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Abstract Interference with calcium homeostasis provokes tumor cell death and immune response,

providing a novel direction for tumor immunotherapy as a promising cancer treatment strategy. Neverthe-

less, most reported Ca2+-overloaded nanoinducers encounter challenges such as intricate preparation pro-

cedures, safety concerns arising from inorganic material input, and limited anti-tumor efficiency.

Herein, we synthesized a biocompatible and pH-sensitive Ca-doped cyclodextrin metal-organic frame-

work (Ca/K-MOF) as a carrier, which was then loaded with photosensitizer hypericin (HY) via a simple

one-pot synthesis to form HY@Ca/K-MOF. To enhance the stability both in vitro and in vivo, we coated

HY@Ca/K-MOF with a hydrophilic layer of PEG (PEGHY@Ca/K-MOF). When exposed to 590 nm

photoirradiation, PEGHY@Ca/K-MOF, with its pH-responsive dissociation, the Ca2+ and HY mediators

released at the tumor site share the responsibility of triggering intracellular Ca2+ disturbances, which

amplified the production of reactive oxygen species (ROS) and led to mitochondrial calcium overload

through modulating mitochondrial MICU1 function. Under photocontrol, this interplay between ROS

generation and mitochondrial calcium overload created a bidirectional amplification effect, where each

process reinforced the other, subsequently eliciting a pyroptosis-evoked immune response. Significantly,

this newly constructed delivery platform effectively suppressed both primary and distant tumors without
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the need for additional immunological interventions. In summary, this Ca2+-doped MOF-based nanoma-

terial provides a promising approach for efficient tumor photo-controlled mitochondrial Ca2+ overload-

pyroptosis immunotherapy.

ª 2025 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Metal-organic frameworks (MOFs), also known as crystalline

porous hybrid materials, are composed of fundamental inorganic

and organic building blocks that self-assemble. A critical factor

impeding their application in cancer therapy is their biosafety; the

release of metal ions and organic ligands from decomposing

MOFs poses potential biosafety hazards in biological systems1-3.

Undoubtedly, it is imperative to identify MOFs that are low or

non-toxic and composed of biocompatible ligands and metal ions

before they can be widely used in the clinic. To this end, incor-

porating natural organic ligands and low molecular weight metal

centers can significantly enhance the biocompatibility of these

materials. γ-Cyclodextrin metal-organic frameworks (γ-CD-

MOFs) are a novel class of materials that combine the biocom-

patibility of cyclodextrins with the porous structure of metal-

organic frameworks (MOFs). Cyclodextrins are naturally occur-

ring carbohydrates known for their renewability, non-toxicity, and

edibility4,5. CD-MOF materials feature high specific surface areas,

tunable porosity, superior biocompatibility and biodegradability,

positioning them as promising candidates for applications in the

biomedical, agricultural, and food industries6,7. Importantly, the

European Drug Administration (EMA) and the US Food and Drug

Administration (FDA) have approved natural cyclodextrins and

their derivatives as safe additives8. Traditional MOFs, composed

of aromatic polyacids and polybases, often pose challenges for

medical applications9-12. In contrast, CD-MOFs primarily use γ-

cyclodextrin as the organic ligand and potassium ions as the metal

center, demonstrating excellent biosafety and medicinal value13.

Hence, cyclodextrin-based organic oligomer delivery carriers

represent a novel, safe pharmaceutical excipient.

However, the metal center of CD-MOFs, being potassium ions

(K+), exhibits relatively low stability and bioactivity, which limits

the development of drug carriers based on this platform. Doping in

biomaterials involves introducing other elements or compounds to

enhance their properties or impart new functionalities, thereby

improving their mechanical, chemical, and biological perfor-

mance14. For instance, europium ions, characterized by their f-f

intra-orbital electronic transitions, endow the doped nanoparticles

with distinctive photoluminescent properties, making them highly

valuable for applications in biological imaging15. It is well

established that calcium ions (Ca2+) stand as one of the most

abundant metallic elements in the human body, orchestrating a

plethora of vital cellular functions, including cell proliferation,

differentiation, apoptosis, and the transmission of nerve im-

pulses16. Therefore, the potential of doping Ca2+ into CD-MOFs

(K-MOFs) to enhance their performance, particularly in terms of

drug delivery efficiency and bioactivity, is a compelling avenue

for further investigation. In light of this, we discovered that Ca2+

release from doped CD-MOFs (Ca/K-MOFs) is pH-dependent,

with no release occurring at blood pH levels compared to non-

doped CD-MOFs. Besides, we also observed that Ca2+-doped

MOFs can disrupt intracellular Ca2+ concentrations and lead to

calcium overload, an effective means of affecting mitochondrial

dysfunction and ultimately triggering cancer cell death by

increasing mitochondrial Ca2+ concentration17. However, this

exogenous calcium carrier alone cannot meet the requirement for

rapid calcium overload, and its capacity to generate calcium

overload is restricted by the dynamic control of calcium signaling

in vivo18. In this scenario, inspired by the possible crosstalk be-

tween ROS and calcium signaling in tumor cells19, we propose

that the combination of exogenous calcium ion input with pho-

tosensitizers that can produce cytotoxic singlet oxygen (1O2)

might break this deadlock.

In this study, we dressed the old MOFs with new clothes and

developed the inaugural Ca2+-doped γ-CD-MOFs (Ca/K-MOFs),

with the capability for modulation of Ca2+ interference. Doping

significantly enhanced their bioactivity, enabling responsive Ca2+

release in the acidic tumor microenvironment (TME). This release

induced Ca2+ aggregation within tumor cells, which in turn led to

an increase in reactive oxygen species (ROS). Additionally, Ca/K-

MOFs also exhibited excellent drug-loading capabilities. Encap-

sulating the photosensitizer hypericin (HY) within the cubic

cavities of Ca/K-MOFs and surface-PEGylation with DSPE-

mPEG2000 yielded PEGHY@Ca/K-MOFs, not only exhibiting

desirable stability and excellent pH-sensitive dissociation behavior

but also boasting elevated photodynamic characteristics and a

remarkable ability of light-controlled mitochondrial calcium

overload. Under 590 nm irradiation, PEGHY@Ca/K-MOFs

significantly produced 1O2, amplifying oxidative stress and dis-

rupting intracellular Ca2+ homeostasis. This light-induced mech-

anism disrupted mitochondrial calcium uptake 1 (MICU1)

function, channeling excessive influx of Ca2+ into mitochondria,

exacerbating severe mitochondrial damage, activating intense

pyroptosis, and releasing a substantial amount of DAMPs, thereby

eliciting remarkable antitumor immune responses and inhibiting

the growth of both primary and distant tumors. We termed this

mechanism “photo-controlled mitochondrial calcium overload-

pyroptosis immunotherapy”. Overall, PEGHY@Ca/K-MOF, as a

newly developed initiator of photo-controlled mitochondrial cal-

cium overload, significantly enhances the antitumor and abscopal

effects, underscoring their potential in the realm of photo-

controlled mitochondrial Ca2+ overload-pyroptosis-based tumor

immunotherapy.

2. Materials and methods

2.1. Materials

Hypericin (≥95%, HY) was purchased from Guangzhou Shuntong

Pharmaceutical Technology Co., Ltd. (Guangzhou, China). Meth-

anol, ethanol, dimethylsulfoxide, polyethylene glycol 20,000

(PEG20,000), calcium chloride (CaCl2), and Tween-20 were

Photo-controlled Ca2+ interference for cancer immunotherapy 1117



purchased from Chengdu Kelong Chemical Co., Ltd. (Chengdu,

China). γ-Cyclodextrin (γ-CD, ≥98%) and 1,2-distearoyl-sn-glyc-

ero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-

2000] (DSPE-mPEG2000) were obtained from Adamas (Shanghai,

China). Potassium hydroxide (KOH, 90%) was purchased from

Shanghai Boer Chemical Reagent Co., Ltd. (Shanghai, China). 1,3-

Diphenylisobenzofuran (DPBF) and methyl thiazolyl tetrazolium

(MTT) were purchased from Shanghai Yien Chemical Technology

Co., Ltd. (Shanghai, China). Calcium Assay Kit and Potassium

Assay Kit were purchased from Nanjing Jiancheng Bioengineering

Institute (Nanjing, China). 4′,6-Diamidino-2-phenylindole dihy-

drochloride (DAPI), coumarin 6,2′,7′-dichlorodihydrofluorescein

diacetate (DCFH-DA), and Super ECL Plus kit were purchased

from Shanghai Bioscience Co., Ltd. (Shanghai, China). Ascorbic

acid (VC) and menadione (VK) were purchased from Dalian

Meilun Biotechnology Co., Ltd. (Dalian, China). R837 (Imiqui-

mod), Tetrakis (acetoxymethyl)1,2-bis(2-aminophenoxy)ethane-N,

N,N′,N′-tetraacetat (BAPTA-AM), MCU-i4 and DS16570511 were

purchased from Aladdin (Shanghai, China). Hank’s Buffered Saline

(HBSS), Pluronic� F-127, Fluo-3 AM, Rhod-2 AM, Rhodamine

123 (Rh123) fluorescence probe, and Annexin V-FITC/PI apoptosis

detection kit were obtained from Yeasen (Shanghai, China). Radio

immunoprecipitation assay (RIPA) buffer, ATP assay kit, LDH

assay kit, and Cell Mitochondria Isolation Kit were acquired from

Beyotime (Shanghai, China). Permeabilization Buffer (10 ×) was

purchased from Biosharp (Beijing, China). Protein-free rapid

blocking solution, 0.25% Trypsin (without EDTA) solution, Triton

X-100, Phosphate-buffered saline (PBS), and optimal cutting tem-

perature compound (OCT) were purchased from Servicebio

(Wuhan, China). Collagenase IV was purchased from Biofroxx

(Germany). Hyaluronidase was purchased from Solarbio (Beijing,

China). Polyacrylamide gel electrophoresis (SDS-PAGE) fast

preparation kit, multicolor prestained protein marker, and omni-

easy™ protein sample loading buffer were ordered from Epizyme

(Shanghai, China). RBC Lysis Buffer, Trypsin-EDTA Solution

(0.25%) and antibiotics (100 U/mL of penicillin and streptomycin)

were purchased from Boster (Wuhan, China). Fetal bovine serum

(FBS) was purchased from Tianhang Biotechnology Co., Ltd.

(Huzhou, China). Roswell Park Memorial Institute 1640 Medium

(RPMI-1640) was purchased from Corning (NY, USA). The primer

sequences were synthesized by Sangon Biotech Co., Ltd.

(Shanghai, China). SteadyPure Quick RNA Extraction Kit, Evo

M-MLV RT Mix Kit with gDNA Clean for qPCR, and SYBR Green

Premix Pro Taq HS qPCR kit were purchased from Aikerui

Biotechnology Co., Ltd. (Changsha, China). The yellow LED lamp

(570‒590 nm) was purchased from Aijia Electric Technology Co.,

Ltd. (Xuzhou, China).

2.2. Synthesis of Ca/K-MOFs

K-MOF was synthesized following a previously reported

method20. The synthesis process for Ca-doped MOFs with varying

doping ratios is fundamentally identical, with the only difference

being the quantities of calcium and potassium hydroxide added

(Supporting Information Table S1). The preparation of Ca/K-MOF

identified after screening is described below: CaCl2 (0.024 g),

KOH (0.08 g), and γ-CD (0.259 g) were dispersed in 8 mL of

deionized water. After the mixture was sonicated in a water bath to

ensure dissolution and then stirred at 50 ◦C for 30 min, it was

then filtered through a 0.8 μm hydrophilic filter membrane.

