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Introduction: Current therapeutic strategies, including immune checkpoint blockade (ICB), exhibit limited efficacy in treating 
hepatocellular carcinoma (HCC). Nanoparticles, particularly those that can accumulate specifically within tumors and be activated 
by sonodynamic therapy (SDT), can induce immunogenic cell death (ICD); however, ICD alone has not achieved satisfactory 
therapeutic effectiveness. This study investigates whether combining ICB with ICD induced by nanoparticle-mediated SDT could 
enhance anti-tumor immunity and inhibit HCC growth.
Methods: We developed an iron-based micelle nanodelivery system encapsulating the Near-Infrared Dye IR-780, which was surface- 
modified with a cyclic tripeptide composed of arginine-glycine-aspartic acid (cRGD). This led to the synthesis of targeted 
IR780@FOM-cRGD nanoparticles. These nanoparticles were specifically engineered to kill tumor cells under sonication, activate 
immunogenic cell death (ICD), and be used in conjunction with immune checkpoint blockade (ICB) for the treatment of hepatocellular 
carcinoma (HCC).
Results: The synthesized IR780@FOM-cRGD nanoparticles had an average diameter of 28.23±1.750 nm and a Zeta potential of 
−23.95±1.926. Confocal microscopy demonstrated that IR780@FOM-cRGD could target HCC cells while minimizing toxicity to 
healthy cells. Upon sonodynamic activation, these nanoparticles consumed significant amounts of oxygen and generated substantial 
reactive oxygen species (ROS), effectively killing tumor cells and inhibiting the proliferation, invasion, and migration of H22 cells. 
Hemolysis assays confirmed the in vivo safety of the nanoparticles, and in vivo fluorescence imaging revealed significant accumulation 
in tumor tissues. Mouse model experiments showed that combining ICB(which induced by Anti-PD-L1) with ICD (which induced by 
IR780@FOM-cRGD), could effectively activated anti-tumor immunity and suppressed tumor growth.
Discussion: This study highlights the potential of IR780@FOM-cRGD nanoparticles to facilitate tumor eradication and immune 
activation when used in conjunction with Anti-PD-L1 therapy. This combination represents a non-invasive, efficient, and targeted 
approach for the treatment of hepatocellular carcinoma (HCC). By integrating sonodynamic therapy with immunotherapy, this strategy 
promises to substantially improve the effectiveness of traditional treatments in combating HCC, offering new avenues for clinical 
application and therapeutic innovation.
Keywords: nanomaterials, sonodynamic therapy, tumor immunity, PD-L1, immunogenic cell death

Introduction
Primary liver cancer, predominantly hepatocellular carcinoma (HCC), ranks among the most prevalent cancer types 
worldwide, ranking sixth in terms of incidence and third in terms of mortality rates. The global average annual incidence 
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rate totals 995,000 cases. However, the 5-year average survival rate for HCC remains below 18%.1 Currently, immu-
notherapy is emerging as an integral component of multidisciplinary treatment approaches for HCC. Immune checkpoint 
blockade (ICB) therapies targeting the PD-1/PD-L1 axis have demonstrated significant clinical benefits.2–4 Nevertheless, 
the use of PD-1/PD-L1 inhibitors as monotherapy has not resulted in substantial improvements in the clinical prognosis 
of HCC.5,6 In 2021, immune checkpoint blockade (ICB) therapy achieved a noteworthy breakthrough in the management 
of HCC. The IMbrave150 study revealed that the combination of atezolizumab and bevacizumab extended the overall 
survival of patients with advanced HCC, representing the first major advancement in frontline treatment for advanced 
liver cancer in over a decade, since the Sorafenib Hepatocellular Carcinoma Assessment Randomized Protocol and 
Oriental studies. However, the adverse reactions of this protocol stands at a high rate of 85%, with 49.5% discontinuing 
treatment due to drug-related adverse events or side effects.7 Therefore, there is an urgent need to investigate more 
effective therapeutic strategies for HCC patients.

Immunogenic cell death (ICD) currently stands as a focal point in tumor research and represents a novel treatment 
direction. Notably, dying tumor cells have the potential to release tumor-associated antigens (TAA).8 Antigen-presenting 
cells, particularly dendritic cells (DCs), have the capability to capture these antigens and migrate to lymph nodes, where 
they activate and expand CD4+ and CD8+ T cells. CD8+ cytotoxic T cells can subsequently directly target and eliminate 
tumor cells. This process constitutes a pivotal aspect of the host-specific immune response.9

Sonodynamic therapy (SDT), an emerging therapeutic modality, demonstrates significant potential in inducing 
immunogenic cell death (ICD) and triggering antitumor immune responses. Leveraging its noninvasive nature and 
deep tissue-penetrating capabilities, SDT employs sonosensitizers to generate highly cytotoxic reactive oxygen species 
(ROS), resulting in tumor cell death and the initiation of ICD.10 Multiple studies by Park et al, Yuan et al, and Zhang et al 
have indicated that SDT-induced ICD can alter the tumor microenvironment from “cold“ to “hot” and exert inhibitory 
effects on tumor growth.11–13 However, some studies suggest that ICD alone may not consistently yield optimal 
therapeutic outcomes as anticipated.14,15 These findings prompt us to consider the distinct mechanisms of action between 
ICD and ICB in activating the immune system. It thus inspires us to wonder whether their synergistic effects can activate 
the immune system at different levels, thereby achieving greater anti-tumor therapeutic efficacy, symbolizing the concept 
of “1+1>2” in tumor treatment. Moreover, SDT for HCC represents an ideal treatment option for several reasons. Firstly, 
HCC lesions are highly vascularized, with approximately 75% of blood supply derived from arteries, ensuring 
a continuous oxygen source for SDT.16 Secondly, given that the liver is a solid organ, ultrasound energy can effectively 
penetrate and reach tumor locations throughout the liver. Thirdly, SDT is a noninvasive treatment modality, promoting 
favorable treatment compliance among patients. Lastly, the cost of SDT is relatively low, which not only reduces the 
financial burden of treatment but also alleviates economic strain on patients. Despite the numerous advantages of 
Sonodynamic Therapy (SDT), its application is constrained due to the sonosensitizers involved, which are characterized 
by low water solubility, rapid clearance from the blood, and insufficient accumulation at tumor sites. Recently, there has 
been a rapid expansion in the application of nanomaterial technology to SDT. Encapsulating sonosensitizers within 
nanomaterials effectively addresses these drawbacks.17

Nanomaterials encompass both organic and inorganic categories. Organic nanomaterials are favored for industrial and 
biomedical applications due to their unique properties such as high porosity, adjustable pore size, and facile functiona-
lization, however, their complex synthesis process, high manufacturing cost, low stability, and long-term safety concerns 
pose challenges.18 In contrast, inorganic nanomaterials offer broader application prospects, featuring advantages such as 
low environmental impact, low cytotoxicity, tunable surface functionalities, and stability under ambient conditions.19 It is 
crucial that safety and efficacy are key requirements for the clinical application of medical technologies. Iron oxide 
nanoparticles are currently the only inorganic nanomaterial approved for clinical use, known for their excellent safety 
profile.20 Moreover, Nanoparticles of magnetic iron oxide have received much attention due to their biodegradability, low 
toxicity, and excellent magnetic properties.21 Therefore, this study has selected iron oxide nanoparticles as the experi-
mental subject.

