
Materials Today Bio 32 (2025) 101666

Available online 13 March 2025
2590-0064/© 2025 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Ultrasound-actuated ion homeostasis perturbator for oxidative 
damage-augmented Ca2+ interference therapy and 
combined immunotherapy

Mi Yang , Yaqin Hu , Xiuxiu Hao , Qiaoqi Chen , Yang Cao , Haitao Ran *, Wei Zhang **

Department of Ultrasound, Second Affiliated Hospital of Chongqing Medical University. Chongqing, 400010, China

A R T I C L E  I N F O

Keywords:
Ultrasound
Sonodynamic therapy
Reactive oxygen species
Immunogenic death

A B S T R A C T

Calcium ion therapy has shown promise for cancer treatment, but its efficacy is limited by the cellular calcium 
buffering mechanism. Herein, an ion homeostasis disruptor (PCCa) was synthesized using an in situ minerali
zation method. The surface of the porphyrin-metal-organic framework PCN was coated with calcium carbonate 
(CaCO3), aimed at causing Ca2+ overload and disrupting the self-defense mechanism during ion imbalance. Upon 
internalization into tumor cells, PCCa undergoes lysosomal acidification-induced CaCO3 decomposition, leading 
to instantaneous Ca2+ overload. Simultaneously, under ultrasonic irradiation, the meso-tetra-(4-carboxyphenyl) 
porphine (TCPP) within the ion homeostasis disruptor generates reactive oxygen species (ROS), which impairs 
cellular calcium buffering capacity and amplifies cell damage caused by calcium overload. In addition, PCCa 
could also induce immunogenic cell death, release tumor-associated antigens (TAA), and act as an adjuvant, 
thereby promoting dendritic cell maturation and enhancing the antitumor activity of CD8+ T cells. In mouse 
models, PCCa not only led to significant regression of subcutaneous mammary tumors but also demonstrated 
substantial anti-metastatic effects. In summary, the proposed ultrasound-actuated Ca2+ interference strategy is 
promising to deactivate the ion homeostasis maintenance system, contributing to the attainment of splendid 
tumor treatment outcome with reliable biosafety, which may provide useful insights in cancer therapy.

1. Introduction

Breast cancer is a prevalent malignancy affecting women that orig
inates in the breast ducts, connective tissue, or lobules [1–3]. Although 
traditional tumor chemotherapy is widely used, its effectiveness is hin
dered by tumor complexity, unpredictability, and drug resistance [4,5]. 
Hence, there is an imminent necessity for efficacious and pragmatic 
therapeutic approaches to tackle the prevailing challenges in global 
breast cancer management. Cellular processes, guided by intricate reg
ulatory mechanisms, can be targeted for cancer therapy [6,7]. Among 
these targets, calcium ions (Ca2+) play essential roles as second mes
sengers in cellular metabolism and information transmission [8,9]. 
Intracellular calcium overload disrupts cellular function, leading to 
mitochondrial dysfunction and heightened apoptotic signaling through 
oxidative stress [10–12]. This suggests that calcium overload could be 

used as a potential therapeutic strategy for cancer treatment. Moreover, 
it can induce immunogenic cell death, stimulate dendritic cell (DC) 
maturation, and activate the immune response [13–15]. Thus, inducing 
mitochondrial Ca2+ overload could be a promising approach to trigger 
apoptosis in tumor cells.

Recent advancements in cancer therapy involve nano-modulators 
tailored to exploit tumor microenvironmental responses, particularly 
those based on calcium phosphate and carbonate (CaCO3) [16–18]. 
These modulators disrupt mitochondrial calcium homeostasis, inducing 
morphological abnormalities, membrane potential decline, and mito
chondrial dysfunction. Calcium carbonate nanoparticles, known for 
their robust biocompatibility and biodegradability, enable precise Ca2+

delivery, making them ideal vectors for targeted Ca2+ release into tumor 
cells [19,20]. However, it is necessary to acknowledge that cells possess 
regulatory mechanisms, such as ion transporters [21,22], which actively 
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remove excess ions, thereby buffering intracellular calcium levels. These 
defense systems limit the efficacy of calcium ion therapy. To overcome 
this limitation, we combine calcium ion therapy with sonodynamic 
therapy (SDT). SDT is a widely used anticancer treatment that disrupts 
cancer cell oxidative balance by generating singlet oxygen via ultra
sound (US), causing damage to organelles, particularly mitochondria 
and endoplasmic reticulum (ER), which then substantially reduces 
cellular calcium buffering capacity [19,23,24]. Thus, cells become more 
susceptible to calcium overload, which enhances the therapeutic po
tential of calcium ion therapy.

In this study, we developed an ultrasound-actuated calcium ion 
nano-modulator (PCCa) that efficiently induces apoptosis or directly 
kills tumor cells by SDT with mitochondrial calcium overload (Scheme 
1). To achieve this, we coated PCN with a calcium carbonate layer and 
synthesized a mineralized porphyrin metal-organic framework. PCN, 
commonly used as a sound sensitizer in SDT [25,26], generates singlet 
oxygen efficiently under ultrasonic irradiation, thus enhancing cellular 
sensitivity to excess calcium ions and impairing cell activity. Addition
ally, calcium carbonate can degrade in an acidic environment, releasing 
calcium ions that lead to calcium overload, particularly within acidic 
lysosomes [27]. Upon PCCa endocytosis, ultrasonic irradiation triggers 
singlet oxygen production and shifts intracellular calcium concentra
tions, resulting in a synergistic amplification effect. Notably, both SDT 
and calcium overload can induce immunogenic cell death, suggesting 
that PCCa may enhance immunogenic death and initiate an antitumor 
immune response. Moreover, PCCa can be used as an immunological 
adjuvant to enhance the effectiveness of immunotherapy due to the 
auxiliary action of calcium carbonate. Therefore, PCCa can induce 
immunogenic cell death, promote adjuvant antigen presentation, stim
ulate the immune system, and facilitate comprehensive, long-term 
antitumor immunotherapy. When combined with an immune check
point inhibitor (αPD-1), PCCa activates immune effector cells and 
effectively suppresses tumor development. Overall, the mineralized 

porphyrin metal-organic framework nanosystem shows significant po
tential for improving tumor treatment efficiency, enhancing the immune 
system to inhibit tumor metastasis, and offering a promising strategy for 
breast cancer combination treatment.

