio of 
DSPC, DSPE-MPEG2000, and IR-820 (MedChemExpress, USA) was 90: 10: 1. And then, the organic solvent in the 
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mixture were evaporated in a water bath at the temperature of 60 °C. Next, 5mL preheated phosphate-buffered saline 
(PBS, Procell, Wuhan, China) and the dried phospholipid mixture were subsequently hydrated in a sealed tube at the 
temperature of 60 °C. The particle size of IR-820@NBs was uniform by phospholipid extrusion technology. After that, 
replace the air in the tube with perfluoropropane (C3F8; Research Institute of Physical and Chemical Engineering of 
Nuclear Industry, Tianjin, China) with a syringe. Finally, the tube was mechanically vibrated for 60s at a frequency of 60 
Hz, using a mechanical oscillator (YJT Medical Apparatuses and Instruments, Shanghai, China). The mixed liquid was 
placed at 4 °C for 20 min and was centrifuged for 3 min at 600 rpm. Subsequently, the liquid clarified in the lower layer 
is extracted. The final IR-820@NBs were mixed with PBS uniformly for further analysis (Figure 1A).

The morphology of IR-820@NBs was observed by transmission electron microscopy (TEM, Hitachi TEM system, 
Japan). Then, we determined the hydrodynamic diameter, zeta potential, and polydispersity index (PDI) by dynamic light 
scattering (DLS) using a particle size analyzer (Nano-2s ZEN3600, Malvern Panalytical Limited, UK). The absorption 
spectrum was recorded by a DU-640 ultraviolet-visible spectrophotometer (Beckman Coulter Inc., Brea, CA) to 
determine that IR-820 was carried on NBs successfully and count the drug incorporation efficiency of IR-820@NBs. 
To further assess the stability of IR-820@NBs, they were stored at 37 °C for 24 h and then observed by TEM.

Cell Culture
HepG2 cells, the human HCC cell line, was derived from the Institute of Cancer Research affiliated with Harbin Medical 
University, and sanctioned by the Ethics Committee of Harbin Medical University. The HepG2 cells were cultivated in 
Dulbecco’s Modified Eagle Medium (DMEM, Gibco, Carlsbad, CA) with 10% fetal bovine serum (FBS, PAN, Germany) 
and 0.01‰ mycoplasma removal agent (Beyotime Institute of Biotechnology, Jiangsu, China) in the humidified incubator 
containing 5% carbon dioxide at 37 °C.

Experimental Grouping
As shown in Table 1, group A is a blank control group, and the cells were not treated. The HepG2 cells in group B were 
treated with IR-820 and irradiated by US (frequency: 1 MHz, power density: 3 W/cm2, duty cycle: 50%, Institute of 
Ultrasound Imaging, Second Affiliated Hospital of Chongqing Medical University, Chongqing, China) with specific 
parameters. In group C, cells were treated with MG-132 (MedChemExpress, USA) alone. Group D and Group E were 

Figure 1 Preparation and Characterization of the IR-820@NBs. (A) The microstructural schematic representation of IR-820@NBs. (B) Transmission electron microscopy 
(TEM) image of IR-820@NBs at 0 h. (C) TEM image of the IR-820@NBs stored at 37°C for 24 h. (D) Hydrodynamic diameter of IR820 NBs measured by DLS. (E) Zeta 
potential of IR-820@NBs and pure NBs. (F) Absorption spectra of IR-820@NBs, IR-820, and NBs. (G) The concentration absorption intensity curve of IR-820.
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treated with IR-820 or IR-820@NBs combined with MG-132 without using US. Group F was treated with SDT 
combined with MG-132. In group G, cells were treated with chloroquine(Cq) to inhibit the occurrence of autophagy.