Numerous studies have explored the use of nanomaterials in HCC treatment.22 For instance, Wang et al synthesized 
mesoporous silica nanoparticles conjugated with platinum prodrugs, with lactose acid selected as a liver-targeted ligand for 
HCC therapy.23 However, HCC often exhibits resistance to chemotherapy. Bao et al investigated the effects of polyethylene 
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glycol (PEG)-modified, platinum-doped carbon nanoparticles (PEG-PtCNPs) on cancer cell viability and migration. Under 
laser irradiation, these nanoparticles disrupted the tumor cell cytoskeleton, inhibiting metastasis and tumor growth.24 

Nonetheless, due to the liver’s internal location, light-based treatments encounter challenges in reaching the tumor site.
This study aimed to develop a novel type of IR780@FOM-cRGD nanoparticles (FOM), featuring an Fe3O4 core and 

surface modification with the targeting ligand cyclic arginine-glycine-aspartic acid (cRGD). Cyclic RGD peptides have 
been extensively utilized as targeting ligands for various anticancer drugs and nanocarriers. In the context of hepatocel-
lular carcinoma (HCC), integrin αvβ3 is known to be overexpressed in carcinoma tissue, and cRGD peptides exhibit 
specific and strong binding affinity to integrin αvβ3.25,26 Studies have shown that the HCC cell line HepG2 exhibits high 
expression of αvβ3 and enhanced targeting ability of cRGD drugs.27 Additionally, research has demonstrated the high 
specificity of cRGD to H22 tumors in mice.28 Therefore, we chose the cRGD peptide for its greater stability and 
selectivity over linear RGD to target H22 cells, facilitating enhanced nanoparticle accumulation in tumor tissue. 
Encapsulation with FOM within the nanoparticles not only improves the water solubility and optical stability of IR780 
iodide in water but also significantly reduces its toxicity to mice. Under sonodynamic therapy (SDT) activation, tumor 
immunogenic cell death (ICD) can generate neoantigens, activating dendritic cells (DCs) and subsequently T-cells. When 
combined with immune checkpoint blockade (ICB) therapy, there is further enhancement of therapeutic efficacy against 
H22 cells and tumors. We hypothesize that such antitumor mechanisms may lead to effective long-term antitumor 
immunity (Figure 1). In this study, we investigate this hypothesis through in vitro and in vivo experiments, exploring the 
effect of SDT treatment based on IR780@FOM-cRGD nanoparticles in combination with anti-PD-L1 therapy on immune 
modulation in mouse tumor models.

Materials and Methods
The Main Reagents and Animals
Iron(II, III) oxide(Fe3O4, Cat No. I104313-500g, Purity>97%), Oleic Acid (OA, Cat No.112–80-1, Purity>98%), 
1-[3-(Dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride(EDC, Cat No.25952–53-8, Purity≥99.0%), 

Figure 1 Potential mechanisms of anti-tumor immunity activation by Anti-PD-L1 combined with nanosonodynamic therapy.
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Dimercaptosuccinic acid(DMSA, Cat No.D107254, Purity≥ 98.0%) and N-Hydroxysuccinimide (NHS, Cat No.6066–82- 
6, Purity≥ 99.0%) were purchased from Aladdin, Shanghai, China. Dithiothreitol (DTT, Cat No.ab141390, Purity>99%) 
was obtained from Abcam, Cambridge, United Kingdom. 1.2-distearoyl-sn-glycero-3-phosphoethanolamine- 
N-[(polyethylene glycol)-2000]-carboxylic acid (DSPE-PEG2000-COOH, Cat No.F07004, Purity≥ 98.0%) was obtained 
from Shanghai A.V.T. Pharmaceutical Ltd, China.

2-(N-morpholino) ethanesulfonic acid buffer (MES, Cat No.4432–31-9, Purity≥99%) was purchased from Sigma 
Aldrich, St. Louis, Missouri. IR780 (Cat No.4432–31-9, Purity≥98%) was purchased from Sigma Aldrich, St. Louis, 
Missouri. Hoechst 33,342 staining solution and HE staining kit were purchased from SolarBio Technology Co. Ltd. The 
CCK8 assay kit, TUNEL staining kit, CD3 epsilon rabbit monoclonal antibody, CD8α rabbit monoclonal antibody, 
Calreticulin rabbit monoclonal antibody, and Calcium Green-AM/PI for detection were purchased from Beyotime 
Biotechnology Co. Ltd. The DCFH-DA assay kit was purchased from Funglyn Biotech Inc. Anti-PD-L1 antibody was 
purchased from Bio X Cell. The IL-6, IL-12, TNF-α, IFN-γ, TGF-β, and IL-10 Elisa assay kits were purchased from 
Guangzhou Bioscience Co. Ltd. Methanol was purchased from China National Pharmaceutical Group Corporation 
Chemical Reagent Co. Ltd.

BALB/c female mice aged 6–8 weeks with a bodyweight of 17±2g were provided by Guangzhou Yancheng Biotech 
Co., Ltd (Guangzhou, China), and maintained at Guangxi Medical University (Guangxi Experimental Animal Center). 
All animal experiments were approved by the Ethics Committee for Animal Welfare of Guangxi Medical University, and 
were conducted in compliance with the China National Standard GB/T35892-2018 Guidelines for Ethical Review of 
Laboratory Animal Welfare.

Preparation of IR780@FOM-cRGD
Firstly, Fe3O4 micelles were synthesized via the thermal decomposition method, with coatings of oleic acid (OA) and 
dimercaptosuccinic acid (DMSA). Specifically, OA (98% purity, containing 15 mg of iron) and DSPE-PEG2000-COOH 
(100 mg) were combined and transferred into a 25 mL round-bottom flask containing 10 mL of chloroform. 
Subsequently, 5 mL of deionized water was gradually added. The mixture was then heated to 65°C and gently stirred 
for 20 minutes to ensure complete evaporation of the chloroform. This process yielded water-soluble Fe3O4-OA-DMSA 
micelles (FOM) incorporating polyethylene glycol (PEG).

To the previously synthesized PEG-containing FOM, a coupling reaction was initiated by adding 100 mg of 1-ethyl- 
3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), 90 mg of N-hydroxysuccinimide (NHS), and 20 mL of 
2-(N-morpholino)ethanesulfonic acid (MES) buffer (0.02 mol/L, pH 5.5). This mixture was incubated with stirring at 
room temperature for 20 minutes. Following incubation, the mixture was centrifuged at 100,000g and washed twice with 
deionized water, then resuspended in 0.02 mol/L borate buffer (pH 8). Subsequently, 10 mg of cyclic arginine-glycine- 
aspartic acid (cRGD) peptide was gradually added to the suspension, which was continuously stirred for 24 hours at room 
temperature. The resultant FOM@cRGD conjugate was purified through three washes with deionized water and the 
removal of excess empty liposomes via ultracentrifugation at 100,000g. Finally, to eliminate large aggregates, the 
purified FOM@cRGD was subjected to centrifugation at 3000g, resulting in the formation of the target FOM@cRGD.

Finally, IR780, a tricarbocyanine dye, was loaded onto the synthesized PEG-FOM and FOM@cRGD. Specifically, 
1 mL of a 1 mg/mL aqueous IR780 solution was added to each formulation and the mixtures were left to shake overnight 
at room temperature. Unbound IR780 molecules were subsequently removed by ultracentrifugation at 100,000g, resulting 
in the formation of the desired IR780@FOM and IR780@FOM-cRGD nanoparticles for experimental use.

