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Sono-immunotherapy is expected to effectively enhance treatment efficacy and reduce mortality in 
patients with pancreatic cancer. Hence, efficient applicable sono-immunotherapy systems are urgently 
needed for the treatment of this condition. In this study, hollow mesoporous carbon (HMC) nanoparticles 
were prepared using the sacrificial template method. These nanoparticles had a porphyrin-like structure 
and could generate singlet oxygen more efficiently than commercial TiO2. Cellular assays showed that 
HMC killed tumor cells in the presence of ultrasonication, primarily by inducing apoptosis. HMC could also 
accelerate the release of immune factors by tumor cells, thereby activating dendritic cells and enhancing the 
efficacy of immunotherapy. Experiments in tumor-bearing mice and in situ pancreatic cancer tests showed 
that HMC, in combination with the small-molecule inhibitors of programmed cell death ligand 1, could 
reduce tumor growth via the generation of reactive oxygen species following ultrasonication. HMC could 
enhance the efficacy of immunotherapy by disrupting the immunosuppressive tumor microenvironment 
and promoting the accumulation of immune cells. Accordingly, in vivo sono-immunotherapy was achieved, 
and the growth of transplanted tumors and in situ tumors could be reduced. In conclusion, this study 
proposes a novel method for the preparation of HMC nanoparticles and demonstrates their potential in 
tumor treatment. Additionally, owing to their unique structure, these HMC nanoparticles could be used 
for different combination therapies tailored based on specific clinical requirements.

Introduction

   Pancreatic cancer is a malignancy associated with a high rate 
of mortality [  1 –  3 ]. Despite important advancements in medical 
research and technology, the treatment of pancreatic cancer 
remains challenging [  4 –  6 ]. Current chemotherapeutic agents 
often demonstrate low efficacy against pancreatic cancer cells, 
and patients frequently experience poor tolerance to these 
drugs [  7 –  9 ]. Additionally, the limitations of radiotherapy pre-
vent its complete adoption in a wide range of patients. Although 
conventional therapies can offer some benefits when used in 
combination with immunotherapy, the complex microenviron-
ment of pancreatic cancer allows tumor cells to suppress the 
immune response through the secretion of specific molecules 
[  10 –  15 ]. Hence, novel therapeutic approaches are urgently war-
ranted. Recent studies have shown that ultrasonic treatment 
can temporarily disrupt the barriers (such as fibrous tissue) 
around pancreatic tumors, enhancing drug delivery to the 

tumor and eliciting an immune response that improves treat-
ment outcomes [  16 –  20 ]. Hence, the application of sonosensitiz-
ers with effective sonodynamic properties, in combination with 
immunotherapy, could be expected to substantially improve 
treatment efficacy in patients with pancreatic cancer and limit 
the damage caused by this condition [  21 –  25 ].

   Recently, metal–organic framework (MOF)-derived carbon 
materials have garnered considerable interest among research-
ers owing to their unique structures and exceptional performance 
[  26 –  28 ]. These materials have found widespread applications in 
energy storage [  29 ], medical imaging [  30 ], and cancer therapy 
[  31 ,  32 ]. Compared to conventional carbon-encapsulated mate-
rials, MOF-derived carbon materials offer several advantages, 
including more uniform channels, larger specific surface areas, 
and more regular metal-oxide structures [  33 –  36 ]. These features 
make them particularly valuable in the field of biomedicine 
[  37 ,  38 ]. For example, Pan et al. [  39 ] utilized carbon nanoparticles 
fabricated by calcining zeolitic imidazolate frameworks (ZIFs) 
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for efficient sonodynamic therapy. Similarly, Jiang et al. [  40 ] 
developed regular nanoparticles via MOF calcination to enhance 
resolution in magnetic particle imaging. These studies demon-
strate the substantial research and diverse application potential 
of MOF-derived carbon materials in biomedicine [  41 ,  42 ]. 
However, there is limited research on the synthesis of MOF-
derived hollow carbon nanomaterials and their specific bio-
medical applications.