Cytotoxicity Assay
About 5×103 HepG2 cells per well were cultured in 96-well-microplates for 24 h. And then, the fresh DMEM 
compounding different concentrations of IR-820, MG-132, or the mixed liquid of IR-820@NBs and MG-132 would 
be substituted for old DMEM. After 40 min of treatment, cells incubated with IR-820 or IR-820@NBs were irradiated 
with US for 60s. Cell counting kit 8 (CCK-8) assay was used to assay the viability of HepG2 cells after 24 h of drug 
treatment. Based on the instructions,100 µL of CCK-8 solution (Abbkine Inc., Wuhan, China) including 90 µL fresh 
DMEM without FBS were added to each well. The absorption value of each well was measured by microplate reader 
(Multiskan FC, Thermo Fisher Scientific, USA) at a wavelength of 450 nm after being cultured for 45 min at 37 °C in the 
dark.

Detection of Intracellular ROS Generation
The level of ROS generative in HepG2 cells was examined by using 2,7-dichlorodihydrofluorescein diacetate (DCFH- 
DA, Abbkine Inc., Wuhan, China). About 5×105 HepG2 cells per well were cultured in 6-well-microplates for 24 h and 
then provided different treatments. After US irradiation for 30 min, DCFH-DA at a final concentration of 10 µM was 
loaded in per well for 30 min at 37 °C in the dark. Subsequently, each well was washed with PBS three times, and the 
fluorescence intensity was observed by the fluorescence microscope.

Detection of Mitochondrial Membrane Potential
The mitochondrial membrane potential (ΔΨm) of HepG2 cells was detected by loading 5,5′,6,6′-Tetrachloro-1,1′,3,3′- 
tetraethyl-imidacarbocyanine iodide (JC-1) fluorescence probe to assay the early apoptotic cells. According to the 
directions of the specification sheet, 1×105 HepG2 cells were cultured per well in 24-well-microplates for the night. 
About 6 h after treatment, each well was washed twice with fresh PBS. Adding JC-1 fluorescence probe with the amount 
of 2 µL in each well and incubating for 20 min at 37 °C without light. After washing twice with PBS, and adding fresh 
DMEM, we could observe fluorescence through a fluorescence microscope. When the change of ΔΨm appeared, the JC-1 
aggregate (red) would trans into the monomer (green), and we could observe it through fluorescence microscope. It 
means that the mitochondrial membrane of HepG2 cells was damaged and early apoptosis occurred.

Cell Apoptosis Assay
Following the guidance, cell apoptosis was checked with the Annexin V-AbFluor™ 488/PI Apoptosis Detection kit 
(Abbkine Inc., Wuhan, China). 5×105 HepG2 cells per well were seeded into 6-well-microplates and suffered from 
different treatments overnight. And then, collected approximately 1×105 HepG2 cells which were assimilated. Washed 
cells with PBS at 4 °C three times, and resuspended in 100 µL of 1×binding buffer. 5 µL Annexin V-AbFluor™ 488 and 
2 µL Propidium Iodide (PI) were added to the cell suspension and protected from light for 15 min. After that, 400 µL of 

Table 1 HepG2 Cells Were Treated with Different Treatment 
Methods

Experimental Group Treatment Methods

Group A NC

Group B IR-820+US

Group C MG-132
Group D IR-820+MG-132

Group E IR-820@NBs+MG-132

Group F IR-820@NBs+MG-132+US
Group G IR-820@NBs+MG-132+US+Cq
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1×binding buffer was added in simple, mixed adequately on ice, and detected by flow cytometry (Attune NxT, Thermo 
Fisher Scientific, USA) within 30min. Therefore, apoptotic cells were stained with Annexin V-AbFluor™ 488+/ PI− 

(early apoptotic cells) and Annexin V-AbFluor™ 488+/ PI+ (late apoptotic cells).