Characterization of IR780@FOM-cRGD
The morphology and dispersibility of the IR780@FOM-cRGD nanoparticles were characterized using a JEOL-2100F 
transmission electron microscope (TEM). Additionally, the hydrodynamic size and zeta potential of the nanoparticles 
were quantitatively determined using a Zetasizer Nano ZS90 dynamic light scattering (DLS) instrument from 
Malvern, UK.
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Nanoparticle Stability Experiment
To evaluate the stability of R780@FOM and IR780@FOM-cRGD nanoparticles, samples of each were incubated in 
phosphate-buffered saline (PBS) supplemented with 10% serum for 7 days. Dynamic light scattering (DLS) was 
employed at various time intervals to monitor the dispersion status and size variations of the nanoparticles. This 
experiment aimed to assess the stability profiles of R780@FOM and IR780@FOM-cRGD under physiological 
conditions.

In vitro Release Experiment of IR780@FOM-cRGD
IR780@FOM-cRGD nanoparticles were suspended in 10 mL of phosphate-buffered saline (PBS) and subjected to 
continuous agitation at 60 rpm and 37°C. Supernatants were collected at predetermined intervals (0.5, 1, 2, 4, 6, 8, 10, 
12, 24, and 48 hours), immediately replaced with an equivalent volume of fresh PBS. The absorbance of each supernatant 
was measured using a UV spectrophotometer to determine the concentration of IR780 based on a pre-established 
standard curve. The cumulative release profile of IR780 from the IR780@FOM-cRGD nanoparticles was then plotted 
using the obtained data.

Nanoparticle Drug Loading Rate Determination
The concentration of IR780 in the IR780@FOM-cRGD nanoparticles can be quantitatively determined using a UV-Vis 
spectrophotometer. Given the limited solubility of IR780 in water, a standard solution is prepared by dissolving 2 mg of 
IR780 in 50 mg of acetonitrile (ACN). An appropriate volume of the nanoparticle sample is then diluted with distilled 
water to achieve a comparable dilution factor. The IR780 content within the nanoparticles is assessed by comparing the 
maximum absorbance at approximately 780 nm with that of the standard solution. The loading efficiency of IR780 is 
subsequently calculated using the formula: IR780 loading (%) = (content of IR780 in nanoparticles / total mass of 
nanoparticles) × 100%.

Detection of the Cellular Uptake Ability of IR780@FOM-cRGD
The H22 cell line (CL0108) was acquired from Shengen Biotechnology Co., Ltd. (Catalog: SNL-157). Cells (2×105) 
were seeded in a confocal laser-specific culture dish (Diameter/size: 35mm/15mm, Catalog No. 801,002, Nestle 
Biotechnology Co., Ltd., Wuxi, China) and incubated under standard conditions (37°C, 5% CO2, 95% humidity) until 
the cell density reached 50–60%. The original medium was then replaced with 1 mL of fresh culture medium, to which 
10 µL of IR780@FOM (1 mg/mL) and IR780@FOM-cRGD (1 mg/mL) were added and incubated for 0.5h and 1h, 
respectively. Subsequently, the supernatant was removed, and the cells were washed twice with phosphate-buffered saline 
(PBS). Afterwards, 10 μg/mL of Hoechst 33,342 staining solution was added to each dish. After staining for 5 minutes, 
cells were washed three times with PBS for 5 minutes each in the dark. The cellular uptake of IR780@FOM and 
IR780@FOM-cRGD by H22 cells was then visualized using a confocal laser scanning microscope (CLSM) equipped 
with an excitation wavelength of 750 nm and an emission wavelength of 817 nm (Leica TCS SP8, Germany).

In vitro /vivo Biosafety Evaluation of IR780@FOM-cRGD
In vitro Biosafety Evaluation of IR780@FOM-cRGD
Mouse fibroblast cells (L-929) and alpha mouse liver 12 (AML-12) cells, procured from the Cell Bank of the Shanghai 
Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences, were seeded in a 96-well plate at a density of 
5×103 cells/well. After overnight incubation in a CO2 incubator, the old medium was replaced with fresh medium 
containing varying concentrations of IR780@FOM-cRGD (1 μg/mL, 5 μg/mL, 10 μg/mL, 20 μg/mL, 50 μg/mL, and 100 
μg/mL). After 24 hours, the medium was removed, and 100 µL of 10% CCK8 medium was added to each well. The 
plates were incubated for 2 hours in the dark, and cell viability was subsequently assessed using a CCK8 assay kit. 
Optical density (OD) at 450 nm was measured with an ELISA reader (DR6000, Hach Company, Colorado, USA). Cell 
viability was calculated using the formula: (ODSample-ODBlank)/(ODControl-ODBlank)×100%. This method quantitatively 
evaluated the cytotoxicity of the nanoparticles by reflecting cell viability.
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In vivo Biosafety Evaluation of IR780@FOM-cRGD
Mice were anesthetized with 1.25% tribromoethanol (Cat No. AB001-M2910, Nanjing Aibei Biotechnology Co., Ltd., 
dosage: 0.3 mL/20g). A sterile capillary tube was then gently placed against the retro-orbital venous plexus at the corner 
of the eye socket. The tube was rotated gently and light downward pressure was applied until blood was observed 
ascending the tube. The required volume of blood was collected promptly. Immediately after collection, gentle pressure 
was applied to the corner of the eye using a sterile cotton ball to assist in hemostasis. The collected blood was centrifuged 
at 3000 rpm for 5 minutes to separate the plasma, washed thrice with PBS, and the red blood cells were isolated and 
resuspended in 8 mL of PBS.

To prepare varying concentrations of IR780@FOM-cRGD solution (0 μg/mL, 1 μg/mL, 5 μg/mL, 10 μg/mL, 20 μg/ 
mL, 50 μg/mL, and 100 μg/mL), 1 mL of the red blood cell suspension was mixed with each concentration. For the 
positive control, 1 mL of the red blood cell suspension was centrifuged to remove the supernatant, and replaced with 
1 mL of deionized water. All samples in EP tubes were gently vortexed and incubated at 37°C for 8 hours, followed by 
centrifugation to collect the supernatant. Absorbance was measured at 570 nm to assess hemolysis. The hemolysis rate 
was calculated using the following formula: Hemolysis rate (%) = (I–IPBS)/(I0-IPBS)×100%, where I is the absorbance of 
different concentrations of IR780@FOM-cRGD nanoparticles against hemoglobin, IPBS is the absorbance of hemoglobin 
in PBS, and I0 is the absorbance of complete hemolysis in deionized water.

Evaluation of Toxicity of Nanoparticles for H22 Cells
CCK8 Assay
H22 cells were plated in a 96-well plate and cultured for 24 hours. Subsequently, varying concentrations of 
IR780@FOM-cRGD (0 μg/mL, 5 μg/mL, 10 μg/mL, 15 μg/mL, 20 μg/mL) were added to the wells, and the cells 
were exposed to ultrasound therapy using a Shenzhen WED Electronics Medical Co., Ltd. device (Model WED-100). 
The ultrasound settings were a power density of 1.0 W/cm², a duty cycle of 100%, with the irradiation duration lasting 20 
seconds per cycle across nine total cycles, and 30-second intervals between cycles. All treatments were conducted under 
dark conditions. After an additional 24-hour incubation, the culture medium was removed, and the cells were washed 
thrice with PBS. Each well was then supplemented with 100 µL of culture medium containing 10% CCK8. After 
a 2-hour incubation period, cell viability was assessed by measuring the absorbance at 450 nm. The cell proliferation rate 
was calculated, and the IC50 value for the US+IR780@FOM-cRGD group was determined.