   In this study, we propose a novel method to fabricate hollow 
mesoporous carbon (HMC) nanoparticles through calcination-
etching using SiO2@ZIF-8 as a sacrificial template (Fig.  1 ). With 

its porphyrin-like structure, these HMC nanoparticles could 
convert oxygen into singlet oxygen in the presence of ultra-
sound (US) treatment, offering a stronger conversion ability 
than commercial TiO2. In vitro cellular assays demonstrated 
that in response to US, HMC nanoparticles could effectively 
enter cells and produce reactive oxygen species (ROS), leading 
to cell death. Cell death, in turn, promoted the release of high 
mobility group protein B1 (HMBG1) and calreticulin (CRT) 
from tumor cells, thus promoting the maturation of dendritic 
cells (DCs). Finally, experiments in animal models demon-
strated that HMC nanoparticles had good biocompatibility, 

Fig. 1. Preparation routine of hollow mesoporous carbon (HMC) and schematic of tumor growth inhibition. After tail vein injection, HMC accumulated in tumor tissues, promoting 
the production of reactive oxygen species (ROS) under ultrasound treatment. ROS induced tumor cell death, leading to the release of high mobility group protein B1 (HMBG1) 
and calreticulin (CRT) and the consequent activation of dendritic cells (DCs). This enabled T cells to further eliminate tumor cells. Z-MI, 2-methylimidazole; ICD, immunogenic 
cell death; ZIF, zeolitic imidazolate framework; US, ultrasound; ATP, adenosine triphosphate.
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could accumulate in tumors after tail vein injection, and could 
inhibit tumor growth following US treatment. These nanoparticles 
could be loaded with small-molecule inhibitors of programmed 
cell death ligand 1 (PD-L1), promoting their accumulation on the 
surface of tumor cells and enhancing the immune response, 
thereby achieving sono-immunotherapy. Experiments in an 
in situ tumor model of pancreatic cancer further confirmed 
that this strategy enables the effective treatment of in situ pan-
creatic cancer.           

Methods

Synthesis of HMC
   First, we dispersed 100 mg of 120-nm SiO2 in 20 ml of methanol 
and stirred the solution until it was uniform. Next, we added 
150 mg of zinc nitrate hexahydrate to the solution and continued 
stirring for 4 h before adding 250 mg of 2-methylimidazole. This 
was allowed to age at room temperature for 20 h. Subsequently, 
the product was collected by high-speed centrifugation and 
washed 3 times with methanol and ethanol. It was then dried 
in a vacuum oven to obtain SiO2@ZIF-8. We then dispersed 
100 mg of SiO2@ZIF-8 in a porcelain boat and placed it in a 
tube furnace, heating it at a rate of 5 °C/min to 900 °C and 
maintaining its temperature for 4 h and then cooling it to room 
temperature. The resultant powder was dispersed in an ammo-
nia solution to remove SiO2. After centrifuging the mixture, 
the product was washed 3 times with deionized water and etha-
nol. Finally, the product was dispersed in deionized water 
and freeze-dried to obtain a black powder.   

Cell culture
   PAN02 cells were cultured in complete high-glucose Dulbecco’s 
modified Eagle medium. The medium was supplemented with 
10% fetal bovine serum (FBS) and 1% penicillin–streptomycin. 
The cells were maintained in a 37 °C incubator with 5% CO2.   

Statistical analysis
   The presented statistical data are expressed as mean ± standard 
deviation. The calculated P values were determined through a 
Student t test (***P < 0.001; **P < 0.01; *P < 0.05).    

Results and Discussion

Preparation and testing of HMC
   Herein, the MOF-derived HMC nanospheres were prepared 
using the method shown in Fig.  2 A. First, a layer of ZIF-8 was 
grown on the surface of SiO2 to obtain SiO2@ZIF-8, which was 
subsequently used as the sacrificial template (Figs.  S1  and  S2 ). 
Then, SiO2@ZIF-8 was calcinated at 900 °C for 4 h to carbonize 
ZIF and remove zinc ions. The calcined products were col-
lected and reacted with ammonia to remove the SiO2 template. 
Then, after several centrifugal washes, HMC nanospheres were 
obtained.        