The filtrate was combined with 5 mL of methanol in a sealed

container, to which 13 mL of a methanolic solution of

PEG20,000 (8 mg/mL) was added. The mixture was magnetically

stirred in an ice water bath for 12 h. The white precipitates

were collected through centrifugation and washed with ethanol

3 times. The Ca/K-MOFs were then isolated by centrifugation,

and the solid powder obtained was dried for subsequent

applications.

2.3. Preparation of HY@Ca/K-MOFs and PEGHY@Ca/K-MOFs

Firstly, the preparation of HY@Ca/K-MOF was carried out by

adding 30 mg Ca/K-MOF to the HY ethanol solution (3 mL, 2 mg/

mL) in a brown sample bottle and stirring at room temperature for

a duration of 12 h. Afterward, the resulting suspension was

separated, and the remaining drugs were washed away with

ethanol to obtain HY@Ca/K-MOF. Finally, the obtained HY@Ca/

K-MOF was placed in an oven to dry. Similarly, HY@K-MOF

was synthesized using K-MOF (6 mg).

To obtain the PEGylated HY@Ca/K-MOF, 2 mg HY@Ca/K-

MOF was dissolved in 2 mL of deionized water. Then, 2 mg

DSPE-mPEG2000 was added to continue stirring vigorously in the

dark for 6 h. The final solution obtained was named PEGHY@Ca/

K-MOF.

2.4. Theoretical calculations

Density functional theory (DFT) calculations were performed

using the VASP software package. The exchange-correlation in-

teractions were treated with the Perdew-Burke-Ernzerhof (PBE)

functional within the generalized gradient approximation (GGA)

framework. The electronic structure was described using the

projected augmented wave (PAW) pseudopotential with a kinetic

energy cut-off of 500 eV for the expansion of the electronic

eigenfunctions. The Brillouin-zone integration was conducted

using a Γ-centered 5 × 5 × 5 Monkhorst—Pack k-point mesh. The

atomic positions were fully optimized until the energy and force

reached a tolerance of 1 × 10− 5 eV and 0.03 eV/Å, respectively.

To account for the long-range interactions, the dispersion-

corrected DFT-D method was implemented.

2.5. 1O2 generation assessment

Singlet oxygen generation was tracked by the chemical oxidation

of DPBF. DPBF can engage in an irreversible reaction with singlet

oxygen, leading to a notable reduction in its absorption at 415 nm.

20 mL mixed solution containing 0.001% Tween 20, 0.25 μg/mL

HY or HY-loaded MOF, and 0.05 μg/mL DPBF. Afterward, the

mixture was exposed to a 590 nm yellow LED (20 mW/cm2) at

room temperature at various times. The degradation curve of

DPBF was recorded by a UV—vis spectrometer. The 1O2 gener-

ation rate was determined from the reduced absorbance over time.

2.6. Release performance of the HY in HY-loaded MOFs

The release profile of HY was detected by HPLC. The HY-loaded

MOFs and Free HY suspensions (3 mL, 0.3 mg/mL equivalent of

HY concentration) were placed in dialysis bags

(MWCO � 8000‒14,000). These dialysis bags were then sealed

and immersed in 15 mL of release media (PBS with 0.5% Tween-

20 at pH levels of 7.4, 6.5, and 5.0) to simulate different biological

environments. The degradation and release experiments were

carried out at 37 ◦C under constant shaking. For HY release, at

each time interval, 1 mL of media was taken from the solution
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outside the bags to measure the concentrations of HY, and 1 mL of

fresh media with the same pH value was added to the solution.

2.7. In vitro Ca2+ release from different Ca-doped MOFs

To further investigate the release behavior of Ca ions at varying

pH levels, Ca-doped MOFs were dissolved in NaH2PO4/Na2HPO4

media solutions adjusted to pH 7.4, 6.5, and 5.0 within a constant-

temperature oscillation incubator. After a 12-h period of incuba-

tion under constant temperature and oscillation, the samples were

centrifuged to separate and collect the supernatant for analysis.

The contents of Ca2+ in the supernatant were measured by a

calcium assay kit. The same procedures were used to measure the

release of K+ from the solution, and then the amount of K+ in the

supernatant was determined by a potassium assay kit.

2.8. Assessment of intracellular Ca2+

2.8.1. Visualization of intracellular calcium flow

B16F10 cells were seeded in a 6-well cell plate and allowed to

settle for 12 h before being subjected to different treatments for a

period of 6 h. For the non-light irradiating groups, the cells were

straightforwardly incubated for a full 6 h. In the light-irradiating

groups, following a 4-h treatment, the cells were then exposed to

590 nm light (20 mW/cm2, 5 min), after which they were returned

to the incubator for an additional 2 h. After treatment, cells were

washed with HBSS buffer, and intracellular Ca2+ levels were

visualized using the Fluo-3 AM fluorescence probe for 1 h. Sub-

sequently, the distribution of Ca ions in the cells was analyzed by

CLSM and FCM.

2.8.2. Mitochondrial Ca2+ production

B16F10 cells were seeded in 150 mm tissue culture dishes and

grown until they reached approximately 70% confluence. At this

point, the cells were treated with different samples for 6 h: control,

K-MOF, Ca/K-MOF, Free HY + L, HY@K-MOF + L, HY@Ca/

K-MOF + L, and PEGHY@Ca/K-MOF + L. After the indicated

treatment, a cell mitochondria isolation kit was used to isolate the

mitochondria following the manufacturer’s instructions. After-

ward, the isolated mitochondria were resuspended in HBSS buffer,

and the Ca2+ content in the mitochondria was measured with the

commercial calcium assay kit. In particular, the culture medium

after being treated with control or Free HY was also collected by

centrifugation (13,000 rpm, 15 min) and determined by a calcium

assay kit. To observe the distribution of Ca2+ in mitochondria

after treatment with K-MOF or Ca/K-MOF, a Rhod-2 AM probe

(4 μmol/L) with red fluorescence was incubated for 1 h to label

mitochondrial Ca2+. Images were recorded with CLSM.

2.9. Intracellular ROS generation

The intracellular level of ROS was detected using the ROS-

sensitive fluorescence probe DCFH-DA. Following a 6-h incu-

bation period, the treated cells were rinsed with PBS and then

incubated with a 10 μmol/L diluted DCFH-DA working solution

at 37 ◦C for 1 h. Subsequently, the cells were stained with DAPI

for 5 min in the dark, and the fluorescence was examined using

CLSM. In addition, the treated cells were harvested by trypsi-

nization, resuspended in PBS, and their ROS levels were

immediately detected by FCM at the excitation wavelength of

488 nm.

To elucidate the link between calcium overload and ROS, we

intervened in the cells with the calcium chelator BAPTA-AM and

ROS inhibitors. More specifically, after aspirating the culture

medium, the cells were pre-treated with BAPTA-AM (10 μmol/L,

1 h) or VC (0.5 mmol/L, 0.5 h). Following this pre-incubation,

B16F10 cells were exposed to HY@Ca/K-MOF and PEGHY@Ca/

K-MOF under light conditions for a duration of 4 h. Subsequently,

the cells were irradiated with a yellow 590 nm LED light at an

intensity of 20 mW/cm2 for 5 min. After an additional 2-h incu-

bation, cells were detected by CLSM and FCM.

2.10. Measurement of mitochondrial membrane potential

To monitor the alterations in the intracellular mitochondrial

membrane potential within the cells, we utilized Rh123 staining.

After completing the aforementioned incubation and washing

procedures, the cells were dyed with Rh123 (1 μmol/L) for

20 min, and changes in mitochondrial membrane potential were

measured by CLSM and FCM.

2.11. Bio-TEM observation

B16F10 cells were seeded into 12-well plates and allowed to

grow for 12 h. Cells were treated with different groups, including

HY@K-MOF + L, HY@Ca/K-MOF + L, and PEGHY@Ca/K-

MOF + L, at a final concentration of 32 ng/mL. After 6 h of

treatment, the treated cells were prefixed with 3% glutaralde-

hyde, then the tissue was postfixed in 1% osmium tetroxide for

1 h at room temperature, dehydrated in a series of acetone,

infiltrated in Epox 812 for a longer time, and embedded. The

semithin sections were stained with methylene blue, and the

ultrathin sections were cut with a diamond knife and stained with

uranyl acetate and lead citrate. The prepared sections were

observed with Bio-TEM.

2.12. In vivo antitumor efficacy evaluation

All animal experimental procedures were strictly followed the

guidelines provided by the Experimental Animal Management and

Ethics Committee of Chengdu University of TCM. After the

tumor size reached ∼50 mm3, the melanoma-bearing C57BL/6

mice (n � 5) were administered PBS, Free HY, HY@K-MOF, Ca/

K-MOF, HY@Ca/K-MOF, PEGHY@Ca/K-MOF, and PEGHY@Ca/

K-MOF + L (equivalence dose of 15 mg/kg HY) via the tail vein

on Days 1, 3, 5, 7, and 590 nm yellow LED irradiation was

exposed to the tumor growth site of mice (20 mW/cm2 for 5 min)

in PEGHY@Ca/K-MOF + L after 12 h injection. Throughout

the experimental period, the tumor volume and body weight of

the mice were closely monitored on a daily basis. Tumor

dimensions were measured, and volumes (Vt) were calculated as

shown in Eq. (1).

Vt �Width2 ×Length× 0:5 (1)

Following a 10-day treatment period, all mice were euthanized.

Blood samples were collected for biochemical analysis, and the

major organs, including the heart, liver, spleen, lung, and kidney,

were harvested and fixed in 4% paraformaldehyde for subsequent

H&E staining. For immunological assessment, tumor-draining

lymph nodes (TDLNs), spleen, and a small proportion of tumors

were collected and processed for FCM. The remaining fresh tumor

tissues were prepared using three distinct methods: (1) soaked in
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4% paraformaldehyde overnight and prepared for H&E and IHC

use. (2) OCT embedded and then frozen at − 80 ◦C. Subsequently,

it was used for immunofluorescence staining analyses. (3) For

pyroptosis evaluation in vivo, tumors were collected, and 100 mg

of tumor tissue was clipped in every group and added to a mixture

of RIPA lysate and PMSF, which was subsequently ground using a

cryo-miller, placed on ice for 30 min, and centrifuged to remove

the supernatant (12,000 rpm, 15 min). Pyroptosis pathway proteins

were evaluated by WB analysis.

2.13. In vivo antitumor therapy in a bilateral tumor model

A bilateral tumor model was established to verify the potential of
PEGHY@Ca/K-MOF + L to activate the systemic immune system.

Female C57BL/6 mice, aged 6 to 8 weeks, were subcutaneously

inoculated with 5 × 105 B16F10 cells on their right flank to form

the primary tumor, and 4 days later, 3 × 105 B16F10 cells were

injected into the left flank to induce a distant tumor. Once the

volume of right tumor volume approached approximately 50 mm3,

mice were randomly allocated into four groups: (1) PBS (intra-

venous injection); (2) R837 (15 mg/kg, intratumoral injection); (3)
PEGHY@Ca/K-MOF (15 mg/kg, intravenous injection); and (4)
PEGHY@Ca/K-MOF (15 mg/kg, intravenous injection) followed

by irradiation. For the phototherapy groups, only the primary

tumor was irradiated with a 590 nm laser (20 mW/cm2) for 5 min

at 12 h post-injection, with no intervention on the distant tumor.