Live/Dead Cell Staining Experiment
H22 cells were prepared as a single cell suspension at a concentration of 1×105/mL and seeded into a 6-well plate, 
followed by incubation for 24 hours. The cells were then divided into six groups, namely, PBS, US, IR780@FOM, 
IR780@FOM-cRGD, US+IR780@FOM, and US+IR780@FOM-cRGD, and continued to culture for 2 hours, during 
which the US, US+IR780@FOM, and US+IR780@FOM-cRGD were subjected to ultrasound treatment (Ultrasound 
power density was set at 1 W/cm2, transducer frequency was set at 1 MHz, and the duration of ultrasound irradiation was 
20 seconds with a total of 9 cycles. The interval between two cycles was set at 30 seconds). After an additional 24 hours 
of incubation and washing with PBS, each well was added with AM/PI detection solution. After incubation for 30 
minutes, fluorescence was observed and captured under a fluorescence microscope (Calcein-AM green fluorescence Ex/ 
Em=494/517 nm; PI red fluorescence Ex/Em=535/617 nm).

Flow Cytometry Experiment
H22 cells were seeded in a 6-well plate at a density of 1×105 cells/well and incubated for 12 hours. Post-incubation, the 
cells were divided into six experimental groups: PBS, US (ultrasound), IR780@FOM, IR780@FOM-cRGD, US 
+IR780@FOM, and US+IR780@FOM-cRGD. The groups designated for ultrasound treatment (US, US 
+IR780@FOM, and US+IR780@FOM-cRGD) underwent ultrasound exposure under the previously specified conditions. 
After 2 hours, the cells were harvested, centrifuged, and then resuspended in 100 µL of binding buffer. In a subsequent 
step conducted under dark conditions, 5 µL of FITC-Annexin V and 5 µL of propidium iodide (PI) were added to each 
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sample. The mixtures were then incubated at room temperature in the dark for 15 minutes. Following incubation, 400 µL 
of binding buffer was added to each tube. The apoptotic rate of the cells was subsequently analyzed using a flow 
cytometer (Model: CALIBUR, BD (Becton, Dickinson and Company), USA, Software Version: FlowJo_v10.8.1).

Colony Formation, Transwell Invasion and Migration Assay
Colony Formation Assay
H22 cells were seeded in a 6-well plate at a density of 5×103 cells per well. After 24 hours, the cells were assigned to one 
of six groups: PBS, US (ultrasound), IR780@FOM, IR780@FOM-cRGD, US+IR780@FOM, and US+IR780@FOM- 
cRGD. Two hours later, the groups designated for ultrasound treatment were exposed to US irradiation under dark 
conditions. Prior to the irradiation, the culture medium in each respective well was replaced with fresh medium. The cells 
were subsequently cultured in a medium containing 10% fetal bovine serum for approximately 14 days, with medium 
replacements every two days.

After the incubation period, the colonies were fixed with methanol and stained with 0.1% crystal violet. Colony 
formation was assessed by counting the stained colonies, providing a measure of cell proliferation and survival under the 
various treatment conditions.

Transwell Invasion Assay
Matrix gel (100 µL) was applied to the upper chamber of a Transwell and allowed to solidify for 30 minutes. H22 cells 
were then suspended in serum-free medium at a density of 2.5×105 cells/mL, and 200 µL of this cell suspension was 
added to the upper chamber. After 12 hours, the cells were categorized into six groups: PBS, US (ultrasound), 
IR780@FOM, IR780@FOM-cRGD, US+IR780@FOM, and US+IR780@FOM-cRGD. Two hours later, the groups 
designated for ultrasound treatment underwent US irradiation under dark conditions using previously specified para-
meters. Concurrently, a 24-well culture plate containing 750 µL of medium with 10% fetal bovine serum (FBS) was 
positioned in the lower chamber to serve as a chemoattractant, and the cells were cultured for an additional 48 hours.

Post-incubation, the upper chamber was removed, washed twice with PBS, and the non-migrated cells in the upper 
chamber were mechanically removed. Cells that had migrated to the lower chamber were fixed with 4% paraformalde-
hyde for 20 minutes and stained with crystal violet for 15 minutes. Migration was evaluated by capturing images under 
an optical microscope, providing quantitative and visual evidence of cell migratory behavior under the various treatment 
conditions.

Transwell Migration Assay
The same procedures as previously described for the Transwell invasion assay were followed, with the exception that 
matrix gel was not added to the upper chamber. This modification facilitated the assessment of cell migration 
independently of invasive capabilities, allowing for a direct comparison of cell motility across the different treatment 
groups.

Detection of in vitro ROS Production
H22 cells were seeded in a 6-well plate at a density of 2×105 cells per well and incubated for 24 hours. Subsequently, the 
cells were allocated into six distinct groups: PBS, US (ultrasound), IR780@FOM, IR780@FOM-cRGD, US 
+IR780@FOM, and US+IR780@FOM-cRGD, and received corresponding treatments. After treatment, the cells were 
incubated with 2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) detection solution for 20 minutes in serum-free 
medium to assess the intracellular reactive oxygen species (ROS) levels. The ROS levels were then measured using 
inverted fluorescence microscopy, providing insights into oxidative stress responses induced by the various treatments.

In vivo Fluorescence Imaging of Small Animals
All animal experiments were approved by the Animal Welfare and Ethics Committee of Guangxi Medical University 
(Ethics number: LW2024064). H22 cell suspension (100 μL, 1×106 cells) was injected subcutaneously into the back of 
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BALB/C mice to construct an H22 tumor-bearing mouse model. When the tumor volume reached 1000 mm3, 
IR780@FOM and IR780@FOM-cRGD were intravenously injected via the tail vein at 0 hours. Near-infrared imaging 
was performed at 0 h, 4 h, 8 h, and 12 h to record the changes in fluorescence intensity at different time points in the 
tumor-bearing mice.

The Role of IR780@FOM-cRGD in Mouse Tumor Development
Female BALB/c mice were subcutaneously injected with 1×106 H22 cells into their backs. After 6 days, the mice were 
randomly divided into four groups: (1) PBS control group; (2) US+IR780@FOM-cRGD group; (3) Anti-PD-L1 group; 
and (4) US+IR780@FOM-cRGD+Anti-PD-L1 combination therapy group. IR780@FOM-cRGD was administered 
intravenously via the tail vein at a dosage of 5 mg/kg. Ultrasound irradiation was performed on days 0, 2, and 4 post- 
injection using a regimen with a power density of 1.0 W/cm^2 and a duty cycle of 100%. Each ultrasound session 
consisted of nine cycles, with each cycle lasting 20 seconds and 30-second intervals between cycles. Anti-PD-L1 
antibody was administered intravenously via the tail vein at a dose of 75 μg per mouse on days 1, 3, and 5. 
Throughout the experiment, the mice were monitored for body weight, body temperature, and tumor growth. Tumor 
volume was assessed and documented every other day. Measurements of tumor size were performed using a Vernier 
caliper, and tumor volume was calculated using the following formula: tumor volume V(mm3)= (width2 × length)/2. 
According to the animal experimental protocol, mice were euthanized when tumor volumes reached 2000 mm³. Tumors 
were harvested and sectioned into 5 μm slices for histopathological analysis. The production of reactive oxygen species 
(ROS) within the tumor sections was assessed using the DCFH-DA (2’,7’-dichlorofluorescein diacetate) fluorescence 
probe. DNA damage was detected using the γ-H2AX monoclonal antibody, while the proliferation of tumor cells was 
evaluated with the Ki-67 monoclonal antibody. Additionally, DNA fragmentation and apoptosis were analyzed using the 
TUNEL assay, providing a comprehensive assessment of the tumor microenvironment and the efficacy of the therapeutic 
interventions.