   The structure of the as-prepared HMC nanoparticles was 
tested. Transmission electron microscopy images showed that 
HMC had a hollow structure, and its surface contained channels 
(Fig.  2 B). The average size of HMC was 158.74 ± 11.42 nm from 
20 nanoparticles. Elemental analysis showed that HMC con-
tained a large amount of C, N, and O (Fig.  S3 ). Further, elemental 
mapping demonstrated that C, N, and O were largely enriched 
on the surface of HMC, further demonstrating the hollow 

structure of these particles (Fig.  2 C). X-ray diffraction analyses 
indicated that HMC did not have any obvious crystalline struc-
ture (Fig.  2 D), and it was a carbon nanomaterial. Brunauer–
Emmett–Teller analysis showed that HMC exhibited good 
nitrogen adsorption effects (Fig.  2 E), with a maximum saturated 
adsorption capacity of 304.25 cm3/g. The adsorption/desorption 
curve of HMC conformed to a type IV adsorption isotherm, 
consistent with the H4 type. The hysteresis loop isotherm did 
not show an obvious saturated adsorption plateau, in line with 
the irregularity observed in the pore size test (Fig.  S4 ). The 
average pore diameter is 5.3 ± 0.4 nm, which can be used to 
delivery small molecular. Overall, the findings showed that 
ZIF-8 collapsed randomly at high temperatures to generate 
carbon structures, making forming regular channels remain 
challenging.

   X-ray photoelectron spectroscopy was employed to elucidate 
the microstructure of HMC (Fig.  3 A to D). The results showed 
that HMC contained C, N, and O, which was consistent with the 
results of the elemental analysis. The analysis of the N 1s spectra 
showed that HMC mainly contained 3 types of N elements: pyri-
dinic, graphitic, and pyrrolic. This indicated that HMC was pri-
marily composed of porphyrin-like N structures and graphitic 
N, suggesting that it may have a sonodynamic effect similar to 
that of porphyrin. The analysis of the C 1s and O 1s spectra 
revealed that HMC was mainly composed of sp2 C and various 
functional groups formed by C and O, indicating that HMC had 
a more typical composition of carbon nanomaterials.        

   Subsequently, dynamic light scattering analysis and zeta 
potential tests were performed to examine HMC nanoparticles 
dispersed in an aqueous medium. HMC could be effectively 
dispersed in an aqueous medium, with a hydrated particle size 
of 185.72 ± 17.4 nm and a zeta potential of −7.46 ± 0.71 mV 
(Fig.  3 E). These results also indicated that HMC remained 
stable in blood. In order to test the sonodynamic effect of HMC, 
the electron paramagnetic resonance spectra were tested under 
different conditions. 5,5-Dimethyl-1-pyrroline N-oxide was 
used as a radical scavenger. The results showed that only HMC 
demonstrated obvious electron paramagnetic resonance peaks 
under US treatment, and the corresponding peak shapes and 
ratios indicated that the active substance produced was singlet 
oxygen (Fig.  3 F). The ability of HMC to produce singlet oxy-
gen and degrade 1,3-diphenylisobenzofuran under different 
durations of ultrasonication was analyzed using commercial 
TiO2 as a control (Fig.  3 G to I). HMC could degrade more 
1,3-diphenylisobenzofuran within the same time (degradation 
rate = 54.8% vs. 35.0%) than TiO2. This showed that HMC had 
better singlet-oxygen-generating capacity and could produce more 
ROS per unit time, thus providing a better tumoricidal effect.   

Phagocytosis and tumor cell death induced by HMC
   Our experiments showed that HMC could effectively generate 
singlet oxygen after ultrasonication and thus had tumoricidal 
potential. However, their tumoricidal effects were dependent 
on their ability to effectively enter cells, which remained to be 
tested. First, fluorescein isothiocyanate was used as a fluorescent 
marker and loaded into HMC nanoparticles to study their 
intracellular distribution and phagocytosis after co-incuba-
tion with cells (Fig.  4 A to C). Confocal microscopy revealed 
that after 8 h of incubation, HMC was widely distributed 
throughout the cytoplasm, without showing marked accu-
mulation in specific subcellular organelles. This indicated that 
HMC nanoparticles efficiently entered the cells and primarily 
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localized to the cytoplasm. Further analysis using flow cytom-
etry was performed to examine the intracellular content of 
HMC at various time points after incubation. The results dem-
onstrated that the phagocytosis of HMC by cells increased over 
time. However, there was no significant increase between 8 
and 12 h of co-incubation. This finding suggested that the peak 
of phagocytosis occurred at 8 h. Thus, this time point was chosen 
for subsequent experiments. Additionally, the ability of HMC to 
generate ROS in tumor cells was also evaluated (Fig.  4 D to F). 
HMC nanoparticles effectively produced ROS in response to 
ultrasonic treatment after 8 h of co-incubation with cells. The 
rate of ROS production in these cells was substantially different 
from that in control cells. Flow cytometry showed that HMC com-
bined with US treatment (HMC + US) increased intracellular 
ROS levels by 15-fold. This increase in ROS production was 
expected to effectively kill and inhibit the growth of tumor cells.        