The growth of both tumors and changes in body weight for each

mouse were monitored every day. At the endpoint, anticoagulated

peripheral blood, spleens, TDLNs, and tumors were surgically

harvested.

To systematically investigate the immune response, mice were

euthanized after receiving various treatments, and their primary

tumors, distant tumors, TDLNs, and spleens were harvested for

preparation of a single-cell suspension according to standard pro-

tocols. In brief, tumors were minced into tiny pieces and digested

with 1 mL enzyme cocktail (collagenase type IV 0.6 mg/mL, hy-

aluronidase 0.1 mg/mL, and DNAase 0.02 mg/mL) at 37 ◦C for

1 h. Thereafter, the mixture was gently ground and filtered through

a 70 μm cell strainer to obtain a single-cell suspension. TDLNs

were treated similarly but incubated for 2 h before being homog-

enized into single-cell suspensions. Spleens were placed in

1 × PBS and gently minced with a syringe plunger, then filtered

through a 70 μm cell strainer. Anticoagulated peripheral blood was

centrifuged at 2000 rpm for 5 min, lysed with RBC lysis buffer for

3 min, and erythrocytes were removed from the single-cell sus-

pensions by repeated washing with PBS. After staining with

varying fluorescence-labeled antibodies, the percentages of matu-

rated DCs (CD80+CD86+ gated on CD11c+ DCs), total CD4+ T

cells, CD8+ T cells (CD4+CD8+ gated on CD3+ T cells), TEM

cells (CD44+CD62L− gated on CD8+ T cells), TCM cells

(CD44+CD62L+ gated on CD8+ T cells), and Tregs

(CD25+Foxp3+ gated on CD4+ T cells) were analyzed using flow

cytometry. FlowJo software (version 10.8.1) was used to analyze

the relative percentages of these different immune cell subsets.

For immunofluorescence staining of tumor tissues, samples

were rapidly embedded in the OCT compound and frozen. The

frozen blocks were then sectioned using a cryotome, and the

resulting slices were mounted onto slides, which were incubated

with primary antibodies specific to the proteins of interest for 12 h

at 4 ◦C. After adding fluorescently labeled secondary antibodies

and staining with DAPI for 30 min, the slides were then observed

using CLSM.

2.14. Statistical analysis

All results are expressed as mean ± standard deviation (SD), and

data analyses were conducted using GraphPad Prism 8.0 software.

To assess the differences between two experimental groups, a one-

way analysis of variance (ANOVA) followed by Student’s t-test

(two-tailed) was employed, and differences between multiple

groups were determined using a two-way ANOVA with Tukey’s

post-test. The P value was denoted with * for P < 0.05, ** for

P < 0.01, *** for P < 0.001, or **** for P < 0.0001.

3. Results and discussion

3.1. Ca-doped CD-MOF emerging as a potential candidate for

enhanced acid responsiveness and bioactivity

The synthesis of Ca/K-MOF and its application in cancer treat-

ment are shown in Scheme 1. Starting from the reported γ-CD-

MOF (K-MOF)20, we modified the synthesis protocol to incor-

porate calcium doping. Specifically, potassium hydroxide and

calcium chloride were co-crystallized with γ-CD in an aqueous

methanol solution to produce partially calcium-doped CD-MOF.

Six different doping levels were synthesized by varying the molar

ratio of CaCl2 to KOH (Table S1). The morphology and micro-

structure of the resulting Ca-doped MOFs were then analyzed by

scanning electron microscopy (SEM). As shown in Fig. 1A, the

doped MOF (Ca0.2/K1.4-MOF) synthesized with a CaCl2/KOH

molar ratio of 1:7 maintained the structural integrity of the orig-

inal K-MOF. When the Ca content exceeds 12.5% (Ca:K � 1:7),

the structure of the MOF is disrupted, and the morphology of Ca-

doped MOFs turns to particles with irregular shapes. This happens

most definitely due to the introduction of superfluous ligand

(Ca2+), which affects the crystallization process.

Based on the above SEM results, we chose Ca-doped MOFs

featuring three different doping levels (4.2%, 8.3%, and 12.5%)

for further analysis. All density functional theory (DFT) calcula-

tions were conducted using the Vienna Ab initio Simulation

Package (VASP)21-24. Three doping levels of MOFs were deter-

mined based on the crystallographic information file (CIF) of γ-

CD-MOF, and subsequently, the corresponding optimized geo-

metric structures were derived (Fig. 1B). It is anticipated that the

Ca heteroatom contributes to the rearrangement of electron dis-

tribution on the surface. Fig. 1C reveals that the electronic

structure of the metal center was modulated after the doping of

Ca. Specifically, a reduction in charge density at the K site cor-

responded with an increase around O and C atoms adjacent to Ca,

indicative of charge transfer processes from K to Ca. To explore

the electronic coupling and orbital contributions, we calculated the

band structure and density of states (DOS) for both K-MOF and

Ca-doped MOFs. The Fermi energy level, corresponding to the

highest occupied orbital, was referenced at 0 eV. The bandgap was

observed to narrow from 2.61 to 1.86 eV with escalating Ca

doping concentration (Fig. 1D). That is, introducing a higher

concentration of Ca dopants into the MOF at levels below 12.5%

can give rise to a downward shift in the conduction band edge

(ECB), leading to a net electronic bandgap-narrowing effect. This

leads to a denser energy band profile and the creation of localized

charge distributions, facilitating electron transitions across the

band gap. The enhancement of the charge exchange region in-

dicates that the doped Ca possesses abundant electron exchange

with its coordination environment, thereby improving the
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covalency between the metal active site and its surrounding co-

ordination environment. The computational model of 12.5% Ca-

doped MOF (denoted as III) closely aligns with our experi-

mental sample of Ca-doped MOF (Ca0.2/K1.4-MOF). Guided by

the preceding theoretical calculations, we chose Ca0.2/K1.4-MOF

for subsequent investigation, hereafter referred to as Ca/K-MOF

for brevity.

As shown in Fig. 1E and Supporting Information Fig. S1, in

comparison with K-MOF, Ca/K-MOF preserved its cubic

morphology, which is consistent with the SEM observations

(Fig. 1A). Fig. 1F shows the AC-HAADF-STEM images of Ca/

K-MOF, revealing the atomic dispersion of Ca and K species

within the Ca/K-MOF. In addition, as characterized by ICP-OES

verification, the Ca content in Ca/K-MOF was confirmed to

be 1.2% (w/w), while the K content was determined to be 3.43%

(w/w) (Fig. 1G). The EDS element mapping images and the

corresponding EDS spectrum clearly show the uniform distri-

bution of C, O, K, and Ca elements throughout the entire hybrid

material (Fig. 1H and Supporting Information Fig. S2). Subse-

quently, we investigated the crystal structures of the MOF prior

to and following Ca doping using XRD analysis. As shown in

Fig. 1I, the absence of a distinct CaCl2 crystalline phase was

compelling evidence that Ca atoms are homogeneously doped

into the MOF matrix. The XRD pattern of Ca/K-MOF, exhibiting

peaks at 2θ � 5.32◦, 7.04◦, 8.20◦, 10.00◦, 13.52◦ and 16.76◦,

matching well with the simulated pattern of γ-CD-MOF25,

confirming the successful doping. This observation indicates that

Ca/K-MOF maintains its original crystal structure post-doping,

signifying the successful incorporation of Ca. Meanwhile, XPS

was applied to detect the chemical state of surface elements in

both K-MOF and Ca/K-MOF. The distinct Ca signal detected by

XPS indicated the presence of Ca single-atoms within the Ca/K-

MOF structure (Fig. 1J). In the high-resolution XPS spectrum,

the Ca 2p core level exhibits a spin-orbital splitting doublet at

346.28 eV (2p3/2) and 349.68 eV (2p1/2)26. The binding energies

of the K active site’s 2p orbitals decrease from 295.48 and

292.78 to 295.08 and 292.38 eV upon Ca2+ introduction, con-

firming the modification of the electronic environment sur-

rounding both K and Ca27. Furthermore, the O 1s peaks in the

Ca-doped CD-MOF shift negatively to lower binding energies in

contrast to the pristine K-MOF, signifying an increased electron

density at the O atoms. The C 1s peaks observed at 284.1, 285.7,

and 287.1 eV were well-fitted with C‒C, C‒O, and O‒C‒O

bonds, respectively.

Scheme 1 Schematic illustration of the construction of Ca-doped CD-MOF (Ca/K-MOF) for HY loading (PEGHY@Ca/K-MOF) and its

application in comprehensive cancer therapy. (A) Schematic illustration of Ca/K-MOF as a novel carrier material with acid-sensitive, drug-

encapsulating properties and potential biological activity. HY was then encapsulated within Ca/K-MOF to form PEGHY@Ca/K-MOF, demon-

strating capabilities for photo-controlled mitochondrial Ca2+ influx. (B) PEGHY@Ca/K-MOF-mediated photo-controlled mitochondrial Ca2+

overload-induced pyroptosis to amplify immune responses to tumor cells.
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XAFS spectra were conducted to further clarify the local

geometric and electronic structures of Ca/K-MOF (Fig. 1K‒M).

The Ca K-edge X-ray absorption near-edge structure (XANES)

spectra indicate that the pre-edge feature of Ca/K-MOF was quite

close to that of CaO, suggesting that the valency of Ca is near +2.

The coordination environment of Ca was further examined by
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extended X-ray absorption fine structure (EXAFS) analyses. A

dominant peak at 1.9 Å in the Ca/K-MOF spectrum aligns with the

expected Ca‒O coordination distance, confirming the bond for-

mation between Ca and O. Additionally, the small peak at 2.6 Å

could be indicative of Ca‒Ca interactions28,29. Compared with the

peak intensity corresponding to Ca‒O coordination, the signifi-

cantly weaker peak of Ca‒Ca coordination indicates a smaller

proportion of Ca clusters and the atomically dispersed nature of

Ca species in Ca/K-MOF. We fitted the Fourier transform XAFS

in the R-space of Ca K-edge using the structure model of

replacing K atoms in K-MOF with Ca atoms. As shown in Sup-

porting Information Table S2 and Fig. S3, the fitting spectrum is

well consistent with Ca as measured, further confirming that Ca

single-atom replaced a portion of the K atoms within the Ca/K-

MOF structure. The Morlet wavelet transform (MWT) of

EXAFS spectra is a powerful analytical method for qualitatively

identifying and directly visualizing the local bonding structure of

metal atoms, as well as identifying overlapping contributions

caused by the multiple-scattering phenomenon. The MWT of the

k3-weighted EXAFS spectra for Ca in both CaO and Ca/K-MOF

are shown in Fig. 1M. The MWT contour plots show a maximum

intensity at approximately 4.4 Å− 1 in k-space, which is assigned

to the scattering paths for Ca‒O and Ca‒Ca in CaO. Concur-

rently, the maxima for both Ca‒O and Ca‒Ca were observed at

4.8 Å− 1 in the Ca/K-MOF spectrum.