Cell Autophagy Assay
We cultured 5×104 HepG2 cells per well in 24-well-microplates for 24 h. Then, 30 µL adenovirus expressing mCherry- 
GFP-LC3B fusion protein (Ad-mCherry-GFP-LC3B, Beyotime Institute of Biotechnology, Jiangsu, China) was mixed 
with 470 µL DMEM, added to every well and train at 37 °C for 24 h. After 24 h of treatment, autophagy in HepG2 cells 
was observed through the fluorescence microscope. After HepG2 cells were infected by adenovirus, the fusion proteins 
of mCherry, GFP, and LC3B were effectively expressed in target cells, showing bright red fluorescence and green 
fluorescence. When autophagy occurs, autophagosomes combine with lysosomes to form autolysosomes. The acidic 
environment of lysosome would lead to the quenching of GFP fluorescence, while mCherry fluorescence could be 
retained because of its stability. Therefore, the cells without autophagy would show yellow fluorescence, and the cells 
that have autophagy would show red fluorescence.

Cell Scratch Assay
5×104 HepG2 cells were cultured in each well of 6-well-microplates for 24 h. After different treatments, used a 10 µL 
pipette tip to draw three straight lines in each hole, and took pictures in the same position at 0 h, 24 h, and 48h by 
electron microscope. The area of scratches was measured by ImageJ software (National Institutes of Health, Bethesda, 
MD, USA). By comparing the scratch area at different time points, the migration ability and relative migration rate of 
HepG2 cells after therapy were assayed.

Transwell Assay
Cell invasion ability was tested using transwell plates (Costar, USA) containing chamber inserts with pore sizes of 8.0 
µm. First of all, spread 20 µL of Matrix-Gel™ Basement Membrane Matrix (Extracellular Matrix, ECM, Beyotime 
Institute of Biotechnology, Jiangsu, China) on the upper chamber. Approximately 5×104 cells with different treatments 
were seeded in the upper chamber in 200 µL of the serum-free medium. Later, about 1000 µL medium containing 10% 
FBS in the lower chamber was used to induce cell invasion. After 24 h of incubation, the HepG2 cells on the lower 
membrane surface were fixed with 10% methanol solution (Beyotime Institute of Biotechnology, Jiangsu, China) for 30 
min and stained for 30 min with 0.5% crystal violet solution (Beyotime Institute of Biotechnology, Jiangsu, China). After 
carefully washing with PBS twice, wiping off the cells and ECM in the upper chamber, and quantifying the invasive cells 
in the lower chamber by electron microscope.

Statistical Analysis
The GraphPad Prism 9.5.0 software (San Diego, CA, USA) was used for statistical analysis. All data were presented as 
mean ± standard deviation, and the level of statistical significance was set at p < 0.05. Student’s t-test was used to 
evaluate the statistical difference between the two groups, and a one-way analysis of variance was conducted to compare 
multiple groups.

Results
Fabrication and Characterization of IR-820@NBs
Compared with NBs, IR-820@NBs showed uniformly light gray in appearance. We could observe that IR-820@NBs are 
spherical and uniformly distributed in an aqueous solution by TME (Figure 1B and C). The results of the DLS 
measurement showed that the particle size of IR-820NBS is 108.7±26.4 nm, which was consistent with the results of 
TEM (Figure 1D). The zeta potential analysis of IR-820@NBS showed that the carrier IR-820 did not change the 
potential level of NBS (Figure 1E). To explore its stability, the particle size of IR-820@NBs did not change obviously 
when it was placed at room temperature 24H. To confirm that IR-820 was successfully installed in NBs, we recorded the 
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absorption spectra of IR-820, IR-820@NBs, and pure NBs, and made their concentration absorption intensity curves by 
recording the absorption spectra of different concentrations of IR-820. As could be seen in Figure 1F, the characteristic 
absorption peaks of IR-820 and IR-820@NBs were similar, indicating the successful preparation of IR-820@NBs. 
According to the concentration absorption intensity curve, the drug entrapment efficiency of IR-820@NBs can be 
calculated to be 75.74% (Figure 1G).