   The impact of HMC + US on mitochondrial membrane 
potential was also investigated. A marked decrease in mito-
chondrial membrane potential was detected when the cells were 
treated with both HMC and US. Flow cytometry results indi-
cated that approximately 75.8% of the JC-1 probes existed as 
monomers after treatment, in contrast to <4% in other groups 
(Fig.  5 A and B and Fig.  S5 ). This suggested that the singlet 
oxygen generated by HMC in response to US treatment notably 
reduced the mitochondrial membrane potential, impairing the 
ability of mitochondria to maintain normal physiological func-
tions in tumor cells and potentially inducing early apoptosis. 
Live/dead fluorescence staining confirmed that HMC + US 
treatment effectively killed tumor cells (Fig.  5 C and Fig.  S6 ). 
Further analysis showed that 24.3% of the cells in the HMC + 
US group were in the early apoptosis phase, while 55.8% were 
in the late apoptosis or necrosis phase (Fig.  5 D). These results 

Fig. 2. (A) Preparation routine of HMC. (B) Transmission electron microscopy image of HMC. (C) Elemental mapping of HMC. (D) X-ray diffraction pattern of HMC. (E) Brunauer–
Emmett–Teller (BET) analysis of HMC. STP, standard temperature and pressure.
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were consistent with the observed decrease in mitochondrial 
membrane potential. Additionally, cell viability was assessed 
using the Cell Counting Kit-8 assay before and after US treat-
ment (Fig.  5 E). The cell survival rate was lower than 40% after 
treatment with 20 μg/ml HMC combined with US, which was 
consistent with the abovementioned results. Western blot anal-
ysis also revealed that in the HMC + US group, the expression 
of the apoptosis-inhibiting proteins Bcl-2 (from 0.345 to 0.154) 
and survivin (from 1.268 to 0.947) was down-regulated, while 
that of the apoptosis-promoting proteins C-caspase3 (from 
0.152 to 0.249) and γH2AX-S139 (from 0.248 to 0.381) was 
up-regulated (Fig.  5 F and Table  S1 ). These findings further 
demonstrated that HMC + US treatment induces tumor cell 
death by promoting apoptosis.           

HMC promotes the maturation of DCs in vitro
   Our previous experiments showed that HMC can induce apop-
tosis under US treatment and thereby produce tumoricidal 
effects. During apoptosis, tumor cells secrete cytokines that 
promote the maturation of DCs and thus enhance autoimmune 
responses, thereby achieving tumor immunotherapy. Hence, the 
expressions of CRT, high mobility group protein B1 (HMGB1), 

and released adenosine triphosphate (ATP) in PAN02 cells were 
examined under different treatment conditions (Fig.  6 A and B 
and Fig.  S7 ). Confocal imaging and immunofluorescence stain-
ing showed that after HMC + US treatment, HMGB1 was 
down-regulated and CRT was up-regulated in PAN02 cells. 
Further, the released ATP was increased from 0.39 to 1.63 nM 
under different treatment conditions. This suggested that HMGB1, 
CRT, and ATP were released from tumor cells and entered the 
culture medium in the upper chamber. Thereafter, the ability 
of the upper chamber culture medium to promote DC matura-
tion in vitro was tested (Fig.  6 C). Flow cytometry demonstrated 
that the rate of DC maturation increased from 5.11% to 18.2% 
after co-cultivation with the upper chamber culture medium 
(Fig.  6 D and E). This suggested that after HMC + US treat-
ment, apoptotic tumor cells could promote the maturation of 
DCs by releasing HMGB1 and CRT, potentially enhancing the 
effects of immunotherapy.           