2. Experimental section

2.1. Materials

Tetrakis(4-carboxyphenyl)porphyrin (TCPP) was purchased from 
Tokyo Chemical Industry CO., Ltd. Chloride octahydrate (ZrOCl2⋅8H2O) 
and benzoic acid (BA) were bought from Adama-Beta Co., Ltd. Calcium 
chloride (CaCl2) anhydrous and ammonium bicarbonate (NH4HCO3) 
were acquired from Aladdin (China). N,N′-dimethylformamide (DMF) 
was obtained from Adama-Beta Co., Ltd (China). 1,3-diphenylisobenzo
furan (DPBF) was purchased from Sigma-Aldrich (USA). 2′,7′-Dichloro
fluorescin diacetate (DCFH-DA), Calcein-AM, propidium iodide (PI), and 
Cell Counting Kit-8 were obtained from Dojindo (Japan). The Mito
chondrial Membrane Potential (MMP) assay kit with JC-1 was sourced 
from Beijing Solarbio Science & Technology Co., Ltd. All cell culture- 
related reagents were procured from Beyotime Institute of Biotech
nology (China).

2.2. Cell lines and animals

The mouse 4T1 cell line was purchased from the Chinese Academy of 
Sciences Shanghai Cell Bank (Shanghai, China) and cultured in RPMI- 
1640 medium supplemented with 10 % fetal bovine serum and 1 % 
penicillin-streptomycin. The cells were cultured in a CO2 incubator at 
37 ◦C under a humidified atmosphere with 5 % carbon dioxide.

Female BALB/c mice (4–6 weeks old) were obtained from the Animal 
Center of Chongqing Medical University and housed under standard 
conditions. All animal experiments were conducted following approval 

Scheme 1. Schematic illustration of a PCCa platform for ROS-mediated calcium ion therapy. (A) preparation of PCCa. (B) The tumor cell death process by calcium 
ion therapy and PCCa mediated cancer immunotherapy.
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from the Animal Ethics Committee of Chongqing Medical University. To 
establish the tumor model, each BALB/c mouse received a subcutaneous 
injection of 1 × 106 4T1 cells into the right breast pad.

2.3. Preparation of nanoparticles

2.3.1. Synthesis of PCN
Herein, 100 mg of TCPP, 2800 mg of benzoic acid and 300 mg of 

ZrOCl2⋅8H2O were dissolved in 100 mL of DMF and stirred magnetically 
for 5 h at 90 ◦C. The precipitate was then centrifuged at 8000 g for 10 
min and washed three times with DMF.

2.3.2. Synthesis of PCCa
Briefly, 16.61 mg of CaCl2 was added to 50 mL of PCN solution (20 

μg mL− 1) in ethanol at room temperature. Subsequently, the bottle was 
placed in a sealed container with another bottle containing 6000 mg of 
NH4HCO3, also at room temperature. After 12 h, the PCCa products were 
obtained by centrifugation at 8000 rpm for 10 min and washed three 
times with ethyl alcohol.

2.4. Characterization of nanoparticles

The morphologies of PCCa were examined using transmission elec
tron microscopy (TEM) with a working voltage of 200 kV (JEM-2100, 
Japan). High-angle annular dark field (HAADF) scanning TEM (STEM) 
and energy-dispersive X-ray (EDX) analyses were conducted using a 
ThermoFisher Scientific Talos F200S field-emission TEM. The average 
particle size and zeta potential were determined using a Malvern Zeta
sizer Nano ZS90 analyzer at room temperature. UV–Vis absorption 
spectra were acquired using a UV–Vis spectrophotometry Lambda 950 
(USA). Fourier transform infrared (FTIR) spectroscopy was performed 
using an FTIR5700 instrument (Thermo Scientific).

2.5. Ca2+ production by nanoparticles

4T1 cells were seeded in confocal dishes at a density of 1 × 105 cells 
per well and cultured for 24 h. Then, the cells were treated with a me
dium containing different nanoparticles (PBS, PCN, and PCCa, each at 
100 μg mL− 1) for 4 h. For the US group, the cells were exposed to low- 
intensity focused ultrasound (LIFU) for 2 min at 1.5 W cm− 2. After 
treatment, the cells were washed three times and stained with a Fluo-3 
AM calcium fluorescent probe, and calcium was observed using confocal 
laser scanning microscopy (CLSM, A1R; Nikon, Tokyo, Japan).

2.6. Cellular uptake of nanoparticles

4T1 cells were seeded in confocal dishes at a density of 1 × 105 cells 
per well and cultured overnight. The cells were then treated with free 
PCCa for various durations (1, 2, 3, and 4 h). After the treatment, the 
cells were washed three times with PBS, fixed with 4 % para
formaldehyde for 10 min, and the nuclei were stained with DAPI. 
Cellular uptake ability was evaluated using CLSM.

Additionally, 4T1 cells were seeded in a 12-well plate at a density of 
1 × 105 cells per well and cultured overnight, following which the cells 
were treated with free PCCa for different durations (1, 2, 3, and 4 h). 
After treatment, the cells were washed three times with PBS and then 
collected, and the cellular uptake of nanoparticles was quantified using 
flow cytometry.