Intracellular ROS Generation
As shown in Figures 2A and B, only weak fluorescence was detected in the group treated with MG-132 alone, indicating 
that MG-132 did not damage HepG2 cells by inducing ROS. Compared with the control group, the IR-820+MG-132 
treatment group, and the IR-820@NBS+MG-132 treatment group, the IR-820+US treatment group could detect a certain 
amount of green fluorescence. This shows that IR-820 as a sonosensitizer could hardly induce intracellular ROS 
production without US irradiation, but could mediate intracellular ROS production and cell damage under US irradiation.

A large number of strong green fluorescence observed in the IR-820@NBs+MG-132+US treatment group showed 
that combined treatment could better induce the production of ROS. Compared with other experimental groups, on the 
one hand, it might be due to the UTND effect, the cavitation effect produced by NBs blasting changes the cell membrane 
permeability, and HepG2 cells could absorb more drugs. Due to the existence of the sonoluminescence effect and 
sonofever effect, the IR-820@NBs had a stronger ability to induce ROS production. On the other hand, MG-132 could 
promote apoptosis and autophagy, which might also promote the induction of ROS in the process of SDT.

Mitochondrial Membrane Depolarization in SDT
The process of SDT treatment mainly depends on the production of intracellular ROS induced by US irradiation. The 
accumulation of a large amount of ROS in cells would cause damage to mitochondria first. And then, cell damage was 
induced through the mitochondrial-apoptosis pathway. The change of ΔΨm was one of the earliest intracellular changes 
when apoptosis occurred. To confirm that apoptosis during treatment was caused by SDT, we used JC-1 probes to load 
cells. When the ΔΨm kept at a high level, JC-1 existed in the mitochondrial matrix in the form of aggregates, showing 
red fluorescence. However, when the ΔΨm decreased, JC-1 could no longer gather in the matrix and transform into 
monomers, showing green fluorescence.

The change could be directly observed by the fluorescence microscope. As shown in Figure 3, compared with other 
experimental groups, we could only observe this change in the IR-820+US group and the IR-820@NBS+MG-132+US 
group. This indicated that apoptosis occurred in HepG2 cells during the treatment of SDT. And IR-820@NBS+MG-132 
+US treatment group showed stronger fluorescence, which proved that combined therapy could increase the level of 
apoptosis in the process of SDT.

Figure 2 ROS generation effect of different treat in HepG2 cells. (A) Detection of intracellular ROS generation. (B) Statistical analysis of fluorescence intensity in different 
experimental groups.***p<0.001, ****p<0.0001.
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Synergistic Cytotoxicity of MG-132 and SDT to HepG2 Cells
To evaluate the cytotoxicity of IR-820 and MG-132, the standard CCK-8 assay was used to determine the survival rate of 
HepG2 cells after co-incubation with IR-820 (concentration: 0.01–8 µM) without US irradiation and MG-132 (concen-
tration: 0.1–9 µM) for 24 h. As shown in Figure 4A, MG-132 could inhibit the cell activity of HepG2 cells in a dose- 
dependent manner, and its half maximum inhibitory concentration (IC50) was 3.009 µM. Similarly, the IC50 of IR-820 
without US irradiation for HepG2 cells was 2.593 µM (Figure 4B). To improve the therapeutic effect of SDT and reduce 
the side effects of drugs on normal cells, the relatively less cytotoxic concentration of IR-820 was selected and different 
US power density was used to screen the best treatment conditions of SDT (Figure 4C). We could find that when the 
concentration of IR-820 was 1 µM and the intensity of US was 3 W/cm2, SDT treatment independently could achieve 
half inhibitory effect on HepG2 cells. At same the time, the drug side effects and US treatment had less effect on normal 
cells in this condition.