HMC enhanced sono-immunotherapy effects in vivo
   The biosafety of HMC was investigated. Specifically, mice were 
treated thrice with either phosphate-buffered saline (PBS) or 
HMC (50 mg/kg) via tail vein injections. None of the mice died 

Fig. 3. Structural analysis of HMC and the impact of sonodynamic treatment. (A) Full X-ray photoelectron spectroscopy spectrum of HMC. (B) N 1s spectrum of HMC. (C) C 1s 
spectrum of HMC. (D) O 1s spectrum of HMC. (E) Particle size distribution and zeta potential of HMC in an aqueous suspension. (F) Electron paramagnetic resonance 
spectra of HMC aqueous suspensions under different conditions. (G) Time-dependent degradation of 1,3-diphenylisobenzofuran (DPBF) by HMC in the presence of 
ultrasonic treatment. (H) Time-dependent degradation of DPBF by TiO2 in the presence of ultrasonic treatment. (I) Normalized results showing the ability of HMC and 
TiO2 to degrade DPBF under prolonged ultrasonication. sat., saturated; Abs., absorbance; PBS, phosphate-buffered saline.
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Fig. 4. Entry of HMC into tumor cells and its ability to generate ROS in response to ultrasonic treatment. (A) Confocal images of HMC in PAN02 cells after 8 h of co-incubation. 
Scale bar: 20 μm. (B) Flow cytometric analysis and (C) quantitative analysis of HMC and PAN02 cells after co-incubation for different durations. (D) Fluorescence images of 
intracellular ROS production by HMC under different conditions. Scale bar: 100 μm. (E) Flow cytometric analysis and (F) quantitative analysis (G1, PBS; G2, US; G3, HMC; G4, 
HMC + US) (n = 3, mean ± SD). DAPI, 4′,6-diamidino-2-phenylindole; MFI, mean fluorescence intensity.
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Fig. 5. Sonodynamic killing effect of HMC on PAN02 cells and the corresponding mechanism of action. (A) Fluorescence images of JC-1-labeled PAN02 cells after different 
treatments. Scale bar: 100 μm. (B) Flow cytometry assessments of PAN02 cells stained with JC-1 after different treatments. (C) Representative images of calcein-AM/propidium 
iodide (PI)-stained PAN02 cells after different treatments. Scale bar: 100 μm. (D) Apoptosis of PAN02 cells after different treatments. (E) Effect of US on cell survival rates 
after the co-incubation of different concentrations of HMC with PAN02 cells for 8 h. (F) Western blot results showing the expression of apoptosis-related proteins in PAN02 
cells after different treatments (G1, PBS; G2, US; G3, HMC; G4, HMC + US) (n = 3, mean ± SD).
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over a 14-d period posttreatment. Subsequently, the main organs 
(e.g., heart, liver, spleen, lungs, kidneys, and brain) of the mice 
were removed, sectioned, and analyzed (Fig.  S8 ). Comparisons 
with the PBS group showed that the injection of HMC did not 
cause any irreversible damage to the main organs, suggesting 
that HMC had good biosafety and could be used to inhibit 
tumor growth in vivo. In order to determine the optimal timing 
of ultrasonic irradiation, the distribution of HMC in vivo was 
tested via the tail vein injection of cyanine5-labeled HMC (Fig. 
 7 A to D). The enrichment of HMC in tumors was found to peak 
at 18 h after injection, suggesting that 18 h after injection was 
the optimal time point for ultrasonic irradiation. Notably, small-
molecule inhibitors of PD-L1 (PD-L1-IN-1) were loaded into 

HMC to enhance the effects of immunotherapy. The feasibility 
of sono-immunotherapy was subsequently tested in PAN02 
tumor-bearing mice after different treatments (G1, PBS; G2, US; 
G3, PD-L1-IN-1@HMC; G4, HMC + US; G5, PD-L1-IN-1@
HMC + US). In the US groups, ultrasonic irradiation was 
performed at 18 h after injection. No obvious decrease in body 
weight was observed in any group during the treatment period, 
demonstrating that the treatment process did not cause any sig-
nificant physiological impairments (Fig.  S8 ). Fig.  7 E and F show 
that there was no difference in tumor volume among G1, G2, 
and G3 mice. However, tumor growth was slower in G4 and G5 
mice, and the tumor size in G5 mice was markedly reduced due 
to the combined effect of PD-L1-IN-1. Overall, HMC could 