2.7. Detection of 1O2

For the detection of 1O2 using 1,3-diphenylisobenzofuran (DPBF), a 
total of 50 μL of DPBF solution (2 mg mL− 1), 50 μL of different nano
particles (distilled water, PCN, and PCCa), and 400 μL of DMF were 
combined in an Eppendorf tube. The mixture was then exposed to US 
irradiation at 1.5 W cm− 2 in the dark for various durations. The 

absorption spectra were recorded using a multimode reader.
For electron spin resonance (ESR) measurement, 20 μL of TEMP so

lution was mixed with 1 mL of PCCa dispersion (100 μg mL− 1). The 
mixture was then irradiated with US (1.5 W cm− 2) for different dura
tions, and the signals were recorded using an ESR spectrometer.

2.8. In vitro ROS detection

4T1 cells were incubated with a medium containing different 
nanoparticles (PBS, PCN, and PCCa, each at 100 μg mL− 1) for 4 h. Next, 
the cells were washed with PBS three times, and 100 μL of DCFH-DA in 
serum medium (20 μM) was added. The cells were then divided into five 
groups: PBS, LIFU, PCCa, PCN + LIFU, and PCCa + LIFU. After irradi
ation with LIFU (1.5 W cm− 2, 2 min), the cells were washed, stained 
with DAPI for 10 min, washed with PBS and then imaged using CLSM.

Additionally, 4T1 cells were seeded in a 12-well plate at a density of 
1 × 105 cells per well and cultured with a medium containing different 
nanoparticles (PBS, PCN, and PCCa, each at 100 μg mL− 1) for 4 h. The 
cells were then washed with PBS three times, and 100 μL of DCFH-DA in 
serum medium (20 μM) was added. Similar to the previous procedure, 
the cells were divided into five groups: PBS, LIFU, PCCa, PCN + LIFU, 
and PCCa + LIFU. After LIFU irradiation (1.5 W cm− 2, 2 min), the cells 
were washed and collected, and the fluorescence intensity of each group 
was determined using flow cytometry.

2.9. Cytotoxicity evaluation

The cytotoxicity of the PCCa was assessed using a standard CCK-8 
assay. Firstly, human umbilical vein endothelial cells (HUVECs) were 
seeded onto 96-well plates at a density of 5 × 103 cells per well. After 24 
h of incubation, the medium was replaced with different concentrations 
(0, 10, 25, 50, 100, 200 μg mL− 1) of PCCa aqueous solutions and incu
bated for 24 h and 48 h. The cell viability was estimated using the CCK-8 
assay following the manufacturer’s protocol.

Then, the therapeutic efficacy of various treatments was evaluated in 
vitro. 4T1 cells were seeded onto 96-well plates at a density of 5 × 103 

cells per well and cultured for 24 h. The medium was then replaced with 
different solutions at various concentrations and incubated at 37 ◦C with 
5 % CO2. The different treatment groups included PBS, LIFU, PCN, PCCa, 
PCN + LIFU, and PCCa + LIFU. For the LIFU group, cells were irradiated 
with LIFU (1.5 W cm− 2) for 2 min. The cell viability of each group was 
assessed using the CCK-8 assay.

2.10. Live/dead cell staining assay

To further assess the synergistic effect of therapy on cancer cells, 4T1 
cells were seeded in confocal dishes at a density of 1 × 105 cells per well 
and cultured for 24 h. Then, the cells were divided into five groups: free 
RPMI-1640, LIFU, PCN, PCCa, PCN + LIFU, and PCCa + LIFU. For the 
LIFU group, the cells were irradiated with LIFU (1.5 W cm− 2) for 2 min. 
After treatment with different regimens, the cells were incubated with 
Calcein-AM (15 μL) and propidium iodide (PI) (5 μL) for 15 min. Lastly, 
the cells were washed with PBS three times and visualized using CLSM.

2.11. Cell apoptosis assay

4T1 cells were seeded in a 12-well plate at a density of 1 × 105 cells 
per well and cultured for 24 h, following which they were divided into 
five groups: free RPMI-1640, LIFU, PCN, PCCa, PCN + LIFU, and PCCa 
+ LIFU. For the LIFU group, the cells were irradiated with LIFU (1.5 W 
cm− 2) for 2 min. After treatment with different regimens, the cells were 
washed, collected, and then incubated with V-FITC/PI for 20 min. Their 
apoptosis rates were calculated by flow cytometry (Cytomic FC 500 
MCL, Beckman, USA).
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2.12. Detection of MMP

4T1 cells were seeded in confocal dishes at a density of 1 × 105 cells 
per well and cultured for 24 h. Then, the cells were cultured with a 
medium containing different nanoparticles (PBS, PCN, and PCCa, each 
at 100 μg mL− 1) for 4 h and divided into five groups: PBS, LIFU, PCCa, 
PCN + LIFU, and PCCa + LIFU. For the LIFU group, the cells were 
irradiated with LIFU (1.5 W cm− 2) for 2 min. After culturing for an 
additional 2 h, the cells were stained with JC-1 (5 μg mL− 1) for 30 min 
and washed three times, and the variation in mitochondrial membrane 
potential (MMP) was observed using CLSM.

2.13. DAMPs release and DCs activation in vitro

To evaluate immunogenic cell death (ICD) biomarkers, namely cal
reticulin (CRT), High Mobility Group Box-1 (HMGB1), and Adenosine 
triphosphate (ATP), 4T1 cells were seeded in a 6-well plate and sub
jected to treatment procedures similar to those in the JC-1 MMP 
detection assay. Then, the cells were stained with anti-CRT antibody 
(FITC conjugated) and analyzed using flow cytometry. The culture su
pernatant was collected to measure the concentrations of HMGB1 and 
ATP using enzyme-linked immunosorbent assay (ELISA).