In addition, according to the experimental results, carrying IR-820 in NBs would not affect the effectiveness of the 
drug in normal circumstances. Due to the construction of IR-820@NBs, IR-820 could overcome its poor water 
solubility and scattered distribution in vivo. To further explore the synergistic effect of MG-132 and SDT, we selected 
a safer concentration of MG-132 and SDT to treat HepG2 cells. As shown in Figure 4D, the cell activity after 
combined therapy was only 22.2±1.3%, indicating that MG-132 could effectively cooperate with SDT in anti-tumor 
therapy.

MG-132 Enhancement of SDT-Induced Cell Apoptosis
To explore the relationship between the decrease of HepG2 cells activity and apoptosis, double staining with Annexin 
V and PI was used after treatment for 24 h, and then the apoptosis was quantitatively analyzed by flow cytometry. 
According to the experimental results, we found that both SDT and MG-132 could damage HepG2 cells by inducing 
apoptosis. Moreover, compared with the IR-820+MG-132 treatment group and the IR-820@NBs+MG132 treatment 
group, the addition of NBs did not change the ability of IR-820 to induce apoptosis. Compared with other treatment 
groups, the level of apoptosis increased significantly up to 82.6±2.6% when treated with MG-132 and SDT (Figure 4E 
and F). This shows that MG-132 could effectively improve the level of apoptosis induced by SDT, reflecting the 
advantages of combined therapy.

Cell Autophagy Induced by MG-132 and SDT
LC3B was a subfamily of microtubule-associated protein 1 light chain 3 (MAP1LC3) and it could be a marker protein in 
the process of autophagy. Different from LC3B I, which was located in the cytoplasm, LC3B II was located on the intima 

Figure 3 Involvement of mitochondrial membrane depolarization in combination treatment induced apoptosis.
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and adventitia of autophagosomes. When the autophagosome binds to the lysosome, the LC3B II on the autophagosome 
was swallowed by the lysosome.29 Ad-mCherry-GFP-LC3B could be used to mark LC3B specifically. When autophagy 
occurred in HepG2 cells, autolysosomes were formed and mCherry-GFP-LC3B was swallowed by lysosomes. At this 
time, GFP would be quenched by the acidic environment of the lysosome, therefore, the autophagy cells could only see 
red fluorescence in the fluorescence microscope.

Except for yellow fluorescence in the control group, all the other experimental groups showed partial yellow 
fluorescence and partial red fluorescence (Figure 5A). This shows that SDT independently could not only induce 
apoptosis but also induce autophagy. And the level of autophagy would increase during the combined treatment of 
MG-132 and SDT. In addition, we found that the fluorescence intensity and virus transfection efficiency of the control 
group were lower than those of other experimental groups, which might be due to the existence of treatment methods to 
improve the adenovirus transfection rate. In a word, autophagy existed in the process of SDT therapy, and combined 
therapy could improve the level of autophagy in the process of treatment.

Synergistic Anti-Tumor Effect of Apoptosis and Autophagy
To verify the relationship between apoptosis and autophagy induced during treatment, chloroquine (Cq), one kind of 
autophagy inhibitor, was used to inhibit autophagy during treatment. As shown by the CCK-8 assay results, when 
autophagy was inhibited, the cell activity of the treatment group increased from 30.23±0.04% to 42.87±0.02% 
(Figure 5B). This shows that autophagy produced in the process of combined therapy had a damaging effect on cells. 
Interestingly, the results of flow cytometry showed that the apoptosis rate of HepG2 cells decreased by 13.80±1.99% 
when autophagy was inhibited (Figure 5C and D). The experimental result shows that autophagy and apoptosis promote 
HepG2 cells death in the process of combined therapy. When autophagy was inhibited, the level of apoptosis decreased. 