Fig. 6. Release of immune factors and the activation of DCs in vitro after the treatment of PAN02 cells with HMC. Fluorescence microscopy of the cytokines (A) HMGB1 (scale 
bar: 100 μm) and (B) CRT (scale bar: 50 μm) in PAN02 cells after different treatments. (C) Schematic diagram of the experiment conducted to examine the activation of DCs 
after different treatments. (D) Flow cytometric analysis and (E) quantitative analysis of DC activation under different treatment conditions (G1, PBS; G2, US; G3, HMC; G4, 
HMC + US) (n = 3, mean ± SD).
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Fig. 7. In vivo distribution of HMC and evaluation of in vivo tumor inhibition. (A) Time-dependent in vivo distribution of HMC in PAN02 tumor-bearing mice following the injection 
of HMC via the tail vein. (B) Time-dependent fluorescence intensity curves generated after the tail vein injection of HMC. (C) Fluorescence imaging and (D) fluorescence 
intensity curves generated from main organs at 18 h after the tail vein injection of HMC. (E) Changes in tumor volume in mice receiving different treatments for 14 d. (F) Tumor 
masses in mice receiving different treatments for 14 d. (G) Hematoxylin and eosin (H&E) (scale bar: 50 μm), (H) KI67 (scale bar: 50 μm), and (I) terminal deoxynucleotidyl 
transferase dUTP nick end labeling (TUNEL) (scale bar: 20 μm) staining of pancreatic tumor tissues from mice undergoing different treatments for 12 d. (J) ROS levels in tumors 
obtained from mice undergoing different treatments. Scale bar: 20 μm (G1, PBS; G2, US; G3, PD-L1-IN-1@HMC; G4, HMC + US; G5, PD-L1-IN-1@HMC + US) (n = 5, mean ± SD).
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Fig. 8. Immune responses induced by HMC treatment in vivo. (A and B) Fluorescence images showing (A) CRT and HMGB1 expression and (B) CD3/CD8 expression at the 
tumor site in PAN02 tumor-bearing mice after different treatments, Scale bar: 20 μm. (C) Proportion of mature DCs (CD45+ CD11b+ MHCII+ CD80+ CD86+) in the draining 
lymph nodes of tumor-bearing mice detected via flow cytometry. (D) Proportion of CD8+ T cells (CD45+ CD3+ CD8+) and CD4+ T cells (CD45+ CD3+ CD4+) in tumor 
tissues. (E) Proportion of regulatory T (Treg) cells (CD45+ CD3+ CD4+ FoxP3+) in tumor tissues. (F) Proportion of natural killer (NK) cells (CD45+ CD3-NK1.1+) in tumor 
tissues. (G) Proportion of activated CD8+ T cells (CD45+ CD3+ CD8+ IFN-γ+) in tumor tissues (G1, PBS; G2, US; G3, PD-L1-IN-1@HMC; G4, HMC + US; G5, PD-L1-IN-1@HMC + 
US). IFN-γ, interferon gamma.
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Fig. 9. Treatment of in situ pancreatic cancer tumors with HMC. (A) Time-dependent in vivo distribution of HMC in mice with in situ pancreatic tumors following the injection of 
HMC via the tail vein. (B) Fluorescence imaging of various organs after the tail vein injection of HMC. (C) Time-dependent fluorescence intensity curves generated after the tail 
vein injection of HMC. (D) In vivo fluorescence intensity in mice after different treatments (fluorescence from PAN02-LUCI). (E) Ex vivo fluorescence analysis of the pancreas 
on day 12 after different treatments. (F) Quantitative analysis of in vivo fluorescence intensity in mice at various time points after different treatments. (G) H&E (scale bar: 
50 μm), (H) KI67 (scale bar: 50 μm), (I) TUNEL (scale bar: 20 μm), and (J) CD3/CD8 (scale bar: 20 μm) immunofluorescence staining of pancreatic tumor tissues from mice 
after 12 d of different treatments (G1, PBS; G2, US; G3, HMC + US; G4, PD-L1-IN-1@HMC + US) (n = 5, mean ± SD).
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effectively inhibit tumor growth following US treatment, and 
PD-L1-IN-1 could enhance this inhibitory effect even further. 
Hence, sono-immunotherapy was effectively achieved in G5 
mice, resulting in the effective inhibition of tumor growth through 
the combination of HMC and PD-L1-IN-1. Subsequently, tumor 
tissues from different groups of mice were sectioned and ana-
lyzed. Hematoxylin and eosin staining revealed the presence of 
a greater number and density of tumor cells in G1, G2, and G3, 
while G4 and G5 contained large regions of tumor necrosis. The 
region of tumor necrosis was higher in G5 than in G4 (Fig.  7 G). 
KI67 and terminal deoxynucleotidyl transferase dUTP nick end 
labeling (TUNEL) staining also confirmed the strong tumori-
cidal and inhibitory effects in G4 and G5, with the therapeutic 
effect in G5 being better than that in G4 (Fig.  7 H and I). Finally, 
ROS fluorescence analysis also revealed that large amounts of 
ROS were generated following US treatment in G4 and G5, and 
the ROS generated could effectively kill tumor cells and inhibit 
tumor growth (Fig.  7 J).        