To investigate the in vitro maturation of DCs induced by different 
treatments, 4T1 cells were seeded into the upper chamber of transwell 
devices, while bone marrow-derived DCs (BMDCs) from mouse bone 
marrow were plated into the bottom chamber. Then, the 4T1 cells were 
cultured with a medium containing different nanoparticles (PBS, PCN, 
and PCCa, each at 100 μg mL− 1) and divided into five groups: PBS, LIFU, 
PCCa, PCN + LIFU, and PCCa + LIFU. After 4 h of nanodrug incubation, 
all groups subjected to US treatment were irradiated with LIFU (1.5 W 
cm− 2) for 2 min. The BMDCs were then cultured for an additional 24 h, 
and collected for flow cytometry analysis to detect mature DCs (CD11c 
+ CD80 + CD86+).

2.14. In vivo biodistribution and biosafety assays

To investigate the biodistribution of PCCa in tumor-bearing mice, 
near-infrared fluorescent dyes (DIR) were loaded into PCCa and intra
venously injected into the mice. Tumor-bearing mice were injected 200 
μL of DIR-labeled PCCa nanoparticles (10 mg kg− 1) through the tail vein. 
In vivo imaging was conducted at various intervals post-injection using 
an in vivo imaging system, following which the tumors and major organs 
were harvested for ex vivo imaging, and the corresponding fluorescence 
intensities were measured.

Blood biochemical markers and standard blood examinations were 
conducted to assess the biosafety of PCCa. The mice were intravenously 
injected with PCCa and sacrificed at predetermined time points to 
collect biological samples for analysis.

2.15. In vivo antitumor efficiency

For in vivo synergistic therapy, mice bearing 4T1 tumors were 
randomly assigned to seven groups (n = 8 per group): (1) Control, (2) 
LIFU, (3) PCCa, (4) PCCa + α-PD-1, (5) PCN + LIFU, (6) PCCa + LIFU, 
and (7) PCCa + LIFU + α-PD-1. Tumor-bearing mice received intrave
nous injections of PCCa saline solution (200 μL, 20 mg kg− 1) for Groups 
3, 4, 6 and 7, or PCN-224 saline solution (200 μL, 20 mg kg− 1) for Group 
5. At 24 h post-injection, mice in Groups 2, 5, 6 and 7 had their tumor 
areas exposed to LIFU (1.5 W cm− 2, 10 min). For Groups 4 and 7, the 
mice were intraperitoneally injected with α-PD-1 (100 μg per mouse) on 
days 2, 4 and 6.

For the lung metastasis tumor model, approximately 1 × 105 cells 
were intravenously injected into mice on day 8. Tumor volumes (length 
× width2/2) and mouse weights were recorded every two days. The mice 
were euthanized when their tumor volumes reached 2500 mm3. On day 
14, three mice from each group were sacrificed to harvest the tumors, 

major organs, and peripheral blood. DCs in tumor tissues were analyzed 
using flow cytometry. Tumor-infiltrating CD8+ T cells were labeled with 
flow antibodies (anti-CD3, anti-CD4, and anti-CD8 antibodies) after 
digestion with digestive enzymes and analyzed by flow cytometry. 
Tumor necrosis factor-alpha (TNF-α) and interferon-gamma (IFN-γ) 
levels were detected by ELISA.

At the end of treatment, all mice were sacrificed, and metastatic 
tumor lesions in the lungs were counted. Tumor tissues were detached 
for TUNEL, PCNA, and H&E staining analysis, while the lungs were used 
for H&E staining analysis.

2.16. Statistical analysis

The data are shown as mean ± standard deviation (SD). For com
parisons between two groups, t-test was performed, and for comparisons 
between three or more independent groups, one-way analysis of vari
ance (ANOVA) was conducted. Statistical analysis was conducted using 
GraphPad Prism 6, and P < 0.05 was considered statistically significant.

3. Results and discussion

3.1. Fabrication and characterization of PCCa

In this study, PCN was selected as the nanocarrier due to its adjust
able exterior surface properties and remarkable ability to generate 
reactive oxygen species upon ultrasonic irradiation [28,29]. The size 
and shape of PCN were modified by adding molecules (such as benzoic 
acid). Given the well-established evidence indicating the acidic micro
environment differences between tumors and normal tissues, an acidic 
decomposable CaCO3 shell was chosen. The PCN was then coated with a 
CaCO3 mineralized layer using a seed growth strategy to obtain the 
nanoplatform PCCa. As shown in Scheme 1, the metal-organic frame
work PCN was first prepared, followed by coating the CaCO3 shell 
through in situ mineralization to obtain PCCa.

PCN was constructed following a previously reported method [30]. 
TEM and SEM images revealed a uniform morphology with diameters of 
approximately 100 nm (Fig. 1a). Then, PCN was coated with a CaCO3 
mineralized layer, and the successful coating of the CaCO3 mineralized 
layer around PCN was confirmed by TEM and SEM images. While the 
overall morphology remained similar, there was a noticeable increase in 
nanoparticle size, indicating the adoption of the PCN structure by PCCa. 
The composition of PCCa was further characterized by TEM and EDX 
elemental mapping images. Zr was scattered in the core, and Ca was 
primarily distributed in the mineralized shell, as Fig. 1b illustrates. 
High-intensity signals were seen at the distinctive peaks of Zr and Ca in 
the EDX spectrum (Fig. S1). We have conducted Brunauer Emmett Teller 
(BET) analysis to further illustrate the changes in specific surface area 
before and after modification. The specific surface area decreased from 
523.8593 m2/g (before modification) to 96.0127 m2/g (after modifi
cation). The results show a significant decrease in the specific surface 
area post-modification, indicating successful coating of CaCO3 (Fig. S2). 
The successful coating of CaCO3 was also confirmed by XRD and XPS 
patterns (Figs. S3 and S4). The measured sizes by dynamic light scat
tering (DLS) were consistent with the TEM images (Fig. 1c).