Figure 4 Therapy effect of different treat in HepG2 cells. (A) HepG2 cells were treated with MG-132 (concentration: 0.1–9 µM) for 24 h, and the cell survival rate was 
detected by CCK-8 assay. (B) HepG2 cells were treated with IR-820 (concentration: 0.01–8 µM) for 24 h, and the cell survival rate was detected by CCK-8 assay. (C) 
HepG2 cells were irradiated with different US power density, and the cell survival rate was detected by CCK-8 assay. (D) HepG2 cells were treated with different treatment, 
and the cell survival rate was detected by CCK-8 assay. (E) HepG2 cells were treated with different treatment for 24 h, and then stained with Annexin-V and PI before being 
analyzed by flow cytometry. (F) Statistical results from different experiments of cell apoptosis in HepG2 cells. **p<0.01, ***p<0.001, ****p<0.0001.
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This suggested that part of the apoptosis induced by SDT may be transformed from autophagy. All in all, in the process 
of combined therapy, autophagy can cooperate with apoptosis to achieve the anti-tumor effect.

Suppression of HepG2 Migration and Invasion Ability
Cell migration ability and cell invasion ability were the basic abilities of tumor cells. Here, we evaluated the migration 
and invasion ability of HepG2 cells by cell scratch assay and transwell assay. As shown in the figure, compared with 
other experimental groups, the healing rates of scratched areas in the MG-132 and SDT combined treatment groups were 
4.8±1.8% and 10.6±1.4% at 24 h and 48 h, respectively (Figure 6A–C). According to the results of the transwell assay, 
the number of HepG2 across the membrane in the combined treatment group decreased significantly, indicating that the 
invasive ability of tumor cells decreased significantly (Figure 7A and B). Therefore, it could be concluded that 
combination therapy could inhibit the migration and invasion of HepG2 cells effectively.

Discussion
Although there are many basic research and clinical trials for the treatment of liver cancer, the current clinical treatment 
methods have some problems, such as large trauma, low long-term survival rate, large drug side effects, chemotherapy 
resistance, and so on.3,30 Therefore, it is important to develop a safer treatment as adjuvant therapy or even an alternative 
therapy for liver cancer. SDT gradually appears in the field of tumor treatment research because of its advantages such as 
non-invasive and strong safety.31 Present studies have shown that SDT alone or in combination with other antineoplastic 

Figure 5 Autophagy were induced in the treatment process, and explore the relationship between autophagy and apoptosis by inhibiting autophagy. (A) HepG 2 cells were 
transfected using Ad-mCherry-GFP-LC3B, and the occurrence of autophagy was visualized by fluorescence microscopy. (B) Changes of HepG2 cell activity after inhibition of 
autophagy by chloroquine, and the cell survival rate was detected by CCK-8 assay. (C) HepG2 cells were treated with combined therapy and inhibiting autophagy before 
treatment, and then stained with Annexin-V and PI before being analyzed by flow cytometry. (D) Statistical results of cell apoptosis in HepG2 cells after inhibiting autophagy. 
**p<0.01.
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drugs could effectively treat liver cancer.32 However, the poor stability and low biocompatibility of traditional sono-
sensitizers limit the therapeutic effect of SDT and the opportunity for clinical application in the future.

Due to the EPR effect, nanoparticles carrying therapeutic drugs play an important role in the anti-tumor therapy of 
nanomedicine.33 Among them, NBs were widely used because of their positive biosafety and other advantages.34 In this 
study, we successfully prepared spherical IR-820@NBs with uniform particle size and the average particle size was 108.7 

Figure 6 Combination therapy reduced the migration ability of HepG2 cells. (A) Scratch assay of HepG2 cells at 24 h and 48 h after different treatment. (B and C) Statistical 
results of relative migration rate of HepG2 cells at 24 h and 48 h after different treatments. **p<0.01, ***p<0.001, ****p<0.0001.

Figure 7 Combination therapy reduced the invasion ability of HepG2 cells. (A) Transwell assay was performed in HepG2 cells to investigate the inhibitory effect of 
combination treatment on HCC metastatic processes. (B) Quantitation of migrated cell number of HepG2 cells. *p<0.05, **p<0.01, ****p<0.0001.
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±26.4 nm. According to the previous research results, using NBs to carry sonosensitizer could not only passively target 
tumor cells through the EPR effect, but also achieve targeted drug release and improve the drug uptake rate of tumor cells 
through UTND technology, to improve the therapeutic effect of SDT.35 The IR-820@NBs could overcome the short-
comings of IR-820 such as strong hydrophobicity, to better mediate SDT in the treatment of HCC.