The measured Brunauer-Emmett-Teller (BET) surface areas

for K-MOF and Ca/K-MOF were determined to be 1132.3 and

1016.4 m2/g, respectively. The pore size distribution analysis of

both MOFs shows that their pore maxima are centered at 12.6 Å,

providing compelling evidence for the successful occupation of

K-coordinated ion sites by Ca ions (Fig. 1N and O). Furthermore,

the Ca doping ratio of 1:1 was also determined (Supporting In-

formation Fig. S4). The N2-accessible surface area of Ca0.8/K0.8-

MOF almost decreased to 0 m2/g, indicating that the porosity of

the MOF is nearly eliminated once the calcium doping ratio sur-

passes a certain threshold. This finding is consistent with the

observations taken from the SEM images shown in Fig. 1A. The

water contact angle indicates the hydrophilic property of K-MOF

and Ca/K-MOF (Supporting Information Fig. S5). The initial

contact angle for Ca/K-MOF was 67.2◦, which is higher than that

of K-MOF at 55.1◦, but it reduced to 51.5◦ upon stabilization. This

suggests that Ca/K-MOF ultimately exhibits improved hydrophi-

licity. The fluctuating contact angle of Ca/K-MOF during mea-

surement is hypothesized to result from the initial interaction of

water molecules with the calcium clusters on the MOF surface,

followed by a gradual infiltration into the MOF’s internal cavity.

The introduction of water-repellent Ca2+ can improve the mois-

ture resistance of the MOFs. This Ca2+ doping on the surface of

MOF shielded it from direct exposure to moisture, thereby

effectively preventing hydrolysis30.

Next, we investigated the release of Ca2+ and K+ ions in a

simulated acidic TME. The Ca2+ release from Ca/K-MOF

exhibited a pH-dependent behavior. After a 12-h incubation in

NaH2PO4/Na2HPO4 buffers at varying pH levels (5.0, 6.5, and

7.4), the Ca2+ concentration in the supernatant solution was

quantified. As shown in Fig. 1P and Supporting Information

Fig. S6, the concentration of released Ca2+ from the Ca-doped

MOF was notably enhanced by the increased acidity of the

media. Meanwhile, the K+ concentration of Ca/K-MOF mirrored

similar trends, whereas the K+ release from K-MOF remained

unaffected across different pH treatments. These findings reveal

that Ca doping in Ca/K-MOF introduces a new property: pro-

nounced acid responsiveness.

To further shed light on the underlying mechanism of the pH-

responsive behavior of Ca-doped MOF, we conducted DFT cal-

culations. Initially, under the simulated acidic microenvironment

of the tumor, the optimal H+ adsorption sites for both Ca/K-MOF

and K-MOF were screened by proposing the possible adsorption

models. As shown in Fig. 1Q, the geometrically optimized

structures for both K-MOF and Ca/K-MOF, along with the

adsorption energy (Eads), were utilized to characterize the inter-

action between H+ and the MOFs. From the various candidate

adsorption models, we choose the ones exhibiting the higher

adsorption energy for each MOF for subsequent computational

analysis, corresponding to Eads values of − 1.85 eV for K-MOF

and − 3.27 eV for Ca/K-MOF.

In general, the higher the adsorption energy, the more effec-

tively it facilitates the binding of free electrons and the accumu-

lation of protons. Therefore, when compared to K-MOF, which

had an adsorption energy of 1.85 eV, Ca/K-MOF exhibited a larger

H+ adsorption energy of 3.27 eV. This indicated that it was easier

to adsorb H+ due to the optimization of the electronic structure,

Figure 1 Ca/K-MOF emerging as a potential candidate for enhanced acid responsiveness and bioactivity. (A) SEM images of Ca-doped MOFs

with various Ca doping ratios. Scale bar � 20 μm. (B, C) Theoretical calculations of optimized geometrical structure (B) and charge density

difference plots (C) of K-MOF and Ca-doped MOFs with various doping levels. Ca-doped MOF (I): Ca/K � 4.2%; Ca-doped MOF (II): Ca/

K � 8.3%; and Ca-doped MOF (III): Ca/K � 12.5%. (D) Theoretical analysis of the bandgap-narrowing effect induced by increased Ca-doping

density. The upper portion represents theoretical calculations of the density of states (DOS), while the lower portion depicts theoretical calcu-

lations of band structure. (E) TEM image of Ca/K-MOF at a Ca/K ratio of 1:7. Scale bar � 20 nm. (F) AC-HAADF-STEM images of Ca/K-MOF.

(G) ICP-OES analysis showing the calculated elemental content of Ca and K in Ca/K-MOF. (H) Elemental mapping of the as-prepared Ca/K-

MOF showing the distribution of C, O, K, and Ca. Scale bar � 5 μm. (I) XRD patterns of Ca/K-MOF and its individual components. (J)

X-ray photoelectron spectroscopy (XPS) analysis for chemical bonding information of K-MOF and Ca/K-MOF. (K) Normalized Ca, K-edge

XANES spectra of Ca/K-MOF and CaO. (L) FT-EXAFS spectra of the CaO and Ca/K-MOF. (M) Wavelet transform plots of Ca, K-edge in

CaO and Ca/K-MOF. (N) BET analysis for N2 absorption patterns of K-MOF and Ca/K-MOF. (O) Pore size distributions of K-MOF and Ca/K-

MOF. (P) The release profiles of K+ from K-MOF and Ca2+ from Ca/K-MOF after 12-h incubation in NaH2PO4/Na2HPO4 media at different pH

levels (5.0, 6.5, and 7.4). n � 3, n.s. represents no significant difference, ****P < 0.0001. (Q) The DFT calculation showing the adsorption

energy (Eads) of H+ on different constructed models of MOFs. (R) Theoretical analysis showing the DOS and band energy of K-MOF and Ca/K-

MOF after H+ adsorption. (S) The local charge density distribution in K-MOF and Ca/K-MOF after adsorption of H+. Yellow and blue regions

denote the accrual and expenditure of electrons. The Bader charge analysis reveals that the charge states of H+ adsorbed in K-MOF pre- and post-

adsorption are 0.43 |e| and 0.35 |e|, while for H+ adsorbed in Ca/K-MOF, the charge states are 0.58 |e| and 0.13 |e|, respectively. (T) CLSM

assessment of mitochondrial Ca2+ production in B16F10 cells stained with Rhod-2 AM (red) following treatment with K-MOF or Ca/K-MOF.

Scale bar � 20 μm.

Photo-controlled Ca2+ interference for cancer immunotherapy 1123



thus accelerating the accumulation of protons and benefiting the

formation of a local acidic environment on the Ca sites. Subse-

quent analysis of the band structure and DOS reveals that the

interaction strength of H+ and the pristine MOF was compara-

tively weaker compared to the doped MOF (Fig. 1R). Addition-

ally, the variation in DOS before and after adsorption was

minimal, with diminished fluctuations at the Fermi energy level.

The Bader charge analysis delineates the charge transfer phe-

nomena between atoms, both prior to and following the bond

formation31. Fig. 1S shows the distribution of local charge density

subsequent to H+ adsorption, with blue and yellow colors repre-

senting a decrease and an increase in electron density, respec-

tively. Upon H+ adsorption, the Bader charge value associated

with the doped MOF’s Ca‒O bond (0.13 |e|) was lower than that

of the original MOF’s K‒O bond (0.35 |e|). This disparity suggests

a reduced bond strength for the Ca‒O linkage, implying that the

Ca‒O bond is more prone to cleavage. Consequently, this pro-

vides a theoretical basis for the enhanced release of calcium ions

in the acidic milieu surrounding Ca/K-MOF. Based on the theo-

retical analysis provided, it can be inferred that the doping of Ca

endows pH-sensitive property upon the MOF.

On the other hand, the bioactivity of new materials is also

frequently a subject of interest. Under normal physiological con-

ditions, the concentration of intracellular Ca2+ is in equilibrium,

and an excessive concentration can lead to cellular dysfunction.

Therefore, to investigate the biological effects of Ca/K-MOF, we

traced tumor cells after contact with Ca/K-MOF using the mito-

chondrial calcium ion probe Rhod-2 AM. The results indicated

that, compared to K-MOF, the novel Ca-doped MOF more readily

induced an obvious increase in intramitochondrial calcium levels

(Fig. 1T), demonstrating that Ca/K-MOF can disrupt the con-

centration of intracellular Ca2+, potentially regulating the growth

of tumor cells. These findings suggest that Ca/K-MOF, while

maintaining its drug-loading capability, represents a novel class of

safe carrier materials characterized by acid-responsive properties

and exhibiting potential biological effects through Ca2+

interference.

3.2. Synthesis and characterization of PEGHY@Ca/K-MOF

Given that Ca/K-MOF maintains its drug-loading capabilities, we

encapsulated the photosensitizer hypericin within Ca/K-MOF

(HY@Ca/K-MOF) via a solvent impregnation method. After

repeated washing to remove unstable surface adsorbates, robust

encapsulation of hypericin within Ca/K-MOF was achieved. Be-

sides, DSPE-mPEG2000 was anchored to the surface of HY@Ca/

K-MOF (PEGHY@Ca/K-MOF) to improve its dispersibility and

stability under physiological conditions32. After loading with HY,

TEM observation revealed that the HY@Ca/K-MOF had almost

inherited the cubic structure and uniform size distribution

(Fig. 2A), indicating that such a Ca-doped MOF provides a hy-

drophobic interface for MOF, which protects the framework from

collapsing. The PEGHY@Ca/K-MOF maintained a spherical

structure while ensuring the integrity of the HY@Ca/K-MOF

(Fig. 2A). After PEGylated modification, the DLS data showed

the average hydrodynamic particle size from 306 ± 24 to

356 ± 33 nm, and the polydispersity index (PDI) value shifted

from 0.236 ± 0.014 to 0.175 ± 0.011 (Fig. 2B). The larger size

measurements obtained by DLS could be due to the Brownian

motion of MOF particles in the liquid medium, which encom-

passes several layers of solvent molecules surrounding the parti-

cles. The zeta potential values of Ca/K-MOF, HY@Ca/K-MOF,

and PEGHY@Ca/K-MOF were − 16.13 ± 0.53, − 23.22 ± 0.62,

and − 10.92 ± 0.65 mV, respectively (Supporting Information

Fig. S7). This indicates that HY was successfully loaded onto

Ca/K-MOF and modified with DSPE-mPEG2000. The loading

content of HY in PEGHY@Ca/K-MOF was 23.4 wt%, which is

higher than that in HY@Ca/K-MOF (15.6 wt%) and HY@K-MOF

(16.2 wt%) (Fig. 2C). Meanwhile, compared with HY@Ca/K-

MOF, the loading contents of Ca elements in PEGHY@Ca/K-

MOF did not exhibit any noticeable alteration (Fig. 2D).

Subsequently, to evaluate the biocompatibility of PEGHY@Ca/K-

MOF, a hemolysis assay was conducted. No obvious hemolysis

was observed, even at high concentrations of PEGHY@Ca/K-MOF

(Fig. 2E). Additionally, it was discovered that PEGHY@Ca/K-

MOF remained stable without any aggregation after incubation in

PBS, cell medium, and serum for 48 h, in contrast to HY@K-

MOF and HY@Ca/K-MOF (Fig. 2F), showing the stability of

the final formulation in these three environments, which made it

extremely suitable for both in vitro and in vivo antitumor

applications.