Next, PCN and PCCa were analyzed using UV–vis absorbance spec
troscopy. As shown in Fig. 1d, PCN and PCCa exhibited similar ab
sorption spectra, indicating the successful coating of the CaCO3 
mineralized layer around PCN. The FTIR spectra of PCN, CaCO3, and 
PCCa are shown in Fig. S5. The spectrum of PCCa displayed character
istic absorption bands of both PCN and CaCO3, confirming the effective 
assembly of the final product. Zeta potentials of PCN, PCCa, CaCO3 and 
were measured to be 14.6 and − 25.1 mV, − 29.1 mV, respectively 
(Fig. 1e). The significantly decreased zeta potential of PCCa may result 
from the negative potential of the CaCO3 coating. Stability experiments 
demonstrated that PCN and PCCa remained stable in different simulated 
media at pH 7.4 (Fig. S6). Additionally, the pH-triggered degradation 
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behavior of PCCa was evaluated in PBS with pH values of 5.8 and 7.4. As 
illustrated in Fig. S7, the morphology of the nanoplatform remained 
intact at pH 7.4, while the shell and core of PCCa degraded at pH 5.8 
within 60 min.

The calcium ion release from PCCa in various pH solutions was 
quantified using ICP-MS. As shown in Fig. 1f, PCCa exhibited high ef
ficiency in releasing calcium ions at pH 5.8. Analysis by ICP-MS revealed 
that the calcium fraction accounted for 18.6 % of PCCa. We speculated 
when PCCa was endocytosed in the tumor cells, its pH-responsive 
decomposition properties facilitated accelerated disintegration, lead
ing to the release of more Ca2+ ions within the acidic microenvironment 
of the tumor, which then overloaded the mitochondria.

Our study, along with others, has demonstrated that PCN exhibits an 
excellent ability to elevate cellular oxidative levels and disrupt cell 
function [30–32]. Therefore, we initially investigated the singlet oxygen 
production efficiency of PCCa using electron spin resonance (ESR) 
spectroscopy, with TEMP as the spin trap for short-lived 1O2 [33]. As 
shown in Fig. 1g, a significantly enhanced 1:1:1 1O2 signal was observed 

upon irradiating the mixture of TEMP and PCCa with LIFU (1.5 W cm− 2, 
5 min), indicating the production of 1O2 by PCCa following irradiation. 
Next, we used the DPBF colorimetric indicator to probe 1O2 alternatively 
(Fig. 1h) and observed that ROS generation did not occur in the absence 
of PCCa. However, the decrease in absorbance of DPBF at 417 nm in the 
presence of PCCa was closely associated with the duration of LIFU 
irradiation, suggesting a controllable US-triggered 1O2 production.

3.2. Cellular uptake and cellular calcium ion concentration in vitro

Based on the favorable fluorescence properties of PCCa, we investi
gated its cellular uptake by tracking the fluorescence signal using CLSM. 
As shown in Fig. S8, after 4h of co-incubation, the red fluorescence in
tensity in the cytoplasmic region increased with the extension of incu
bation time, indicating that the endocytosis of PCCa was time- 
dependent. Moreover, the results of quantitative analysis of intracel
lular fluorescence showed that the proportion of 4T1 cells that inter
nalized a significant amount of PCCa reached as high as 88.36 % after 4 

Fig. 1. Characterization of nanoparticles. (a) TEM and SEM images illustrating the morphology of PCN and PCCa. (b) Elemental mapping of PCCa showing the 
distribution of constituent elements. (c) Size distribution analysis of PCN and PCCa nanoparticles. (d) UV–vis absorption spectra of TCPP, PCN, and PCCa. (e) Zeta 
potential measurements of PCN, PCCa and, CaCO3 (n = 3). (f) Quantification of Ca2+ release at different pH levels (n = 3). (g) ESR spectra illustrating the production 
of 1O2. (h) Degradation of DPBF in the presence of TCPP or PCCa upon LIFU irradiation.
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h of treatment (Fig. 2a). This rapid cellular uptake suggests the potential 
for highly effective tumor therapy. Bio-TEM images further confirmed 
the efficient endocytosis of nanoplatforms into the cells (Fig. 2b).

Nanoparticles typically enter cells via endocytosis [34]. Upon 
endocytosis into lysosomes, the CaCO3 coating of PCCa degrades under 
low pH conditions, releasing calcium ions for cancer therapy. Initially, 
we confirmed that PCCa could indeed release calcium ions after being 
internalized into cells (Fig. 2c). Fluo-3 AM, a commonly used fluorescent 
probe for detecting intracellular calcium ion concentrations, was used 
for this purpose. When 4T1 cells treated with PCCa were stained with 
Fluo-3 AM, as depicted in and Figs. S9 and S10, the cells exhibited 
increased fluorescence intensity, indicating a higher quantity of calcium 
ions in the PCCa-treated group.

3.3. Detection of ROS in vitro

Intracellular ROS generation was assessed using the fluorescent 
probe 2′,7′-dichlorofluorescein diacetate (DCFH-DA) [35]. As shown in 
Fig. 3b, minimal fluorescence was observed in the control or free laser 

groups. Comparatively, PCN and PCCa nanomaterials containing TCPP 
showed intense green fluorescence under LIFU irradiation, indicative of 
increased ROS production (Fig. S11). Flow cytometry results revealed 
the highest fluorescence intensity in the PCCa + LIFU group, indicating 
the generation of substantial ROS (Fig. S12), consistent with the CLSM 
findings. These results demonstrate that PCCa can generate large 
quantities of ROS upon LIFU irradiation, thereby exacerbating 
cytotoxicity.

3.4. Cytotoxicity

Requisite biocompatibility is crucial to ensure the effective utiliza
tion of a material for its therapeutic functions, while minimizing any 
potential toxic or deleterious impact on normal tissues and organs [36]. 
To evaluate the cytotoxic effect of PCCa on HUVECs and 4T1 cells, a 
CCK-8 assay was conducted. As shown in Fig. 3a and Fig. S13, even after 
being treated with PCCa at a concentration of up to 200 μg mL− 1 for 48 
h, the mean survival rate of the cells was not less than 80 %, indicating 
that PCCa had good biocompatibility with cells.