SDT mainly achieves tumor therapy based on inducing ROS production in tumor cells with the sonosensitizer 
irradiated by US. As the organelle of cellular respiration, mitochondria were easily affected by ROS accumulation. The 
increase of ROS level would lead to lipid peroxidation of the mitochondrial membrane and cell membrane, which would 
cause cell death by intrinsic and extrinsic apoptosis signal pathways.36 On the one hand, the damage to the mitochondrial 
membrane (mitochondrial stress) would lead to the release of Cyt C in mitochondria, which leads to the activation of the 
caspase family signals pathway and induces tumor cell apoptosis.37 On the other hand, lipid peroxidation could up- 
regulate apoptosis through endoplasmic reticulum stress (ER stress) and induce apoptosis through TRAIL and FAS 
pathways.38,39 Therefore, the ability to induce the production of ROS could be used as one of the indexes to judge the 
effectiveness of the sonosensitizer. In this work, we found that SDT mediated by IR-820@NBs could effectively induce 
the production of ROS and the change of mitochondrial membrane potential. Indicating that SDT could effectively 
induce apoptosis of HCC cells, and the results of flow cytometry and CCK-8 could also explain this result.

Autophagy refers to the process of cytoplasmic material transport to lysosome degradation, including macroauto-
phagy, microautophagy, and molecular chaperone-mediated autophagy.40 ROS could mediate autophagy through ER 
stress-activated PKR-like ER kinase (PERK) pathway due to lipid peroxidation, accompanied by c-JunN-terminal kinase 
(JNK) activation.41,42 Hydroxynonenal (HNE), as a product of lipid peroxidation, could also activate autophagy by 
regulating mitogen-activated protein kinase (MAPK)-mammalian target of rapamycin (mTOR), phosphoinositol 3-kinase 
(PI3K)-AKT-mTOR and protein kinase C (PKC) pathways.43 In addition, ROS could induce autophagy directly by 
activating (AMP)-activated protein kinase (AMPK) which would activate autophagy protein ULK1 directly or inhibit the 
mTOR pathway.44 Therefore, autophagy could be induced during the treatment of SDT, and the occurrence of autophagy 
was confirmed by the detection of mCherry-GFP-LC3B.

Tumor suppressor gene p53 could regulate the cell cycle and induce apoptosis, which plays an important role in the 
growth of HCC cells.45 The degradation of p53 pro-apoptotic protein was mainly through UPS, so the inhibition of UPS 
was helpful in restoring the activity of the p53 protein.26 Previous studies have shown that tumor cells treated with MG- 
132 could up-regulate the p53 protein in tumor cells, thus promoting the activation of caspase-8 and inducing cell 
apoptosis. P53 localized in the cytoplasm could inhibit autophagy. After MG-132 treatment, the restored activity of p53 
changed from cytoplasmic to nuclear. This p53 localized in the nucleus was directly related to the activation of 
autophagy.28,46 While up-regulating pro-apoptotic proteins, MG-132 could also down-regulate the expression of anti- 
apoptotic proteins such as Bcl-2, thus acting as a dual agonist of apoptosis and autophagy.47 In our study, compared with 
other experimental groups, the apoptosis rate and autophagy fluorescence intensity of HepG2 cells treated with SDT 
combined with MG-132 were the highest. MG-132 could effectively improve the therapeutic effect of SDT.