Detection of Immune Activation Markers in Mice
Cytokine Detection
Upon conclusion of the experiment, blood samples were collected from the mice for cytokine analysis. An ELISA kit 
provided by Guangzhou Bioscience Corporation was utilized to measure serum levels of inflammatory cytokines 
including IL-6, IL-12, tumor necrosis factor-alpha (TNF-α), and interferon-gamma (IFN-γ), as well as anti-inflammatory 
cytokines such as transforming growth factor-beta (TGF-β) and IL-10. This assessment was conducted to evaluate the 
acute inflammatory response following treatment, offering insights into the immunological impacts of the therapeutic 
interventions.

DC Cell Level Detection
Dissected mouse tumor tissues were cut into small pieces (<2 mm³) and enzymatically dissociated to isolate individual 
cells. An appropriate volume of trypsin-EDTA solution was added to the tissue, gently mixed, and incubated at 37°C for 
30–60 minutes. The trypsinization process was halted using DMEM culture medium supplemented with 10% fetal bovine 
serum. The resulting cell suspension was then filtered through a 40-micron cell strainer to remove undigested tissue 
fragments and debris. Subsequently, the cells were centrifuged at 400×g and 4°C, the supernatant discarded, and the 
pellet resuspended in cold PBS with 2% FBS until the desired concentration was achieved. Cell concentration was 
adjusted to 1×106 cells/mL, and Fc receptor blocking antibodies were added to minimize non-specific binding prior to 
staining. Cells were incubated with fluorescently-labeled CD80 and CD86 dendritic cell (DC) antibodies at 4°C for 30 
minutes. Following incubation, cells were washed three times with PBS to remove excess antibodies, centrifuged, and 
resuspended in 400 µL of PBS for analysis. Flow cytometry was performed using a CALIBUR flow cytometer (Becton, 
Dickinson and Company, USA), with data analyzed using FlowJo software (Version 10.8.1). Dendritic cell populations 
were identified based on forward scatter (FSC) and side scatter (SSC) parameters. Levels of DC cells were quantified for 
each experimental group and compared to the control group to assess immune response modulation following treatment.
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Detection of Immunological-Related Immunohistochemical Markers
Preparation of Tumor Section
Mouse tumor tissues were harvested and fixed in 4% paraformaldehyde (PFA) for 24 hours. Following fixation, tissues 
underwent dehydration through a series of graded ethanol solutions, were embedded in paraffin blocks, and sectioned at 
4–5 μm thickness using a microtome. The sections were then mounted onto glass slides.

Deparaffinization and Antigen Retrieval
Paraffin-embedded sections were deparaffinized in xylene and rehydrated through graded ethanol. Antigen retrieval was 
conducted by heating the sections in a 10 mM citrate buffer (pH 6.0) in a water bath.

Blocking and Permeabilization
Sections were blocked with 5% bovine serum albumin (BSA) in PBS to prevent non-specific binding and permeabilized 
with 0.1% Triton X-100 in PBS for cellular membrane disruption.

Immunostaining
Sections were incubated overnight at 4°C with primary antibodies diluted in 1% BSA in PBS. The primary antibodies applied 
included rabbit anti-CD3epsilon, rabbit anti-CD8α, CRT monoclonal antibody, and FOXP3 monoclonal antibody. After 
rinsing with PBS, sections were incubated with fluorescently labeled secondary antibodies at room temperature for one hour.

Mounting and Imaging
Following secondary antibody application, sections were mounted with a mounting medium and covered with slips. 
Immunofluorescently stained sections were examined under a microscope using appropriate fluorescence filters, and 
images were captured.

Image Analysis
Quantitative analysis of the immunofluorescent signals was conducted using Image J software. This analysis helped 
determine the expression levels of immunological markers in the mouse tumor tissues.

Detection of in vivo Biosafety Indicators
Following the completion of the experiment, mice were humanely euthanized via CO2 inhalation. Key organs such as the 
heart, liver, spleen, lungs, kidneys, and blood samples were harvested for analysis. Hematoxylin and eosin (H&E) 
staining was performed on tissue sections for histological examination. Additionally, standard biochemical assays were 
conducted to assess various biochemical indicators pertinent to liver and kidney functions, as well as overall hemato-
logical parameters.

Statistical Analysis Methods
Data were analyzed using descriptive statistics and variance analysis, and results are presented as means ± standard 
deviation. Independent sample t-tests and analysis of variance (ANOVA) were employed for inter-group comparisons. 
A p-value greater than 0.05 was considered statistically non-significant. All analyses were conducted in triplicate across 
three independent experiments. Significance levels are denoted as follows: *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001.

Results and Discussions
Preparation and Characterization of IR780@FOM-cRGD
In the presence of surfactants, FOM nanoparticles were synthesized by thermally decomposing metal acetylacetonate 
(Acac) and encapsulating Oleic Acid (OA). Subsequent modifications of the synthesized FOM involved the conjugation 
of polyethylene glycol (PEG) and cyclic arginine-glycine-aspartic acid (cRGD) peptides, resulting in the formation of 
IR780@FOM and IR780@FOM-cRGD. These nanoparticles exhibit an ideal magnetic-core lipid-shell structure, as 
shown in Figure 2A. Electron microscopy imaging revealed that both IR780@FOM and IR780@FOM-cRGD 
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nanoparticles possess a uniform and well-dispersed spherical structure with consistent size distribution (Figure 2B). 
Dynamic light scattering (DLS) analysis indicated that the diameters of FOM, IR780@FOM, and IR780@FOM-cRGD 
nanoparticles are 17.93±1.790 nm, 23.17±2.023 nm, and 28.23±1.750 nm, respectively (Figure 2C). The increase in 
diameters following the loading of IR780 and cRGD suggests successful incorporation of these functional groups. 
Correspondingly, the Zeta potentials were measured as −46.08±0.5915, −46±1.317, and −23.95±1.926 mV, respectively 
(Figure 2D). Notably, IR780@FOM-cRGD exhibits a Zeta potential within the range of +30 to −30 mV, suggesting 

Figure 2 Characterization of IR780@FOM-cRGD. (A) Schematic illustration of the synthetic procedure for IR780@FOM-cRGD nano-materials. (B) Morphological 
observation of synthesized IR780@FOM and IR780@FOM-cRGD nano-particles under electron microscopy. (C) Dynamic light scattering analysis of nano-particle size for 
FOM, IR780@FOM, and IR780@FOM-cRGD. (D) Electrophoretic light scattering analysis of Zeta potential for FOM, IR780@FOM, and IR780@FOM-cRGD nano-particles. 
(E and F) Dispersion status (E) and particle size changes (F) of IR780@FOM and IR780@FOM-cRGD in PBS. (G) In vitro release detection of IR780@FOM-cRGD.
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enhanced stability and biocompatibility due to reduced likelihood of aggregation within this range.29 Results from the 
Nanoparticle Stability Experiment indicated no significant changes in polymer dispersity index (PDI) and particle size for 
both samples, as demonstrated in Figures 2E and F. This consistency in size and PDI suggests that the nanoparticles 
exhibited good dispersion and stability over the duration of the experiment.30 This stability provides a strong foundation 
for the subsequent utilization and storage of these nanoparticles in nanomedicine applications. The in vitro release curve 
of IR780@FOM-cRGD, as depicted in the figure, shows that the cumulative release of IR780 increases over time. 
However, after 12 hours, the release of IR780 reaches a plateau, stabilizing at a release rate of no more than 5% 
(Figure 2G). This plateau indicates the excellent stability of IR780@FOM-cRGD, highlighting its potential for sustained 
delivery applications.