The FT-IR spectrum reveals that the Ca/K-MOF maintained

the characteristic peaks of K-MOF at 3479, 2926, and 1658 cm− 1

(Fig. 2G). When compared to HY, the spectra of HY@K-MOF and

HY@Ca/K-MOF showed diminished absorption bands at 1460

and 1421 cm− 1, with some characteristic peaks of HY even dis-

appearing, which confirmed that the HY molecules were encap-

sulated within the cavities of the MOFs. As shown in Supporting

Information Fig. S8, the 1H NMR spectrum of Ca/K-MOF closely

matches the previously reported K-MOF33, and the characteristic

peaks of pure HY are consistent with the literature34. However, it

is noteworthy that the HY signal in the HY-loaded Ca/K-MOF

spectrum showed distinct changes, including the disappearance

of signals at 14.69 and 14.05 ppm, and the emergence of new

signals at 5.36 and 8.45 ppm. This shift likely results from the

encapsulation of HY within the Ca/K-MOF framework35. The

DSC thermograms, shown in Supporting Information Fig. S9,

indicated that, aside from the endothermic peak caused by mois-

ture at 110 ◦C, pure HY exhibited no obvious peaks within the

temperature range of 25‒350 ◦C, a characteristic indicative of its

amorphous state. The melting exothermic peaks of the prepared

K-MOF and Ca/K-MOF appeared at slightly lower temperatures

than the corresponding HY-loaded MOF, and the melting exo-

therms were broader, this may be ascribed to the nude MOF

having a huge surface area. The thermal stability of both empty

and HY-loaded Ca/K-MOF was investigated using TGA. As

shown in Supporting Information Fig. S10, the mass loss of MOFs

from 30 to 200 ◦C is related to the evaporation loss of water and

the presence of other impurities in the samples. The thermal

degradation of Ca/K-MOF and K-MOF occurred at approximately

200 ◦C, aligning with the literature-reported results for K-MOF33.

Notably, the residual amount of HY@Ca/K-MOF (19.83%) was

higher than that of HY (15.15%), likely due to the encapsulation

of HY within the cavities of Ca/K-MOF36.

Next, we brought the perspective to the evaluation of the

photodynamic performance of PEGHY@Ca/K-MOF. Firstly,

compared with dispersed HY and HY@K-MOF, the fluores-

cence emission of HY@Ca/K-MOF and PEGHY@Ca/K-MOF

was sharply enhanced (Supporting Information Fig. S11). This

suggests that Ca-doped MOF can mitigate the aggregation-

caused quenching effects of HY, likely due to the increased

steric hindrance provided by its characteristic porous struc-

ture37. In other words, the spatial confinement effect of Ca/K-

MOF restricts molecular aggregation. The photostability of
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the various samples was evaluated (Fig. 2H). After 100 min of

irradiation (20 mW/cm2), PEGHY@Ca/K-MOF and HY@Ca/K-

MOF showed photodegradation rates of 12.7 ± 2.7% and

12.3 ± 2.5%, respectively, compared to Free HY (36.2 ± 4.5%)

and HY@K-MOF (41.3 ± 3.3%), indicating that Ca ion doping

was conducive to improving photostability, a result owed to the

cavity structure of Ca/K-MOF, which alleviated the optical

quenching effect of HY.

Afterward, to further investigate the PDT capability of
PEGHY@Ca/K-MOF, the generation of 1O2 under 590 ± 10 nm

LED irradiation was characterized using the singlet oxygen trap-

ping agent DPBF probe, which could be oxidized by 1O2 to

decrease its signature absorption peak at 415 nm38. The progres-

sive reduction in the absorption peaks of DPBF over irradiation

time confirmed the ongoing production of 1O2 (Fig. 2I). As ex-

pected, the absorption intensity of DPBF solution containing
PEGHY@Ca/K-MOF declined more rapidly than that of the other

groups, a result of the enhanced generation of 1O2, underscoring

the exceptional PDT efficacy of PEGHY@Ca/K-MOF (Fig. 2J and

K). Additionally, the fluorescence lifetime (FLT) and quantum

yields (QYs) of the two Ca-doped HY-loaded MOFs were mark-

edly improved compared to HY@K-MOF (Fig. 2L and M).

Therefore, the introduction of Ca in HY-loaded MOF offered

substantial advantages in fluorescence performance over their

undoped counterparts. It is well-established that the conversion of

O2 to 1O2 entails a process involving the transformation of energy

and the transfer of electrons. The ground state of O2 (3O2) features

two unpaired electrons occupying separate antibonding π orbitals

(πx* and πy*), whereas the excited state of O2 (1O2) has paired

electrons in the antibonding π orbital (πx*)
39,40. Referring to the

DOS results of K-MOF and Ca/K-MOF (Fig. 1D), upon doping

MOF with Ca, interfacial effects of HY@Ca/K-MOF were

established through mutual adsorption. Under 590 nm light, the

leptonic electrons can trigger more charge transfers, providing O2

with increased access to electrons and energy. This leads to a

significant reduction in the energy threshold for O2 activation

within this structure. Consequently, it facilitates the transition of

O2 from its ground state to the excited state, thereby enhancing the

generation of 1O2. In general, the introduction of Ca for the

synergistic coordination can break the symmetric structure of the

γ-CD-MOF, thus changing the local charge distribution of the

active center and causing distortion of the electron density for

much improved photodynamic performance.

Lastly, to confirm whether the HY-loaded Ca/K-MOFs retained

the acid-responsiveness of Ca/K-MOF, we examined their

morphology and drug release profile at various pH levels. Con-

trasting with the intact morphology of HY@Ca/K-MOF and
PEGHY@Ca/K-MOF in pH 7.4 medium, a segment of the outer

wall of these materials’ structure disintegrated and collapsed under

pH 6.5 conditions (Fig. 2N). In the medium adjusted to pH 5.0, no

intact MOF or PEGylated nanosphere structures were observed, as

they entirely crumbled. In striking contrast, we also observed that

HY@K-MOF, under the same conditions, did not exhibit any

notable disintegration or dissolution behavior (Supporting Infor-

mation Fig. S12). Similarly, Ca2+ and K+ ions in both HY@Ca/K-

MOF and PEGHY@Ca/K-MOF inherited the acid-responsive

properties of Ca/K-MOF, while HY@K-MOF behaved in accor-

dance with the characteristics of K-MOF (Fig. 2O and Supporting

Information Fig. S13). Consistently, the release behavior of the

drug HY kept aligning with the aforementioned findings (Fig. 2P

and Q). Regardless of the pH conditions, the release profile of HY

from HY@K-MOF remained unchanged; however, in the doped

formulations HY@Ca/K-MOF and PEGHY@Ca/K-MOF, the

release of HY exhibited distinct acid sensitivity.

The aforementioned results indicate that HY@Ca/K-MOF and
PEGHY@Ca/K-MOF have retained the acid sensitivity and potential

bioactivity of Ca/K-MOF. Furthermore, the introduction of Ca2+ has

significantly enhanced HY’s optical properties and its ability to

generate 1O2 in PEGHY@Ca/K-MOF, which is beneficial for PDT.

Furthermore, as a γ-cyclodextrin-modified organic carrier, Ca/K-

MOF demonstrates superior biocompatibility and drug-loading ca-

pabilities compared to inorganic calcium-based carriers. Collec-

tively, these findings convincingly illustrate that PEGHY@Ca/K-

MOF holds outstanding prospects for controllable drug delivery.

3.3. In vitro cellular activity assessment

To investigate the cellular uptake of HY-loaded MOFs in

B16F10 cells, CLSM was utilized to track the cellular uptake

behaviors of HY inside the B16F10 cells (Fig. 3A and Supporting

Information Fig. S14A). At both 0.5 and 4 h, numerous red signals

from HY@Ca/K-MOF and PEGHY@Ca/K-MOF within the cells

were observed in greater quantities compared to Free HY, which is

associated with the characteristic ease with which nano-

formulations are internalized by cells41-43. The corresponding

quantitation results from flow cytometry analysis were consistent

with CLSM observation (Fig. S14B).

Next, we evaluated the antitumor effect of PEGHY@Ca/K-MOF

in vitro by MTTassay. The viability of B16F10 cells treated with Ca/

K-MOF was markedly reduced compared to the K-MOF group,

likely due to the efficient inflow of Ca2+ (Fig. 3B), indicating that Ca/

K-MOF gains biological activity by causing intracellular Ca2+

disruption. Furthermore, the cell viability did not significantly alter at

varying concentrations of HYin the absence of 590 nm irradiation for

both Free HYand HY@K-MOF. Under these conditions, Ca2+ could

reduce the viability of cells treated with HY. This effect was further

amplified under light irradiation. Therefore, formulations that

include HY, Ca2+, and light (20 mW/cm2, 5 min), such as HY@Ca/

K-MOF and PEGHY@Ca/K-MOF, can more effectively inhibit cell

proliferation (Fig. 3C). It should be noted that cells treated with
PEGHY@Ca/K-MOF under light irradiation (PEGHY@Ca/K-

MOF+L) displayed the lowest survival rate, which was owing to the

synergistic therapeutic effects of photo-induced ROS and Ca2+

overload. Simultaneously, the survival of normal cells (RAW

264.7 cells and FHC cells) after treatment with Ca-doped MOFs

showed decreased toxicity (Supporting Information Fig. S15). It is

evident that the corresponding IC50 values for normal cells were

much higher than those for tumor cells, which is due to the fact that

calcium-related signaling pathways are differently remodeled for

survival in tumor cells compared to normal cells, resulting in

heightened sensitivity to intracellular Ca2+ in tumor cells44.

Consistent with the aforementioned findings, HY-containing for-

mulations significantly induced apoptosis under the influence of light

irradiation and this therapeutic effect was sensitized by the presence

of Ca2+. Consequently, PEGHY@Ca/K-MOF + L exhibited a

stronger apoptotic efficiency (Fig. 3D and Supporting Information

Fig. S16), highlighting the enhancement effect of Ca2+ overload in

the context of ROS generation induced by light.

3.4. Light-controlled bidirectional amplification effect of ROS

and Ca2+ overload through MICU1 downregulation

The mechanism of action of light-controlled mitochondrial Ca2+

overload warrants further exploration. Initially, we determined
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mitochondrial Ca2+ levels in B16F10 cells following various

treatments by using a mitochondria isolation kit and a calcium

assay kit. Clearly, Free HY did not induce any changes in Ca2+

concentration during the culture process (Fig. 3E). However, the

intramitochondrial calcium level in the group treated with Free

HY under light irradiation was 6.7-fold higher than that in the

control group (Fig. 3F), indicating that light exposure might lead

to the accumulation of Ca2+ within the mitochondria. It is hy-

pothesized that this could be attributed to light-induced ROS surge

causing mitochondrial damage, the scrambling and disturbance of
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the mitochondrial membrane channels responsible for Ca2+

accumulation, and the subsequent influx of Ca2+ from the cyto-

plasm into the mitochondria. Additionally, free HY inhibited the

efflux of Ca2+ from the cytoplasm to the extracellular fluid

following 590 nm light exposure, resulting in an elevation of the

intracytoplasmic Ca2+ concentration. The Ca2+-doped groups

exhibited a notably higher mitochondrial calcium content

compared to their non-doped counterparts, and this effect could be

further significantly intensified by light exposure.