Due to many components being identical in the pathway of apoptosis and autophagy, the relationship between 
apoptosis and autophagy is complicated. At a certain level of stress, autophagy could inhibit apoptosis by selectively 
reducing the abundance of pro-apoptotic proteins.48 But excessive autophagy could also promote apoptosis. A large 
number of autophagy proteins could induce apoptosis, and autophagy would also promote apoptosis by degrading anti- 
apoptotic factors and changing the open state of the mitochondrial membrane.49,50 Similarly, apoptosis could also 
promote or inhibit autophagy through apoptosis signals and apoptosis products.51 Therefore, it is necessary to verify 
the relationship between apoptosis and autophagy during SDT treatment. After using Cq to inhibit the occurrence of 
autophagy, we were surprised to find that the cell activity of the Cq-treated group was improved, and the results of flow 
cytometry showed that the apoptosis rate of the Cq-treated group decreased. Apoptosis and autophagy were regulated by 
Bcl2 and AMBAR1, both of which exist in mitochondria and endoplasmic reticulum. Regardless of the stress state of the 
endoplasmic reticulum, apoptosis was only sensitive to mitochondrial stress. When the mitochondria were in a low-stress 
state, autophagy was induced but no apoptosis existed. When the mitochondria are in a state of high stress, autophagy 
and apoptosis both were induced by Bcl2. Due to the increase of caspase activity and the inactivation of Beclin1-A, 
autophagy gradually converts to apoptosis.52 When autophagy inhibitors were used, the decrease of apoptotic cells 
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indicates that apoptosis has a certain degree of autophagy dependence.22 Therefore, we speculated that in the process of 
combined therapy of HCC, the mitochondria of HepG2 cells were in a state of high stress because a large amount of ROS 
was induced. The addition of MG-132 aggravated the stress state of mitochondria, promoted the transformation of 
autophagy into apoptosis, and induced autophagy-dependent apoptosis. In short, SDT combined with MG-132 realized 
the synergistic anti-tumor therapy of autophagy combined with apoptosis, which originated from autophagy-dependent 
apoptosis.

The change of migration and invasion ability of tumor cells is another index to evaluate the therapeutic effect of 
tumors. Previous studies have found that MG-132 could inhibit the invasion and migration of tumor cells by promoting 
the expression of E-cadherin and up-regulating E26 transformation-specific family transcription factor (ESE3).53 

Therefore, we used cell scratch assay and transwell assay to detect the migration and invasion ability of HepG2 cells 
treated with SDT combined with MG-132. The results showed that the migration and invasion ability of HepG2 cells 
decreased significantly after combined therapy. MG-132 could enhance the therapeutic effect of SDT on HCC cells, 
induce its death, and inhibit its invasion and metastasis at the same time.

In this study, we confirmed that MG-132 combined with SDT could effectively treat HCC. As a dual agonist of 
apoptosis and autophagy, MG-132 could effectively improve the therapeutic effect of SDT. However, there are still some 
limitations in this experiment. First of all, the target of this study is only the HepG2 cell line, but the effect on other HCC 
cell lines is not deep. Secondly, although the experimental results show that combined therapy could mediate apoptosis 
and autophagy in anti-tumor therapy, its potential mechanism has not been explored. Finally, this experiment is only 
verified in vitro, but not in vivo. These will be the direction of the following research.

Conclusion
The experimental results of this study proved that IR-820@NBs-mediated SDT combined with MG-132 could effectively 
promote HCC cell apoptosis and autophagy, and inhibit tumor growth and metastasis, thus showing a good anti-tumor 
effect. MG-132 can effectively promote the occurrence of autophagy and apoptosis during SDT. Combination therapy is 
mainly based on the induction of ROS production at lethal levels within HepG2 cells. The pretreatment results of 
autophagy inhibitors showed that the part apoptosis of HepG2 cells was transformed from autophagy. Our results propose 
a new point to the relationship between autophagy and apoptosis, that is, to promote apoptosis through over-induction of 
autophagy, and bring new ideas to solve problems such as chemotherapy resistance. On the other hand, our findings will 
contribute to the development of non-invasive tumor therapy in the future and bring new options for the clinical 
treatment of cancer.
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