Furthermore, the drug loading rate detection results reveal that the loading rate of IR780 in the nanoparticles was 5.31 
±0.28%. When compared to the drug loading rates reported in similar studies—3.46±0.03% for folate-modified liposomal 
nanoparticles by Jiao Song et al, and 3.06% for polymeric shells based on poly(propylene glycol-b-polyethylene glycol) 
by Sijie Chen et al—the FOM nanomicelles synthesized in this study demonstrate a superior drug loading capacity. This 
higher drug loading rate offers significant advantages, including enhanced drug delivery efficiency and reduced dosage 
requirements, making these nanoparticles highly advantageous for therapeutic applications.31,32 The comprehensive 
characterization of the aforementioned nanomaterials conclusively demonstrates the successful synthesis of these 
nanostructures.

The Biocompatibility and Cellular Uptake of IR780@FOM-cRGD
The results of the CCK8 assay revealed that IR780@FOM-cRGD exerted minimal impact on the viability of L-929 and 
AML-12 healthy cells across a concentration range of 0–100 μg/mL. Cell viability remained largely unchanged with 
increasing concentrations (Figure 3A). This experiment underscores the low cytotoxicity of IR780@FOM-cRGD towards 
normal cells, demonstrating its favorable in vitro safety profile.33,34 The hemolysis assay results demonstrated that the 
hemolysis rate remained below 10% for concentrations of IR780@FOM-cRGD up to 100 μg/mL (Figure 3B). This 
finding indicates that IR780@FOM-cRGD possesses favorable in vivo safety characteristic.35 As the concentration of 
IR780@FOM-cRGD nanoparticles increased, their cytotoxic efficacy against tumor cells under ultrasound activation also 
enhanced, achieving an IC50 value of 5.204 μg/mL (Figure 3C). This result demonstrates that IR780@FOM-cRGD 
exhibits high efficiency in killing and inhibiting tumor cells when activated by ultrasound, identifying 5.204 μg/mL as 
a critical reference concentration for future cellular experiments.36

Confocal fluorescence imaging results demonstrated that the red fluorescence intensity within the cytoplasm of H22 
cells co-cultured with IR780@FOM was relatively weaker at 0.5h and 1h post nanoparticle addition. In contrast, the red 
fluorescence from IR780@FOM-cRGD was significantly stronger at these time points (Figure 3D). Notably, at 1h post 
addition, the fluorescence intensity in H22 cells treated with IR780@FOM-cRGD was considerably higher compared to 
that in pancreatic cancer (Pan02) and colorectal cancer cells (MC38), highlighting the enhanced targeting capability of 
IR780@FOM-cRGD specifically towards H22 cells. These observations align with findings by Biyuan Zheng et al, who 
reported high target specificity towards H22 tumor cells using silicon phthalocyanine nanoparticles decorated with cRGD 
ligands.28 These findings collectively suggest that both IR780@FOM and IR780@FOM-cRGD nanoparticles are capable 
of being internalized into the cytoplasm of various tumor cells. However, the cRGD-modified IR780@FOM-cRGD 
demonstrates enhanced targeting capabilities specifically towards H22 cells. This ensures a sufficient accumulation of the 
nanomedicine within H22 cells, potentially enhancing therapeutic efficacy.37

The in vitro Cytotoxic and Inhibitory Effects of IR780@FOM-cRGD
After culturing, H22 cells were divided into six treatment groups: PBS, US, IR780@FOM, IR780@FOM-cRGD, 
IR780@FOM+US, and IR780@FOM-cRGD+US. A series of assays, including flow cytometry-assisted apoptosis 
analysis (Figure 4A), live-dead cell staining (Figure 4B and S1A), Transwell migration (Figure 4C), Transwell invasion 
(Figure 4D), and colony formation assays (Figure 4E), were conducted. The results indicated that cytotoxicity and 
inhibitory effects on proliferation, invasion, and migration of H22 cells were less pronounced in the control and single 
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treatment groups (PBS, US, IR780@FOM, IR780@FOM-cRGD) compared to the combination therapy groups. Notably, 
the IR780@FOM-cRGD+US group exhibited the most significant therapeutic efficacy.

These findings suggest that once internalized by tumor cells in substantial quantities, IR780@FOM-cRGD can 
significantly enhance the apoptosis of these cells and inhibit their invasive, migratory, and proliferative capacities 
when activated by ultrasound. This underscores the potential of IR780@FOM-cRGD as a powerful agent for targeted 
ultrasound-mediated therapy.38 IR780 is a well-known sonosensitizer. Previous research has demonstrated that ultrasound 
can induce mechanical vibrations of sonosensitizer molecules, generating significant thermal effects and ROS. These 
effects can cause structural damage to cells and induce apoptosis in tumor cells. This mechanistic insight highlights the 
therapeutic potential of IR780 in ultrasound-mediated cancer treatments, where its properties are harnessed to enhance 
cell cytotoxicity and apoptotic responses.32,39 The results presented in Figure 4A corroborate this mechanism; under 
ultrasound activation, the IR780@FOM and IR780@FOM-cRGD groups exhibit significantly increased mechanical 
damage compared to the PBS, US, IR780@FOM, and IR780@FOM-cRGD groups, particularly in the first quadrant. 

Figure 3 The biocompatibility and cellular uptake of IR780@FOM-cRGD. (A) The CCK8 assay assessed the toxicity of increasing concentrations of IR780@FOM-cRGD on 
AML-12 and L-929 cells. (B) Hemolysis rates of red blood cells were analyzed with an ELISA reader after adding IR780@FOM-cRGD nanoparticles at different 
concentrations to deionized water and PBS with centrifuged red blood cells. (C) The IC50 of IR780@FOM-cRGD under ultrasound stimulation was determined using 
the CCK8 assay. (D) The uptake ability of H22, Pan02 and MC38 cells for IR780@FOM-cRGD nanoparticles was evaluated after adding nanoparticles, respectively, using 
confocal microscopy.
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Furthermore, upon ultrasound activation, sonosensitizers like IR780 can generate reactive oxygen species (ROS). These 
ROS contribute to cellular oxidative stress and lipid peroxidation, which in turn damages cell membranes and organelles, 
ultimately leading to tumor cell death. This elucidates the dual mechanism of ultrasound-mediated therapy, leveraging 
both mechanical and oxidative stress to enhance antitumor efficacy.40 Similar to the study conducted by An Jie et al, who 
synthesized a mitochondria-targeting nano platform CDP@HP-T with surface-loaded photosensitizer CE6, this nano 
platform, when activated by ultrasound, generates abundant reactive oxygen species (ROS), exerting potent cytotoxic 
effects on tumor cells, resulting in complete tumor eradication and suppression of tumor recurrence in mice.41

The results of ROS detection in this study further confirm that under ultrasound activation, the production of ROS is 
significantly increased in both the IR780@FOM and IR780@FOM-cRGD groups. Notably, due to the targeted delivery 
facilitated by cRGD, ROS production is highest in the IR780@FOM-cRGD group (Figure 4F and S1B). These findings 
indicate that upon rapid internalization by H22 cells, IR780@FOM-cRGD, in conjunction with ultrasound and its 

Figure 4 The in vitro cytotoxic and inhibitory effects of IR780@FOM-cRGD. (A and B) Flow cytometry (A) and live-dead staining (B) were used to evaluate the cytotoxic 
effects of PBS, US, IR780@FOM, IR780@FOM-cRGD, US+IR780@FOM, and US+IR780@FOM-cRGD on H22 cells. (C-D) Transwell migration (C) and invasion assays (D) 
were employed to assess the inhibitory effects of the six treatment groups on the invasion and migration capacity of H22 cells. (E) A colony formation assay was employed 
to evaluate the proliferation of H22 cells across six treatment groups. (F) Additionally, ROS detection reagents were utilized to assess the impact of the six treatments on 
ROS production.
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sonosensitizing properties, can generate substantial amounts of ROS. This leads to both mechanical and ROS-induced 
cellular damage in H22 cells, highlighting the dual therapeutic mechanisms of this nano platform.