   In order to investigate the effects of immunotherapy, the 
expression of CRT and HMGB1 in tumor cells was analyzed 
across different groups of mice (Fig.  8 A and Fig.  S9 ). The 
amount of CRT increased after treatment, while that of HMGB1 
decreased considerably after HMC and US treatment, consis-
tent with the results of in vitro tests. The findings demonstrated 
that both the G4 and G5 treatments promoted the release of 
immune factors, thereby enhancing the efficacy of immuno-
therapy. Fluorescence immunoassays for CD3 and CD8 revealed 
that expression of CD3 and CD8 in tumors increased following 
sonodynamic therapy, potentially inducing immunological 
effects that could inhibit tumor growth (Fig.  8 B and Fig.  S10 ). 
Thus, the content of different cell types in the lymph nodes and 
tumors of mice were quantified (Fig.  8 C to G). First, the mature 
DCs in the lymphatic vessels of mice were enumerated. The 
content of mature DCs was much higher in G4 and G5 than in 
the other 3 groups, and PD-L1-IN-1 enhanced the number of 
DCs, thus promoting immunological responses. Subsequently, 
the number of CD4+ and CD8+ T cells in tumors was analyzed. 
Sonodynamic therapy was found to effectively increase the 
number of CD4+ and CD8+ T cells in tumors, and PD-L1-IN-1 
further enhanced this effect. Notably, the number of regulatory 
T cells in tumors showed a decrease (from 14.4% to 5.25%) 
in G4 and G5, suggesting that sonodynamic therapy may also 
increase the efficacy of immunotherapy by disrupting the 
immunosuppressive tumor microenvironment. The number 
of natural killer cells and interferon gamma-positive CD8+ 
T cells also increased after sonodynamic therapy combined 
with PD-L1-IN-1 treatment, further reflecting the presence 
of more active immune cells in tumors. This could lead to 
enhanced tumoricidal effects and improve the effectiveness 
of immunotherapy. Overall, the therapeutic effect in G4 mice was 
derived from sonodynamic treatment alone, which directly killed 
tumor cells, activated the immune system, and disrupted the 
state of immunosuppression in the tumor microenvironment. 
However, after incorporating a small-molecule inhibitor of 
PD-L1, the effects of immunotherapy could be enhanced, thus 
realizing sono-immunotherapy. This treatment was even more 
effective at eliminating tumor cells and inhibiting tumor tissues.        

   To determine the in vivo therapeutic effect of HMC, an 
in situ pancreatic cancer model was constructed. To determine 
the optimal timing of ultrasonication, the in vivo distribution 
of cyanine5-labeled HMC was tested after tail vein injection 
(Fig.  9 A to C). The highest enrichment of HMC in the in situ 