Fig. 2. (a) Quantification of nanoparticle cellular uptake by 4T1 cells using flow cytometry. (b) Visualization of nanoparticle internalization by 4T1 cells via TEM. (c) 
Observation of Ca2+ release from PCCa using CLSM (scale bar = 50 μm).
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Next, we assessed the in vitro cytotoxicity induced by nanoparticle 
treatment using a CCK-8 assay. The cell viability was detected under 
different ultrasound power and different irradiation time while other 
conditions were kept unchanged (Fig. S14). The results showed that cell 
viability decreased with increasing ultrasonic power and irradiation 
time. Finally, the following parameters were chosen: an ultrasound 
power of 2 Wcm− 2 and an irradiation time of 120 s for the subsequent 

determination of cell viability. The tumor cells were found to be more 
sensitive to intracellular Ca2+ overload compared to healthy cells, as 
fluctuations in calcium levels can induce detrimental metabolic stress in 
carcinoma cells [37]. As shown in Fig. 3c, single treatments with LIFU 
irradiation or PCCa administration minimally affected tumor cell 
growth. Similarly, moderate tumor inhibition was observed with SDT 
treatment alone (PCN + LIFU group). In contrast, the PCCa + LIFU 

Fig. 3. (a) Assessment of PCCa cytotoxicity against HUVECs. (b) Evaluation of intracellular ROS generation post-irradiation using the ROS detection probe, DCFH- 
DA. Scale bar = 50 μm. (c) Viability of 4T1 cells post-treatment with different interventions (G1: PBS, G2: LIFU, G3: PCN, G4: PCCa, G5: PCN + LIFU, G6: PCCa +
LIFU; n = 5). (d) Cytotoxicity evaluation of PCN and PCCa following LIFU irradiation (n = 5). (e) CLSM images of Calcein-AM/PI co-stained 4T1 cells after different 
treatments (scale bar = 50 μm). Red and green dots stand for dead and living cells, respectively. (f) Apoptotic analysis of 4T1 cells stained with Annexin V-FITC 
apoptosis detection kit after receiving various interventions. Statistical significance was assessed using one-way ANOVA. *p < 0.05, **p < 0.01.
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group induced the most significant cell death, with cell viability 
decreasing to less than 50 %. The released Ca2+ from nanoparticles 
likely contribute to exacerbating intracellular Ca2+ dyshomeostasis by 
deactivating ion channels, thereby restraining cell proliferation and 
inducing apoptosis [38]. Thus, it can be deduced that SDT induced by 
PCN may synergize with Ca2+ overload to induce the highest degree of 

tumor cell destruction. Furthermore, the therapeutic efficacy of PCCa 
against tumor cells exhibited a typical dose-dependent response 
(Fig. 3d).

Moreover, the cell cytotoxicity of PCCa nanoparticles was examined 
using a live/dead cell staining assay (Fig. 3e). In this assay, red fluo
rescence PI and green fluorescence Calcein AM were utilized as dyes. 

Fig. 4. (a) Confocal laser scanning microscopy (CLSM) images of 4T1 cells treated with various regimens and stained with JC-1 (scale bar = 50 μm). Red and green 
fluorescence indicate J-aggregate and J-monomer, respectively. (b) Schematic representation of the experimental setup for dendritic cells (DCs) maturation in vitro. 
(c) Secretion of HMGB-1 and (d) ATP in the co-culture system after different treatments (n = 3). (e) Detection of calreticulin (CRT) exposure on the cell surface of 4T1 
cells using flow cytometry after diverse treatments. (f) Flow cytometric analysis of matured DCs (CD80 + CD86+) following incubation with 4T1 cells subjected to 
different treatments. Statistical significance was assessed using one-way ANOVA. *p < 0.05, **p < 0.01.
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The results revealed a strong green signal in the PBS group, indicating 
minimal cellular death. In contrast, the PCCa + LIFU group exhibited a 
prominent red signal, indicating that the combined effect had the most 
significant in vitro cell cytotoxicity, consistent with the findings of the 
CCK8 assay. These results suggested that PCCa effectively induced cell 
death in most tumor cells through Ca2+ overload and SDT effects. Flow 
cytometry analysis was also conducted to assess the cell cytotoxicity 
induced by PCCa under LIFU irradiation. As shown in Fig. 3f, the 
apoptotic rates in the PCN + LIFU group and PCCa + LIFU group were 
29.5 % and 43.5 %, respectively. Moreover, the apoptotic rate in the 
control group was negligible. CLSM images and flow cytometry results 
demonstrated that 4T1 cells treated with PCCa and LIFU irradiation 
exhibited the highest oxidative levels, indicating that the combination of 
SDT and calcium ion therapy might offer a more effective synergistic 
treatment.

3.5. Mitochondrial dysfunction induced by PCCa-mediated calcium 
overload and SDT

SDT-induced oxidative stress and cytosolic Ca2+ excess can impair 
mitochondrial respiratory chain function, resulting in MMP depolari
zation [39]. To better understand the apoptotic mechanism by which 
PCCa disrupts mitochondrial homeostasis, we employed the JC-1 MMP 
detection kit to analyze the effect of Ca2+ and LIFU irradiation on 4T1 
cell mitochondria. The results showed that when MMP was high, JC-1 
accumulated in the mitochondrial matrix, forming a polymer that 
emits red fluorescence [40]. In contrast, at lower membrane potentials, 
JC-1 exists as a monomer and emits green fluorescence. As shown in 
Fig. 4a, the cells exhibited red fluorescence when treated with LIFU 
alone. However, upon treatment with PCCa, the cells displayed 
increased green fluorescence, especially in combination with CaCO3. 
Moreover, under LIFU irradiation, both PCN and PCCa groups exhibited 
a significantly elevated JC-1 monomer/aggregation ratio, with the PCCa 
group showing the highest ratio, indicating severe mitochondrial dam
age (Fig. S15). These findings suggest that the combined effects of 
CaCO3 and LIFU substantially diminish MMP, disrupt mitochondrial 
homeostasis, and induce apoptosis.