Fluorescence Imaging Analysis of IR780@FOM-cRGD
IR780 is not only a photosensitizer but also a near-infrared fluorescent dye, which has the ability to perform near-infrared 
imaging.42 Its maximum excitation wavelength is around 700–900 nm, which enables it to penetrate through the deeper 
regions of biological tissues.43 Therefore, it has been widely applied in the field of biomedical imaging technology, 
particularly in near-infrared fluorescence imaging.31 Results from small animal fluorescence imaging demonstrated 
strong fluorescence signals at the tumor site post tail vein injection of nanoparticles in both groups. Notably, the 
fluorescence intensity in the IR780@FOM-cRGD group was significantly stronger than that in the IR780@FOM 
group at 0, 4, 8, and 12 hours post-injection (Figure 5A and B). These observations suggest that IR780@FOM-cRGD 
possesses enhanced tumor-targeting capabilities, making it a promising candidate for tumor imaging. As such, 
IR780@FOM-cRGD could potentially be utilized for non-invasive imaging to ascertain the location, size, and morphol-
ogy of tumors, providing crucial information for diagnostic and therapeutic applications.44 Organ fluorescence imaging in 
mice revealed distinct patterns of nanoparticle distribution: IR780@FOM primarily accumulated in the lungs, whereas 
IR780@FOM-cRGD showed relatively low accumulation in the heart, liver, spleen, lungs, and kidneys (Figure 5C). This 
distribution pattern indicates that IR780@FOM-cRGD exhibits a high degree of tumor-targeting specificity and minimal 
accumulation in normal tissues. These findings underscore the enhanced safety profile of IR780@FOM-cRGD, reflecting 
its potential as a targeted therapeutic agent with reduced risk of systemic toxicity.45

Anti-PD-L1 Combined with Nanoscale Sonodynamic Therapy on Mouse 
Tumor
This study demonstrates that IR780@FOM-cRGD possesses targeted tumor capabilities and, when activated by ultra-
sound, the sonosensitizer generates a significant amount of reactive oxygen species (ROS) within the tumor, leading to 
tumor cell destruction. The resultant cellular damage and lysis release various tumor antigens, including heat shock 
proteins, ATP, and DNA. These antigens are captured by antigen-presenting cells, predominantly dendritic cells (DCs), 
which in turn promote their maturation. Mature DCs then present these antigens to T cells, initiating an adaptive immune 
response. This process leads to persistent immune-mediated eradication of tumor cells, a mechanism known as 
immunogenic cell death (ICD). This highlights not only the therapeutic efficacy of IR780@FOM-cRGD in direct 

Figure 5 Fluorescence imaging imaging analysis of IR780@FOM-cRGD. (A) Representative images of small animal fluorescence imaging at 0h, 4h, 8h, and 12h after 
intravenous injection of IR780@FOM and IR780@FOM-cRGD in BALB/C mice at 0h. (B) Quantitative comparative analysis of fluorescence in mouse tumors. (C) Organ 
fluorescence imaging of mice’s heart, liver, spleen, lungs, and kidneys after sacrifice. Statistical analysis was conducted using a two-tailed non-paired t-test, where significance 
levels were denoted as follows: ***For P < 0.001.
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tumor ablation but also its potential to enhance antitumor immunity.46 However, the capacity of immunogenic cell death 
(ICD) alone to activate the human immune system and effectively inhibit or kill tumor cells is limited. Tumor cells often 
employ immune escape mechanisms that allow them to evade immune surveillance. Among the most significant of these 
mechanisms is the PD1/PD-L1 immune checkpoint pathway. This pathway plays a critical role in dampening the immune 
response, enabling tumor cells to persist and proliferate despite the immune system’s efforts to eliminate them.46–49 PD- 
L1, by binding with its receptor PD-1, inhibits the immune activity of activated T cells, B cells, and natural killer cells, 
thus avoiding being attacked and eliminated by the immune system.50 Anti-PD-L1 antibodies can bind to PD-L1 and 
block the process of tumor cell escape.51 Currently, PD-L1 immune checkpoint blockade therapy (ICB) has achieved 
good results in the combination treatment of liver cancer, but its side effects are also significant. Moreover, the 
therapeutic effect of PD-L1 monotherapy is still unsatisfactory.52 Therefore, this study aims to combine the ICD effect 
produced by sonodynamic therapy with ICB treatment to fully activate the tumor immune response, thereby inhibiting 
tumor growth while minimizing side effects.

In this study, tumor-bearing mice were allocated into four treatment groups: PBS control, IR780@FOM-cRGD+US, 
Anti-PD-L1, and IR780@FOM-cRGD+US+Anti-PD-L1. Our findings revealed no significant differences in body weight 
and temperature among these groups post-treatment (Figure 6A and B). Notably, the IR780@FOM-cRGD+US+Anti-PD- 
L1 group demonstrated the most substantial inhibitory effect on tumor growth compared to the other groups (Figure 6C). 
Immunohistochemical analysis indicated significantly elevated ROS levels in the tumor tissues of both the IR780@FOM- 
cRGD+US and IR780@FOM-cRGD+US+Anti-PD-L1 groups (Figure 6D and SI1B), confirming that ultrasound stimu-
lation of IR780@FOM-cRGD effectively promotes ROS generation. Furthermore, the IR780@FOM-cRGD+US+Anti- 
PD-L1 group exhibited increased levels of the DNA damage-related protein γ-H2AX (Figure 6E and SI1C) and 
a significant rise in the apoptotic protein TUNEL (Figure 6F and SI1D), while the proliferation-related protein Ki-67 
was markedly reduced (Figure 6G and SI1E). These results suggest that the synergistic treatment involving Anti-PD-L1 
and IR780@FOM-cRGD under ultrasound stimulation provides a more potent tumor-suppressive effect than either Anti- 
PD-L1 or IR780@FOM-cRGD+US treatment alone. This combination strategy enhances tumor cell apoptosis, DNA 
damage, and reduces cellular proliferation, thereby amplifying anti-tumor efficacy.