Both CLSM and flow cytometry analysis indicated that after

cellular uptake, HY@Ca/K-MOF and PEGHY@Ca/K-MOF

significantly increased the intracellular Ca2+ concentration

(Fig. 3G and H and Supporting Information Fig. S17), which was

further elevated under light exposure (Fig. 3H). The Ca/K-MOF

group showed stronger green fluorescence intensity than the

undoped MOF group, which verified the effective influx of cal-

cium ions. In all groups treated with HY-containing formulations,

the fluorescence intensity was stronger with light irradiation than

without (Fig. 3G and H), indicating that ROS generated by

photodynamic effects can promote an increase in Ca2+ concen-

tration. It is speculated that this may be because HY induced by

light can trigger a strong membrane puncture, which subsequently

leads to a high extracellular Ca2+ inward flow. Therefore, we refer

to the phenomenon of PEGHY@Ca/K-MOF with light irradiation

inducing Ca2+ overload in the mitochondria of cancer cells as

photo-controlled Ca2+ dysregulation.

Previous studies have indicated that the buildup of cytosolic

Ca2+ can stimulate the activity of multiple dehydrogenases

involved in the tricarboxylic acid cycle, which is responsible for

ROS generation, and Ca2+-induced electron leakage from the

respiratory chain further promotes ATP synthesis and elevates

ROS levels45-48. We then assessed the generation of ROS in

B16F10 cells using the 2′,7′-dichlorofluorescein diacetate (DCFH-

DA) probe. The fluorescence intensity in cells treated with Ca/K-

MOF was significantly enhanced compared to the negligible

fluorescence observed in the K-MOF group (Fig. 3I and J and

Supporting Information Fig. S18), confirming that the increase in

intracellular Ca2+ concentration induced by the Ca-doped MOF

can effectively enhance the accumulation of intracellular ROS. In

parallel, the HY@Ca/K-MOF and PEGHY@Ca/K-MOF groups

presented more intense green fluorescence than the Free HY or

HY@K-MOF groups, effectively leading to tremendous ROS

generation under 590 nm laser irradiation. However, this effect

caused by HY@Ca/K-MOF + L and PEGHY@Ca/K-MOF + L

could be reversed by a calcium chelator of BAPTA-AM or an

oxidative stress inhibitor of ascorbic acid (VC) (Fig. 3K and

Supporting Information Fig. S19). These results confirm that

PEGHY@ Ca/K-MOF could boost ROS production, collaboratively

due to the doping of calcium ions and the enhanced PDT effi-

ciency of HY. Complementarily, the exogenous calcium ions

derived from the Ca-doped MOFs and the endogenous calcium

ions triggered by ROS, which are a byproduct of the photody-

namic activity of the HY, reciprocally contributed to the mito-

chondrial Ca2+ overload that may lead to cellular dysfunction.

Given that overloaded Ca2+ influx and excessive ROS accu-

mulation can trigger mitochondrial damage and dysfunction49, we

tested mitochondrial membrane potential (MMP) changes using

the membrane-permeant Rh123 probe, which enters mitochondria

based on their membrane potential, causing fluorescence to fade.

If the membrane is damaged, the potential drops, releasing Rh123

and producing bright yellow-green fluorescence. As depicted in

Fig. 3L and M, all the cells treated with different Ca-doped

MOFs exhibited lower MMP levels than the corresponding

monometallic ligand MOFs. Among them, benefiting from the

supercharged photodynamic activity of HY, the cells treated with
PEGHY@Ca/K-MOF + L had the sharpest green fluorescence

intensity, indicating the lowest MMP and the most severe mito-

chondrial damage. The above result is quantitatively supported by

the flow cytometry results (Supporting Information Fig. S20).

Furthermore, all three HY-loaded MOF + L groups exhibited

varied degrees of mitochondrial microstructural damage compared

to the control group (Fig. 3N). Specific manifestations include the

mitochondria swelling, inner range breakage, disappearing, and

becoming air-vacuolated. Notably, the PEGHY@Ca/K-MOF, with

light exposure, produced the most severe mitochondrial swelling,

which was accompanied by a significant decrease in electron

density of the inter-cristae matrix, a disappearance of matrix

granules, a presence of more flocculent amorphous protein

disintegration products within the inner cavity of mitochondria,

and a disorganization of the cristae structure. Furthermore, we

observed mitochondrial condensation and coalescence, the emer-

gence of round, vacuolated mitochondria, and even the presence

of mitophagosomes. These results indicate that PEGHY@Ca/K-

MOF, upon exposure to 590 nm light, possesses a remarkable

capacity to impair mitochondria. Given that mitochondrial Ca2+

overload also triggers mitochondrial damage50, it is speculated

that oxidative stress from HY PDT might initially induce mito-

chondrial damage. This initial injury could then dramatically

exacerbate mitochondrial Ca2+ overload, further promoting

oxidative stress and mitochondrial damage. This vicious cycle

would likely amplify the therapeutic effects observed in

B16F10 cells.

In an overall assessment of the molecular mechanism, we

employed immunoblot analysis to assess the expression levels of

Figure 2 Synthesis and characterization of PEGHY@Ca/K-MOF. (A) TEM images of HY@Ca/K-MOF and PEGHY@Ca/K-MOF. Scale

bar � 100 nm. (B) The particle size distribution of HY@K-MOF, HY@Ca/K-MOF, and PEGHY@Ca/K-MOF. Inset: digital photographs of

HY@K-MOF (green), HY@Ca/K-MOF (blue), and PEGHY@Ca/K-MOF (red) solutions. (C) Comparative HY loading capacities of MOFs at

equivalent dosages. (D) Ca2+ content in different Ca-doped MOFs. (E) Hemolysis assessment at varying MOF concentrations. (F) Stability of HY-

loaded MOFs determined by DLS in water, PBS, cell medium, and serum over a 48-h period. (G) FT-IR spectra of different MOF formulations.

(H) Photostability evaluation of different irradiation durations. (I) Schematic illustration of the mechanism of DPBF for 1O2 detection. (J)

Absorbance spectra of DPBF and HY-loaded MOFs post-irradiation at various time intervals (0, 20, 40, 60, 80, and 100 min) with an LED source

at 590 ± 10 nm. (K) Rate constants for the decomposition of DPBF in HY-loaded MOFs. (L) Quantum yields of HY-loaded MOFs

(λex � 555 nm). (M) Typical fluorescence decay profiles of HY-loaded MOFs. The excitation wavelength was 475 nm, and the emission was

collected in the wavelength range of 475‒600 nm using a bandpass filter. (N) TEM images showing the morphology of HY@Ca/K-MOF and
PEGHY@ Ca/K-MOF in different pH buffers. (O) The release profiles of Ca2+ and K+ from HY@Ca/K-MOF and PEGHY@ Ca/K-MOF after 12-h

incubation in media at different pH levels (5.0, 6.5, and 7.4). (P, Q) The release profiles of HY for HY@K-MOF (P) and Ca-doped MOFs (Q) at

different pH levels of 5.0, 6.5, and 7.4. n � 3, n.s. represents no significant difference, *P < 0.05, ***P < 0.001, ****P < 0.0001.
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proteins associated with Ca2+ homeostasis in B16F10 cells

(Fig. 3O and Supporting Information Fig. S21). CALPAIN1, a

Ca2+-activated protein that amplifies and initiates death signaling

in the cytosol, showed increased expression (Fig. 3O) in Ca-doped

groups and HY-containing groups with light irradiation, reflecting

the enrichment of Ca2+ levels within the tumor cells51.

The plasma membrane Ca2+ ATP2B4 (PMCA4) is tasked with

pumping Ca2+ out of the cell into the extracellular space.
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However, elevated ROS or “oxidative stress”, can hinder this

exocytosis by suppressing PMCA4 activity, thus trapping calcium

within the cytoplasm52,53. Our tests convincingly demonstrated

that the PEGHY@Ca/K-MOF + L group, which generated the

most ROS, also experienced the most significant inhibition of

PMCA4.

The sarcoplasmic reticulum Ca2+ ATP2A1 (SERCA1), an ATP-

dependent pump on the endoplasmic reticulum (ER), actively

transports Ca2+ from the cytoplasm into the ER. The ER is known to

interact structurally and functionally with mitochondria. It has been

reported that inhibiting SERCA1 can promote calcium leakage from

the ER, thereby facilitating its entry into the mitochondria54-56.

Compared to the control, the Free HY + L group showed a signif-

icant reduction in SERCA1 expression, indicating that HY-

generated ROS can effectively inhibit Ca2+ transport to ER sites.

This was further supported by the PEGHY@Ca/K-MOF + L group

presenting the lightest immunoblot signal among the Ca-doped

groups, indicating a substantial inhibition of SERCA1.

Mitochondrial calcium overload is primarily associated with

the mitochondrial calcium uniporter (MCU), which is situated in

the inner mitochondrial membrane and selectively transports

Ca2+. The MCU’s activity is modulated by the mitochondrial

calcium uniporter regulator 1 (MCUR1), which enhances its

function, and the mitochondrial calcium uptake 1 (MICU1), which

inhibits it. It is known that changes in MICU1 expression can

cause mitochondrial calcium overload; MICU1, acting as an MCU

inhibitor, directly regulates MCU activity, and its downregulation

leads to sustained Ca2+ influx into mitochondria, thereby

increasing mitochondrial ROS production49,57-63. We then inves-

tigated whether our Ca-doped MOFs could decrease MICU1

expression, thereby causing mitochondrial calcium overload.

Western blot analysis indicated that Ca-doped MOFs suppressed

MICU1 expression to different extents, with PEGHY@Ca/K-

MOF + L exhibiting the most potent inhibitory effect (Fig. 3P).

This finding was further validated by RT-qPCR, which detected

significant changes in Micu1 expression in the PEGHY@Ca/K-

MOF + L-treated group following treatment with the Micu1

activator MCU-i4 (i4) or the calcium uptake regulatory protein

inhibitor DS16570511 (DS) (Fig. 3Q, Supporting Information

Table S3 and Fig. S22)64,65. Immunofluorescence assays

confirmed the expression levels of PMCA4 and MICU1, consis-

tent with the results from the Western blot experiments (Sup-

porting Information Figs. S23 and S24). This suggests that

effective intervention of PEGHY@Ca/K-MOF with light can allow

significant downregulation of MICU1 expression.

To elucidate the relationship between ROS and MICU1, we

employed either an ROS inhibitor (VC) or an ROS generator (VK)

for intervention. The observed disparity in MICU1 expression be-

tween the VK group and the control groups, as shown in Supporting

Information Fig. S25, further provides additional evidence that ROS

generation can suppress MICU1 protein expression. This finding is

corroborated by the comparative performance of the PEGHY@Ca/K-

MOF + L group, which showed a significantly lower Micu1

expression compared to the VC and VC + PEGHY@Ca/K-MOF + L

groups. Subsequently, as shown in Supporting Information Fig. S26,

we also assessed the effect of altered MICU1 expression on intra-

mitochondrial Ca2+. When tumor cells were pretreated with the

MICU1 activator i4 or the calcium uptake regulatory protein in-

hibitor DS, the mitochondrial Ca2+ content in PEGHY@Ca/K-

MOF + L-treated cells was significantly decreased or increased,

respectively, proving that down-regulation of MICU1 triggers cal-

cium influx into mitochondria. Meanwhile, the inverse relationship

between MICU1 expression and ROS generation was also confirmed

by flow cytometry (Supporting Information Fig. S27). Overall,

photodynamic activity following HY light irradiation leads to

mitochondrial dysfunction. The potent oxidative effect of ROS

generated from PDT suppresses MICU1 expression on the mito-

chondrial inner membrane. Consequently, the diminished MICU1

expression allows for increased Ca2+ influx into the mitochondria,

resulting in a light-controlled mitochondrial calcium overload. This

overload, in turn, synergistically amplifies ROS-mediated oxidative

stress, establishing a vicious cycle of oxidative stress and calcium

overload that exacerbates mitochondrial damage (Fig. 3R).