pancreatic cancer model was observed at 24 h after injection. 
Ex vivo tests showed that the injected HMC nanoparticles were 
enriched in the pancreas, which was conducive to sonodynamic 
treatment. The efficacy of sono-immunotherapy was evaluated 
in mice with in situ pancreatic cancer (Fig.  9 D to F). The mice 
were divided into the following groups and received treatment 
injections on days 0, 2, and 4—G1, PBS; G2, US; G3, HMC + 
US; and G4, PD-L1-IN-1@HMC + US. In the US groups, ultra-
sonic irradiation was performed 24 h after injection. The mice 
were observed over an experimental duration of 12 d. As treat-
ment progressed, the fluorescence intensity in the pancreas 
changed. A rapid increase in fluorescence intensity was observed 
in the G1 and G2 groups, while the G3 and G4 groups showed 
a slower increase in fluorescence intensity. In other words, the 
G3 and G4 treatments could effectively inhibit the growth of 
pancreatic tumors when compared with the G1 and G2 treat-
ments. Hence, sonodynamic therapy could effectively inhibit 
the growth of in situ pancreatic cancer. Notably, the fluorescence 
intensity of pancreatic tumors was similar between G3 and G4 
during the first 9 d of treatment, but the fluorescence intensity 
in G4 became lower than that in G3 toward the end of the treat-
ment period. This suggested that the PD-L1 inhibitor could 
enhance the tumoricidal activity of T cells by inhibiting the 
expression of PD-L1 in tumor cells. This not only enhanced the 
effects of immunotherapy but also enabled the long-term elimi-
nation of tumor cells and the inhibition of in situ pancreatic 
cancer. Overall, sono-immunotherapy offered good therapeutic 
effects against both back tumors and in situ pancreatic cancer.        

   Additionally, pancreatic tumor sections from different groups 
were analyzed (Fig.  9 G to J). On hematoxylin and eosin staining, 
G1 and G2 showed a greater number and density of tumor cells, 
while G3 and G4 showed a large area of necrotic tissue. In fact, 
G4 had a larger area of tumor necrosis than G3. KI67 and 
TUNEL staining also demonstrated the superior tumoricidal 
and tumor inhibition capacity of the G3 treatments, with G4 
having a better therapeutic effect than G3. Combined with the 
observed expression of CD3 and CD8 in tumors, the results 
showed that the release of PD-L1 small-molecule inhibitors in 
response to US could improve the efficacy of sono-immunotherapy 
and prolong the duration of action, resulting in a better thera-
peutic effect against in situ pancreatic cancer.

   Overall, HMC appeared to be suitable for injection owing to 
its good biocompatibility, and it could accumulate in both back 
tumors and in situ pancreatic cancer tissues. Subsequently, it 
could generate ROS to kill tumor cells following US treatment 
and effectively release PD-L1 small-molecule inhibitors to enhance 
the effects of immunotherapy via sonodynamic treatment. 
Animal experiments revealed that HMC nanoparticles could 
effectively eliminate malignant cells and inhibit the growth of 
pancreatic cancer after US treatment. Furthermore, owing to 
their hollow and porous structure, they could carry not only 
small-molecule inhibitors but also other small compounds 
based on the specific treatment needs in various clinical sce-
narios. Hence, these nanoparticles could enhance the elimina-
tion of malignant tumors in conjunction with other methods 
while exerting their own sonodynamic treatment effects.    

Conclusion
   To enhance the efficacy of sono-immunotherapy for pancreatic 
cancer, HMC nanoparticles with a hollow and mesoporous struc-
ture were developed in this study using a calcination-etching 
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method with SiO2@ZIF-8 as the sacrificial template. These HMC 
nanoparticles had a porphyrin-like structure and demonstrated 
a potential for sonodynamic treatment. Degradation experi-
ments showed that HMC produced singlet oxygen more effec-
tively than commercial TiO2. In vitro tests revealed that HMC 
nanoparticles not only entered tumor cells but also generated 
ROS following US exposure. This ROS production led to apop-
tosis and the death of tumor cells, effectively inhibiting tumor 
cell growth. Additionally, HMC stimulated tumor cells to secrete 
immune factors and promoted DC maturation, contributing 
to immunological effects. In vivo tests demonstrated that HMC 
nanoparticles, when combined with a PD-L1 inhibitor, could 
substantially inhibit tumor growth and activate immune 
responses in mice following US treatment, enhancing the effec-
tiveness of sono-immunotherapy. The in situ pancreatic cancer 
model further confirmed that HMC nanoparticles loaded with 
a PD-L1 inhibitor could effectively suppress tumor growth fol-
lowing US treatment. Overall, this study introduces a novel 
method for the fabrication of HMC nanoparticles with sono-
dynamic properties using a sacrificial template method. The 
findings highlight the potential clinical applications of these 
nanoparticles in tumor treatment. Additionally, the unique 
structure of the HMC allows the loading of different molecules. 
Thus, they could be combined with various therapies for tumor 
growth inhibition.   
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