Anti-PD-L1 Combined with Nanoscale Sonodynamic Therapy Promotes 
Antitumor Immune Activation
The results demonstrate that the combination therapy of IR780@FOM-cRGD+US+Anti-PD-L1 significantly inhibits tumor 
growth and induces cytotoxicity in mouse tumors. In addition to the direct cytotoxic effects mediated by ultrasound-activated 
sonosensitizers, this study also raises the question of whether the mouse immune system has been effectively activated as 
a result of the treatment. Previous studies have established that activation of the tumor immune response can lead to 
alterations in various cytokine levels, suggesting a systemic immunological engagement. Understanding whether such 
activation occurs in response to this combination therapy could provide deeper insights into its mechanisms of action and 
potential for inducing a durable immune-mediated antitumor response.53 In this study, serum levels of representative 
cytokines were measured to assess immune system activation. The results indicated that, compared to the IR780@FOM- 
cRGD+US and Anti-PD-L1 groups, the combination therapy of IR780@FOM-cRGD+US+Anti-PD-L1 significantly ele-
vated the levels of pro-inflammatory cytokines IL-6, TNF-α, and IFN-γ, while concurrently reducing the production of anti- 
inflammatory cytokines IL-10 and TGF-β (Figure 7A). This cytokine profile suggests an enhanced immunogenic response, 
potentially facilitated by immunogenic cell death (ICD). ICD is known to activate dendritic cells (DCs), promoting their 
maturation and differentiation. This enhances their antigen-presenting and immune-regulatory capabilities, thereby amplify-
ing the immune system’s capacity to target and eliminate tumor cells. This mechanism underscores the potential of 
combining ICD-inducing therapies with immune checkpoint inhibitors to robustly stimulate anti-tumor immune 
responses.54 Therefore, this study measured the level of mature DC cells in tumor tissues. Results of flow cytometric 
analysis showed that the levels of mature DC cells in the IR780@FOM-cRGD+US+Anti-PD-L1 group were significantly 
higher than those in other groups (Figure 7B). Similar to the research conducted by Zecong Xiao et al, they utilized mannose 
as a targeting ligand for modification, delivering de-methylating enzyme inhibitor-loaded nanoparticles carrying tumor- 
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Figure 6 Effect of Anti-PD-L1 combined with Nano-sonodynamic Therapy on tumor in mice. (A–C) BALB/C mice were subcutaneously injected with H22 cells to establish 
a mouse tumor model. The mice were divided into four groups: PBS group, US+IR780@FOM-cRGD group, Anti-PD-L1 group, and US+IR780@FOM-cRGD+Anti-PD-L1 
group. The body temperature and weight (A) of the mice were measured every other day, and the size of the tumors (B) was recorded by taking representative images (C) 
of the tumors after 7 days. (D–G) Immunohistochemistry was used to stain ROS (D), γ-HSAX (E), Tunel (F), and Ki67(G) in mice tumor tissues to determine the level of 
ROS production, DNA damage level, apoptosis and proliferation level within the tumors. Statistical analysis was conducted using a two-tailed non-paired t-test, where 
significance levels were denoted as follows: ***for P < 0.001, and ****for P < 0.0001.
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Figure 7 Effect of Anti-PD-L1 combined with Nano-sonodynamic Therapy on tumor immunity in mice. (A) On day 18 post-tumor inoculation, the serum of mice in the PBS group, 
IR780@FOM-cRGD+US group, Anti-PD-L1 group, and IR780@FOM-cRGD+US+Anti-PD-L1 group was collected to measure the levels of IL-6, TNF-α, IFN-γ, IL-10, and TGF-β. (B) 
The tumor from each group of mice was harvested to prepare single-cell suspensions. Flow cytometry analysis with CD80 and CD86 antibodies was performed to assess the level of 
mature DC cells in each treatment group. (C) The tumor tissue from each group of mice was stained with CD3, CD8, CRT, and FOXP3 antibodies using immunohistochemical staining 
to evaluate the infiltration of CD3+ and CD8+ T cells, the status of immunogenic cell death, and immunosuppression. Statistical analysis was conducted using a two-tailed non-paired 
t-test, where significance levels were denoted as follows: *for P < 0.05, **for P < 0.01, ***for P < 0.001, and ****for P < 0.0001.
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Figure 8 Safety evaluation of Anti-PD-L1 combined with nano-sonodynamic therapy in tumor therapy. (A–C) On day 18 after tumor formation, serum was collected from 
mice in the PBS group, IR780@FOM-cRGD+US group, Anti-PD-L1 group, and IR780@FOM-cRGD+US+Anti-PD-L1 group to measure the levels of ALT and AST (A), CCr 
(B), and Urea (C). (D) The lungs, liver, spleen, kidneys, and heart of each group of mice were also subjected to HE staining analysis to observe changes in cell morphology 
and assess normal cell damage.Statistical analysis was conducted using a two-tailed non-paired t-test, where significance levels were denoted as follows: ns stands for no 
significant difference.
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associated antigens (TAAs) to the tumor site followed by HCC thermal ablation. This approach was shown to promote 
dendritic cell (DC) maturation and enhance effector T-cell tumor infiltration.55 Our findings further demonstrate that effective 
sonodynamic therapy (SDT) can promote the maturation of dendritic cells (DCs). Immunohistochemical analysis revealed 
significant increases in the levels of CD3 and CD8 in tumors following treatment with IR780@FOM-cRGD+US+Anti-PD- 
L1, indicating an enhanced T-cell response (Figure 7C and SI1F–1G). Additionally, the levels of calreticulin (CRT), a marker 
of immunogenic cell death, were significantly elevated, while the expression of the immunosuppressive protein FoxP3 was 
markedly reduced post-treatment (Figure 7C and SI1H–1I). These results suggest that the combination of Anti-PD-L1 with 
nanoscale sonodynamic therapy not only promotes immunogenic cell death but also effectively counteracts immune 
checkpoint-based suppression, thereby robustly activating the mouse’s anti-tumor immune response. This combination of 
ICD and immune checkpoint blockade (ICB) highlights a potent strategy for enhancing anti-tumor immunity.

Safety Evaluation of Anti-PD-L1 Combined with Nano-Sonodynamic 
Therapy in Mouse Tumor Treatment
Hepatocellular carcinoma patients often suffer from varying degrees of liver dysfunction due to factors such as liver cirrhosis, 
which often hinders the application of traditional treatment methods.56 The nanomaterials designed in this study are 
engineered for high targeting specificity. The combination therapy utilizing IR780@FOM-cRGD+US+Anti-PD-L1 is 
designed to selectively kill tumor cells while activating the body’s intrinsic anti-tumor immunity, potentially ensuring 
a high safety profile. To assess this, liver and kidney function tests were conducted post-treatment, along with hematoxylin 
and eosin (H&E) staining of various tissue organs. The biosafety analysis revealed no significant alterations in liver and 
kidney function indicators such as aspartate transaminase (AST), alanine aminotransferase (ALT), endogenous creatinine 
clearance rate (CCr), and urea in the serum of mice across all treatment groups before and after therapy (Figure 8A–C). 
Additionally, immunohistochemical staining showed no treatment-related damage to vital organs such as the liver, spleen, 
kidney, heart, and lungs of the mice (Figure 8D). These findings underscore the safety of combining Anti-PD-L1 with nano- 
sonodynamic therapy in mouse models of tumor treatment, highlighting its potential suitability for clinical applications.

Conclusions
This study successfully synthesized Fe3O4 micelles, specifically IR780@FOM-cRGD, which demonstrated suitable size, 
particle size distribution, and stability, while exhibiting good biocompatibility in both cellular and mouse models. These 
nanomicelles effectively targeted tumor cells, releasing high levels of energy and reactive oxygen species (ROS) under 
ultrasound activation. This activity not only directly killed tumor cells but also inhibited their invasion, migration, and 
apoptosis. Additionally, the nanomicelles showcased robust near-infrared imaging capabilities, indicating their potential 
for integrated diagnostic and therapeutic applications.

Importantly, the integration of nanomicelle-based sonodynamic therapy with Anti-PD-L1 treatment combined immu-
nogenic cell death (ICD) and immune checkpoint blockade (ICB), enhancing anti-inflammatory cytokine expression, 
dendritic cell (DC) maturation, and T cell activation. This comprehensive immune activation led to significant anti-tumor 
effects, demonstrating the therapeutic potential of this non-invasive strategy for treating deep-seated tumors without 
significant damage to the liver, kidneys, or other critical organs, affirming its biosafety.

Future studies will aim to enhance the real-time monitoring and prognosis evaluation of these nanomicelles 
throughout the treatment process. This innovative approach offers a promising strategy for the diagnosis and treatment 
of liver cancer and presents a viable method for clinical translation.
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