3.6. DAMPs release and DCs activation in vitro

PCCa enhances cytotoxicity by synergizing calcium overload with 
SDT. Given that both SDT and calcium overload can induce immuno
genic cell death (ICD), PCCa may similarly trigger ICD and release 
tumor-associated antigens, thereby eliciting a robust immunological 
response. DAMPs generated during ICD can engage pattern recognition 
receptors (PRRs) on DCs, thereby initiating diverse innate and adaptive 
immune responses [41]. In vitro DC maturation, a pivotal step in immune 
response cascades, was assessed using transwell devices (Fig. 4b). 
HMGB1 protein, a nuclear non-histone protein, can be secreted from the 
nucleus to the extracellular milieu in response to cell injury, activating 
innate immunity by enhancing neutrophil recruitment and macrophage 
production of proinflammatory cytokines [42]. In contrast to the pre
dominant localization of HMGB1 in the nucleus area of untreated cells, 
‘PCCa + LIFU’ resulted in significant leakage into the cytosolic space, 
which can be explained by a severe rupture of the nucleus envelop and 
plasma membrane (Fig. 4c). ATP is released from damaged cells to 
promote P2Y2R-mediated phagocytosis clearance and P2x7R-mediated 
activation of NLRP3 inflammasome [33,43]. This process is essential 
for recruiting DCs and inflammatory cells, and promoting the matura
tion of cytotoxic CD8+ T cells. As anticipated, the ‘PCCa + LIFU’ treat
ment resulted in the most pronounced release of cytosolic ATP into the 
extracellular matrix, indicative of extensive tumor cell disruption 
(Fig. 4d). One hallmark of DAMP production from dying tumor cells is 
the pre-apoptotic translocation of intracellular calreticulin from the 
endoplasmic reticulum lumen to the plasma membrane surface [44]. A 
significant increase in intracellular CRT levels following treatment with 

PCCa + LIFU was observed (Fig. 4e), suggesting ER stress-induced CRT 
translocation. Changes in immunogenic markers (HMGB1, ATP, and 
CRT) indicate that PCCa + LIFU may induce greater immunogenic cell 
death. Additionally, PCCa’s immunostimulatory effect was evaluated in 
vitro. After treatment with PBS, LIFU, PCCa, PCN + LIFU, or PCCa +
LIFU, BMDCs were co-cultured with lytic cells, and the percentage of 
mature cells in each group was assessed using flow cytometry. As shown 
in Fig. 4f, the PCCa group exhibited a slightly higher BMDC maturation 
rate compared to the PBS group, suggesting that PCCa could induce 
modest BMDC maturation. Notably, PCCa + LIFU significantly enhanced 
BMDC maturation, indicating PCCa’s ability to augment the anticancer 
immune response.

3.7. In vivo fluorescence imaging and tumor-specific biodistribution 
analysis

Considering that efficient accumulation of Ca2+ nano-modulators at 
the tumor site is essential for therapeutic effect, the biodistribution of 
PCCa was assessed to confirm the tumor-specific drug enrichment using 
in vivo fluorescence imaging (Fig. S16). The fluorescence signal in the 
tumor region was initially detected and intensified from 6 h post- 
injection. The strongest signal was observed at 24 h post-injection, 
indicating the successful enrichment of PCCa at the tumor site. By 48 
h post-injection, the fluorescence signal had diminished, suggesting the 
clearance of nanoparticles from the body. Additionally, at 24 and 48 h 
after injection, the amount of PCCa in the tumor and main organs was 
assessed semi-quantitatively. Due to its prolonged circulation half-life 
and enhanced permeability and retention (EPR) impact, PCCa accu
mulated to its maximum in the tumor area at 24 h.

3.8. Biocompatibility assessment of PCCa nanoparticles based on blood 
markers and tissue histology

Blood biochemical markers and standard blood examination were 
conducted to evaluate the nanoparticles’ biosafety. Briefly, the mice 
were intravenously injected with PCCa and sacrificed at predetermined 
time points to collect biological samples for analysis. The relevant in
dexes were assessed, and the results indicated that the main parameters 
in the biochemical assay and hematology analysis were within the 
normal range (Fig. S17), similar to those in the control group, suggesting 
that PCCa exhibited good biocompatibility. Hematoxylin and Eosin 
(H&E) staining was performed on the lung, liver, heart, kidney, and 
spleen to assess the tissue structure. After the injection period, the H&E 
staining images (Fig. S18) did not reveal any evident abnormalities in 
these organs. Thus, PCCa also demonstrated good biocompatibility.

3.9. Tumor elimination efficiency of PCCa

We assessed the anticancer effects of PCCa in vivo based on the 
encouraging evidence of effectiveness and immune activation induced 
by ICD in vitro. As shown in Fig. 5a, the anticancer efficacy of PCCa was 
investigated in a 4T1 tumor-bearing BALB/c mouse model. The tumor- 
bearing mice were randomly assigned to seven groups (Control, LIFU, 
PCCa, PCCa + α-PD-1, PCN + LIFU, PCCa + LIFU, PCCa + LIFU + α-PD- 
1) and administered intravenous injections of nanoparticles. As shown 
in Fig. 5b, the PCN + LIFU, PCCa + LIFU, and PCCa + LIFU + α-PD-1 
groups exhibited a significant reduction in tumor volume compared to 
the Control group, whereas the tumor volume in the PBS group 
increased 8-fold during treatment. Tumor weight measurements 
(Fig. 5c) and images of tumor tissue (Fig. 5d) further illustrated the 
therapeutic outcome. To assess treatment effects from a microscopic 
perspective, the tumor samples were stained using H&E, terminal 
deoxynucleotidyl transferase dUTP nick end labeling (TUNEL), and 
proliferating cell nuclear antigen (PCNA). As shown in Fig. 5e–H&E 
staining and immunohistochemical staining assay images revealed a 
large tumor cell population in the PBS group with evident proliferation 
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(PCNA positive). Conversely, the PCCa + LIFU therapy group exhibited 
the least PCNA expression and the most significant necrosis in tumor 
tissues. These findings collectively suggested that combination therapy 
could effectively treat orthotopic breast cancers.