3.5. Light-controlled mitochondrial Ca2+ overload-triggered

pyroptosis

Motivated by the potentiated state of intracellular mitochondrial

calcium overload, the pyroptosis properties were further investi-

gated. As shown in Fig. 4A, B16F10 cells treated with Free HY or

Figure 3 PEGHY@Ca/K-MOF induces calcium ion disruption, mitochondrial calcium overload, and a photodynamic effect in B16F10 cells.

(A) Confocal images of cellular uptake following treatment with Free HY, HY@K-MOF, HY@Ca/K-MOF, and PEGHY@Ca/K-MOF at 0.5 and

4 h. Scale bar � 20 μm. (B) Cell viability of B16F10 cells after treatment with K-MOF or Ca/K-MOF with or without 590 nm light irradiation for

5 min (20 mW/cm2). “L” denotes irradiation with 590 nm light. (C) Cytotoxicity of Free HY, HY@K-MOF, HY@Ca/K-MOF, or PEGHY@Ca/K-

MOF with different concentrations toward B16F10 cells with or without 590 nm irradiation (20 mW/cm2, 5 min). (D) Cell apoptosis analysis of

B16F10 cells under different treatments. (E) No influence of Free HY on the fluctuation of Ca2+ concentration in the culture medium. (F) The

influences of various treatments on mitochondrial Ca2+ concentrations in B16F10 cells. (G, H) CLSM (G) and flow cytometry (H) analysis of

B16F10 cells in various groups after using the Fluo-3 AM probe to monitor the Ca2+ influx. (I, J) Representative CLSM images (I) and flow

cytometry (J) showing ROS generation stained by DCFH-DA after different treatments. (K) Representative CLSM images of ROS levels after

treatment with HY@Ca/K-MOF or PEGHY@Ca/K-MOF in the presence of calcium chelator or ROS inhibitor (BAPTA-AM at 10 μmol/L or VC at

0.5 mmol/L). (L, M) CLSM (L) and corresponding quantitative (M) analysis of mitochondrial membrane potential alterations following incu-

bation with different treatments. Scale bar � 20 μm. (N) Representative Bio-TEM images of mitochondrial integrity after different treatments.

The red arrows represent damaged mitochondria, and the yellow arrows represent mitophagosomes. (O) The expression levels of calcium-

regulated proteins, including CALPAIN1, SERCA1, and PMCA4, in B16F10 cells after different treatments. (P) Western blotting and corre-

sponding quantitation analysis of calcium uptake—associated mitochondrial protein (MICU1) expression in B16F10 cells with ß-actin used as the

loading control. (I): Control, (II): K-MOF, (III): Ca/K-MOF, (IV): Free HY + L, (V) HY@K-MOF + L, (VI): HY@Ca/K-MOF + L, (VII):
PEGHY@Ca/K-MOF + L. (Q) RT-qPCR analysis revealing the expression of Micu1 gene after being treated with PEGHY@Ca/K-MOF under

590 nm light in the presence of DS (calcium uptake regulatory protein inhibitor) or i4 (Micu1 activator). (R) Schematic illustration of light-

controlled mitochondrial calcium overload by reducing MICU1 expression. n ≥ 3, n.s. represents no significant difference, *P < 0.05,

**P < 0.01, ***P < 0.001, ****P < 0.0001.
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HY@K-MOF + L showed clear apoptotic characteristics. In

contrast, the subsequent groups deviated from apoptotic features:

cells treated with Ca/K-MOF generated a small number of bub-

bles, HY@Ca/K-MOF + L group showed an increased bubble

count, and PEGHY@Ca/K-MOF under 590 nm laser irradiation led

to obvious bubble formation and cellular swelling. This observa-

tion likely unveiled the successful and noticeable induction of

pyroptosis by mitochondrial Ca2+ overload induced by
PEGHY@Ca/K-MOF + L treatment. Furthermore, the extracel-

lular release of lactate dehydrogenase (LDH) and adenosine

triphosphate (ATP) levels provides additional evidence supporting

the occurrence of pyroptosis (Fig. 4B and C). Generally, the

N-terminal domain of GSDME binds to membrane phospholipids,

forming transmembrane pores that allow the release of ATP and

LDH. We quantified the levels of these molecules in the culture

supernatants and found that PEGHY@Ca/K-MOF + L was the

most effective at inducing their release in B16F10 cells. Fig. 4D

showed that pre-incubation with BAPTA-AM significantly

affected LDH levels in the Ca2+-doped groups, indicating that

Ca2+ can promote pyroptosis in cells.

Additionally, Western blot assays were conducted to evaluate

the expression levels of pyroptosis-related proteins in

B16F10 cells (Fig. 4E and Supporting Information Fig. S28). The

expression levels of Cytochrome C, Cleaved caspase-3, Cleaved

caspase-9, and GSDME-N were significantly up-regulated in the

HY@Ca/K-MOF + L and PEGHY@Ca/K-MOF + L groups

relative to the other groups. These results corroborate that the Ca-

doped MOF loaded with HY under 590 nm light triggers mito-

chondrial calcium overload in tumor cells, leading to a subsequent

surge in ROS that promotes the opening of calcium-induced

permeability transition pores. This sequence of events results in

mitochondrial dysfunction, followed by the release of Cytochrome

C, which in turn activates Caspases-3 and -9, reversing the

cell death pathway from apoptosis into pyroptosis, with

Cleaved caspase-3 then cleaving GSDME into its N-terminal

fragment, GSDME-N49,66. The activation of this pathway is

characterized by a down-regulation of full-length GSDME and a

concomitant increase in GSDME-N. Notably, as shown in

Fig. 4F, the pre-incubation of BAPTA-AM caused a sharp

decrease in GSDME-N expression following treatment with

Figure 4 Mitochondrial calcium overload triggers cancer cell pyroptosis. (A) Representative morphological photographs showing B16F10 cell

pyroptosis after being treated with various formulations. Scale bar � 50 μm. (B) LDH release from B16F10 cells after different treatments. (C)

ATP release from B16F10 cells after different treatments. (D) Inhibition of MOF nanocomposites-induced pyroptosis by calcium ion chelator

BAPTA-AM as measured by LDH release in B16F10 cells. (E) Western blotting analysis of pyroptosis-associated protein expression (Cytochrome

C, Caspase-9, Cleaved caspase-9, Caspase-3, Cleaved caspase-3, GSDME-FL, and GSDME-N) in B16F10 cells after corresponding treatments.

(F) The WB analysis of GSDME-N expression showing chelation of calcium ions inhibits PEGHY@Ca/K-MOF + L-induced pyroptosis within

B16F10 cells. (G) Representative fluorescence images showing HMGB1 migration and CRT exposure in B16F10 cells after different treatments.

Scale bar � 20 μm. (H) Schematic illustration of light-controlled calcium overload-induced pyroptosis by PEGHY@Ca/K-MOF + L. n ≥ 3, n.s.

represents no significant difference, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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PEGHY@Ca/K-MOF under 590 nm light irradiation. This further

provides evidence supporting the idea that the onset of pyroptosis

is inextricably linked to intracellular mitochondrial calcium

overload.

Pyroptosis is commonly known for its distinct immunogenic

cell death (ICD) characteristics, including the substantial release

of damage-associated molecular patterns (DAMPs)67. To validate

the immune-activating potential of PEGHY@Ca/K-MOF, we

assessed representative biomarkers of the ICD-associated DAMPs

with immunofluorescence including high mobility group protein

B1 (HMGB1) and calreticulin (CRT) (Fig. 4G). With Ca2+

doping, the HMGB1 signal on the CLSM images gradually

changed from bright green in the nucleus to weak green fluores-

cence localized in the cytoplasm, indicating that HMGB1 was

Figure 5 PEGHY@Ca/K-MOF enhances intratumoral drug accumulation. (A) The temporal circulation profiles of Free HY, HY@K-MOF,

HY@Ca/K-MOF, and PEGHY@Ca/K-MOF in the bloodstream. Blood samples were collected from C57BL/6 mice bearing the B16F10 tumor

at various time points following tail vein injections of different formulations and subsequently imaged using a fluorescence imaging system (IVIS,

PerkinElmer). (B) Time-lapse biodistribution fluorescence images of whole animals bearing B16F10 xenograft tumors after being treated with

Free HY, HY@K-MOF, HY@Ca/K-MOF, and PEGHY@Ca/K-MOF at 1, 3, 6, 12, 24 h, respectively. (C) Fluorescence signals in excised organs

including heart, liver, spleen, lung, kidney, B16F10 tumor after being treated with Free HY, HY@K-MOF, HY@Ca/K-MOF, and PEGHY@Ca/K-

MOF at desired time points. λex � 570 nm, λem � 620 nm. (D) Semiquantitative analysis of tumor fluorescence intensity following different HY

treatments at multiple time points in vivo. (E) Representative confocal images of tumor tissue sections from mice injected with Free HY or HY-

loaded MOFs at 12 h post-injection. Blue: DAPI for staining the cell nucleus; red: Free HY or HY-loaded MOFs. Scale bar � 50 μm. n ≥ 3,

**P < 0.01.
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effectively released into the extracellular matrix. The green fluo-

rescence of CRT was observed on the extracellular membrane

after treatments with various Ca2+-doped MOFs. In contrast, the

undoped groups including K-MOF, Free HY + L, and HY@K-

MOF + L showed slightly weaker changes. As expected, the
PEGHY@Ca/K-MOF group exhibited the highest levels of

HMGB1 and CRT release from cells after light exposure. These

results highlight the potential of PEGHY@Ca/K-MOF as a highly
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effective generator for inducing the light-controlled mitochondrial

Ca2+ overload-pyroptosis immunotherapy (Fig. 4H).

3.6. In vivo fluorescence imaging

Four groups of C57BL/6 mice, each bearing the B16F10 tumor

model, were intravenously (i.v.) injected with Free HY, HY@K-

MOF, HY@Ca/K-MOF, and PEGHY@Ca/K-MOF, respectively.

We explored their in vivo biodistribution and the corresponding

fluorescence of venous blood at different time points using an

in vivo imaging system (IVIS) (Fig. 5A‒D and Supporting In-

formation Fig. S29). As shown in Fig. 5A and Fig. S29, the

fluorescence emission in the blood was consistently stronger for

the PEGHY@Ca/K-MOF group compared to the other three groups

from 1 to 36 h post-injection, indicating a significant long-term

tumor retention effect of PEGHY@Ca/K-MOF. This enhanced

tumor retention is attributed to the DSPE-mPEG2000 encapsulated

MOF system, which leverages the enhanced permeability and

retention (EPR) effect and evades reticuloendothelial system

(RES) uptake68.