3.10. Anti-metastasis effects of PCCa

By conducting combination therapy, we observed that PCCa not only 

enhanced therapeutic efficacy but also prevented tumor metastasis by 
eliciting a robust immune response. Therefore, we evaluated the 
immunological response in mice. On day 8, 4T1 cells were intravenously 
injected into BALB/c mice bearing 4T1 tumors to establish a lung met
astatic model. The first experiment assessed in vivo immune activation 
by measuring TNF-α and IFN-γ, two significant immune factors. Using 
ELISA, the levels of TNF-α and IFN-γ in serum were measured 13 days 
after the mice were first exposed to LIFU. As shown in Fig. 6a and b, the 

Fig. 5. (a) Schematic representation of the therapy schedule implemented in the 4T1 tumor model. (b) Tumor volume curves depicting the response to various 
treatments in mice (n = 5). (c) Tumor weights measured at the conclusion of treatment (n = 5). (d) Representative images showing excised tumors at the end of 
treatment following different interventions. (e) Histological analysis of tumor tissues through H&E, TUNEL, and PCNA staining across different treatment groups. 
Scale bar: 50 μm. (G1: Control, G2: LIFU, G3: PCCa, G4: PCCa + α-PD-1, G5: PCN + LIFU, G6: PCCa + LIFU, G7: PCCa + LIFU + α-PD-1), Statistical significance was 
assessed using one-way ANOVA. *p < 0.05, **p < 0.01.
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combination of PCCa and α-PD-1 significantly increased IFN-γ and TNF- 
α levels, potentially activating the immune system through inflamma
tory pathways. To evaluate the effect of inhibiting lung metastatic tumor 
formation after PCCa injection during treatments, their lungs were iso
lated at the end of the experiment. The results showed obvious meta
static tumor nodules on the lung surface in the control group (Fig. 6c and 
d). The combined treatment group with PCCa plus α-PD-1 & LIFU 
showed fewer lung metastatic tumor lesions compared to other treated 
groups, which was further confirmed by H&E staining of lung tissues. 
These findings suggested that mice treated with PCCa + LIFU + α-PD-1 
could inhibit the formation of metastatic foci in the lung. Taken 
together, these results could be attributed to the anticancer immune 
response activated by SDT and Ca2+ overload.

Immune responses at the tumor site were evaluated due to the 
immunogenic death and immunological activation induced by PCCa. 
DCs and CD8+ T cell populations within the tumor microenvironment 

play essential roles in antigen presentation and cytotoxicity against 
tumor cells [45,46], and flow cytometry was performed to quantify their 
presence. As shown in Fig. 6e, the mature DC rate in the PCCa + LIFU +
α-PD-1 group reached nearly 50 %. Compared with PCN + LIFU, PCCa +
LIFU exhibited a significant immune activation effect. Additionally, as 
shown in Fig. 6f, mice in the PCCa + LIFU + α-PD-1 group exhibited the 
highest percentage of activated tumor-infiltrating CD8+ T cells, indi
cating that PCCa can boost the immune response and prevent tumor 
metastasis when combined with therapeutic immune checkpoint in
hibitors. These results indicate that PCCa-based SDT and Ca2+ overload 
therapy promote an anticancer immune response that can inhibit pul
monary metastasis.

4. Conclusion

In summary, we have developed a calcium ion nano-modulator 

Fig. 6. Inhibiting effects of various treatments on the formation of lung metastatic tumors. The levels of (a) IFN-γ and (b) TNF-α in the tumor microenvironment at 
day 14 post-treatment with different formulations (n = 3). (c) Quantification of pulmonary metastatic nodules in mice treated with various formulations. (d) 
Representative photographs and corresponding H&E staining of metastatic foci in 4T1 lung metastatic tumors. Proportions of (e) mature DCs and (f) cytotoxic CD8+ T 
cells in the tumor microenvironment at day 14 post-treatment with different formulations, assessed by flow cytometry. (G1: Control, G2: LIFU, G3: PCCa, G4: PCCa +
α-PD-1, G5: PCN + LIFU, G6: PCCa + LIFU, G7: PCCa + LIFU + α-PD-1), Statistical significance was determined by one-way ANOVA. *p < 0.05, **p < 0.01.
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(PCCa) specifically designed for ROS-mediated calcium ion therapy. 
Upon internalization by cells, PCCa releases calcium ions and generates 
singlet oxygen upon ultrasonic irradiation. This production of reactive 
oxygen species disrupts cellular organelles and impairs the cell’s ability 
to regulate calcium ions, thereby exacerbating the detrimental effects of 
calcium overload. Furthermore, under low-intensity focused ultrasound 
irradiation, the ROS-induced calcium overload triggers immunogenic 
cell death, leading to the activation of an antitumor immune response 
with PCCa acting as an adjuvant. Using a 4T1 tumor mouse model, PCCa 
exhibited remarkable efficacy in tumor eradication and significant anti- 
metastatic effects when combined with LIFU irradiation and immune 
checkpoint inhibitors, such as α-PD-1. This nanotherapeutic approach 
not only demonstrated substantial effectiveness against primary tumors 
but also displayed notable inhibitory effects on tumor metastasis. 
Overall, our findings highlight the potential of PCCa as a comprehensive 
and long-term strategy for improving antitumor treatment.
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