One hour post-injection, there was no presence of fluores-

cence at the tumor site in the Free HY group, whereas fluores-

cence was observed in all MOF groups (Fig. 5B). The

fluorescence intensities at the tumor sites in both Ca-doped MOF

groups were much stronger than that of the HY@K-MOF group,

with the PEGylated MOF showing particularly enhanced in-

tensity. This enhanced fluorescence can be attributed to the

passive targeting ability facilitated by the Ca2+ doping. The

tumor location exhibited the most intense fluorescence 12 h after

the infusion of PEGHY@Ca/K-MOF. Even at 24 h post-injection,

the fluorescence intensity at the tumor site in the PEGHY@Ca/K-

MOF group was still stronger than that of the other groups,

suggesting that PEGHY@Ca/K-MOF could effectively accumu-

late at the tumor site (Fig. 5C and D). Moreover, to detect the

distribution of MOFs in tumor tissues, tumors from mice treated

with different formulations were sectioned. Notably, the HY

fluorescence signals of the HY@Ca/K-MOF-injected tumors

were more intense than those of the HY@K-MOF group (Fig. 5E

and Supporting Information Fig. S30). The red fluorescence

signals at the deep tumor site in mice injected with HY@Ca/K-

MOF were approximately 1.36-fold higher than those in mice

injected with HY@K-MOF. The enhanced tumor penetration

capacity of the two HY-loaded Ca-doped MOFs was attributed to

the acid-sensitivity conferred by Ca2+ doping, which improves

the targeting of tumor cells. Free drugs released at the tumor site

are more likely to infiltrate deeper regions. These results

confirmed that PEGHY@Ca/K-MOF possesses superior passive

targeting ability and prolonged tumor retention, thereby poten-

tially enhancing its therapeutic efficacy.

3.7. In vivo activation of pyroptosis and antitumor

immunotherapy

To evaluate the in vivo tumor-suppressing efficacy of PEGHY@Ca/

K-MOF, a melanoma mouse model was established using B16F10

tumor cells. The detailed treatment regimen is shown in Fig. 6A.

In the absence of lighting conditions, the tumor growth trajectories

for the HY@Ca/K-MOF and PEGHY@Ca/K-MOF groups closely

resembled that of the Ca/K-MOF group (Fig. 6B and C). Tumor

growth in all Ca-doped MOF groups exhibited a significantly

slower progression compared to the other three groups. Although
PEGHY@Ca/K-MOF alone showed limited antitumor activity, the

combination of PEGHY@Ca/K-MOF with light irradiation yielded

the most pronounced inhibition of tumor growth. These results

showed the synergistic effect of PEGHY@Ca/K-MOF + L on

inhibiting tumor growth (Fig. 6B‒I). Additionally, throughout the

treatment duration, body weights and organ indices remained

stable across all experimental groups, with no significant inter-

group differences (Supporting Information Fig. S31). Further

blood biochemical and routine analyses revealed that all param-

eters were within normal ranges, and no obvious inflammation or

organ damage was observed in the H&E staining images (Sup-

porting Information Fig. S32). These findings further validate the

exceptional biosafety and biocompatibility of PEGHY@Ca/K-

MOF + L.

Consistent with the in vitro studies, the upstream pathways of

intratumoral Ca2+-induced pyroptosis were similarly investigated.

To assess the Ca2+ production ability of PEGHY@Ca/K-MOF + L

in vivo, the Ca2+ level within tumor tissues was measured using a

calcium-sensitive fluorescence probe, Fluo-3 AM. As shown in

Fig. 6J and K, the Ca-doped MOFs showed only a modest rise

in green fluorescence, which proved that Ca-doped MOFs could

Figure 6 Therapeutic efficacy in a unilateral B16F10 tumor-bearing C57BL/6 mouse model. (A) Schematic diagram of the administration

regimen for PEGHY@Ca/K-MOF intravenous injection and photodynamic therapy in B16F10 tumor-bearing mice. On Day 8 post-B16F10 tumor

inoculation, different formulations were administered via tail vein injection, followed by continuous photoirradiation treatment at 590 nm, carried

out for 5 consecutive sessions with a 12-h interval post-injection. (B) Individual tumor growth kinetics of each mouse treated with PBS, Free HY,

HY@K-MOF, Ca/K-MOF, HY@Ca/K-MOF, or PEGHY@Ca/K-MOF. (C) Average tumor growth curves for mice post-treatment with the same

regimens as (B). (D) Individual tumor growth kinetics of each mouse treated with PEGHY@Ca/K-MOF and PEGHY@Ca/K-MOF + L. (E) Average

tumor growth curves for mice post-treatment with the same regimens as (D). (F, G) Representative xenograft tumor images (F) and weight (G) of

the tumor after being treated with PBS, Free HY, HY@K-MOF, Ca/K-MOF, HY@Ca/K-MOF, or PEGHY@Ca/K-MOF. (H, I) Representative

xenograft tumor images (H) and weight (I) of the tumor after being treated with PEGHY@Ca/K-MOF or PEGHY@Ca/K-MOF + L. (J) Repre-

sentative confocal images of Ca2+ influx (upper) and MICU1 expression (lower) in tumor tissues after the indicated treatment. Scale

bar � 50 μm. (K, L) Semiquantitative analysis of tumor fluorescence intensity from (J) for Ca2+ influx and MICU1 expression in tumor tissues.

(M) Representative H&E, TUNEL, and Ki-67 staining of tumor tissues after different treatments. Scale bar � 100 μm. (N) Representative

pyroptosis-associated staining (Cleaved caspase-3 and GSDME-N) of tumor tissues after different treatments. Scale bar � 100 μm. (O) Western

blotting analysis of related protein expression (Caspase-3, Cleaved caspase-3, GSDME-FL, and GSDME-N) in tumor tissues after different

treatments. (P) Quantitative evaluation of TDLNs-derived DC maturation after being treated with PEGHY@Ca/K-MOF or PEGHY@Ca/K-

MOF + L. (Q) Relative quantification of CD44+CD62L+ TCM cells gating on CD8+ cells in the spleens after the indicated treatment. (R, S)

Relative populations of CD3+CD4+ T cells and CD3+CD8+ T cells in tumors from mice after the indicated treatment. (T) Schematic illustration

of PEGHY@Ca/K-MOF-mediated pyroptosis induced by photo-controlled mitochondrial Ca2+ overload to promote DC maturation. Significance

was analyzed by two-way ANOVA with Tukey post hoc test for (C), one-way ANOVA with a Tukey post hoc test for (G, K, L) and a two-tailed

Student’s t-test for (I, P, Q, S). n � 5 independent mice per group, n.s. represents no significant difference, ***P < 0.001, ****P < 0.0001.
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increase the intracellular Ca2+ levels in tumor tissues. Upon

exposure to 590 nm light, the PEGHY@Ca/K-MOF + L group

clearly displayed a significantly higher level of intracellular green

fluorescence of Ca2+ compared to the HY@Ca/K-MOF group.

Moreover, prior to light exposure, the Ca-doped groups exhibited

a reduced expression of MICU1 compared to the other groups.

Subsequently, upon the introduction of light, the PEGHY@Ca/K-

MOF + L group displayed the sharpest decrease in cytoplasmic

MICU1 expression levels (Fig. 6J, L and Supporting Information

Fig. S33).

H&E staining of tumor tissues also showed that the
PEGHY@Ca/K-MOF + L treatment group exhibited severe

cytoarchitectural changes and karyopyknosis, more so than the

other groups. Mice treated with PEGHY@Ca/K-MOF + L

exhibited the strongest TUNEL fluorescence intensity and the

fewest Ki-67-positive cells, suggesting its pronounced pro-

apoptotic/pyroptosis ability (Fig. 6M and Supporting Informa-

tion Fig. S34). Immunoblotting and immunohistochemical anal-

ysis of biomarkers expression, including Cleaved caspase-3,

Caspase-3, GSDME, and GSDME-N, confirmed the activation

mechanism of pyroptosis in vivo. The Cleaved caspase-3 and

GSDME-N were significantly up-regulated in the PEGHY@Ca/K-

MOF group upon 590 nm light irradiation, compared to the non-

irradiated group. This indicates a potent induction of pyroptosis

within the tumor tissues, effectively activating the pyroptotic

pathway (Fig. 6N, O and Supporting Information Figs. S35 and

S36). Taken together, the evidence suggests that ROS signaling

causes mitochondrial damage, diminishes MICU1 expression,

intensifies calcium overload, triggers Caspase-3 activation, and

ultimately leads to pyroptosis through GSDME cleavage.

Therefore, it is worth investigating whether PEGHY@Ca/K-

MOF elicits an immune response in tumors. Dendritic cells (DCs),

which are crucial antigen-presenting cells (APCs) in tumor-

specific immune responses, were detected in tumor-draining

lymph nodes (TDLNs) for signs of maturation69-71. As shown in

Fig. 6P and Supporting Information Fig. S37, among all non-

illuminated groups, the Ca-doped groups without light interfer-

ence exhibited stronger mature DC activation compared to the

other non-irradiated groups. The proportion of mature DCs in the
PEGHY@Ca/K-MOF + L-treated group was 2.8 times higher than

in the PEGHY@Ca/K-MOF group alone. These results suggested

that PEGHY@Ca/K-MOF combined with phototherapy effectively

activates immune cells. Moreover, compared to another group,

those treated with PEGHY@Ca/K-MOF + L displayed a drastic

increase in the proportion of CD44+CD62L+ central memory

T cells (TCM) in the spleen (Fig. 6Q and Supporting

Information Fig. S38). This suggests PEGHY@Ca/K-MOF + L-

triggered pyroptosis may confer immune memory effects, poten-

tially leading to sustained remission and prevention of tumor

recurrence.

We also found that the proportion of both CD8+ and CD4+ T

cells in the tumors of mice treated with PEGHY@Ca/K-MOF + L

was significantly elevated, being 5.4- and 5.5-fold higher,

respectively, compared to the PEGHY@Ca/K-MOF group (Fig. 6R

and S). Immunofluorescence labeling images further corroborated

these findings, showing a substantial infiltration of CD8+ T cells

into the tumor tissues following treatment with PEGHY@Ca/K-

MOF + L (Supporting Information Fig. S39). In addition, we

compared the expression levels of immune-related cytokines―key

biomarkers for immune cell function activation, including TNF-α,

IFN-γ, and IL-1ß―released from tumor tissues following

different treatments using immunofluorescence staining

(Fig. S39). The levels of TNF-α, IFN-γ, and IL-1ß were signifi-

cantly higher in the tumor tissues of the PEGHY@Ca/K-MOF + L

group than in those of the other groups, further confirming the

occurrence of an inflammatory response and the effective activa-

tion of the immune system by the treatment. Collectively, the

combined therapeutic strategy of PEGHY@Ca/K-MOF + L, which

leverages photo-controlled calcium overload therapy and immu-

notherapy, also termed photo-controlled mitochondrial Ca2+

overload-pyroptosis immunotherapy, not only eradicates tumor

cells but also promotes DC maturation through the release of

DAMPs, which in turn activate cytotoxic T cells and produce a

striking anti-tumor effect (Fig. 6T).

The Ca/K-MOF-based nano-delivery platform demonstrated

promise in effectiveness and biocompatibility as a new therapeutic

option. However, further steps are needed for clinical translation,

such as developing ligand-functionalized MOFs to enhance tar-

geting and reduce off-target effects. Optimizing the Ca-doped

MOF structure to control calcium release kinetics and minimize

systemic side effects is also recommended.

3.8. Abscopal effect in the bilateral tumor model

Subsequently, motivated by our initial findings, we constructed a

bilateral B16F10 melanoma tumor model to verify whether our
PEGHY@Ca/K-MOF, upon phototreatment, could induce systemic

immune responses and suppress the growth of distant tumors. As

shown in Fig. 7A, the primary tumor was inoculated on the right

side of the armpit of each mouse, while the secondary or distant

tumor was implanted on the left side 4 days post-primary inocu-

lation. R837, a commercially available agonist of toll-like receptor

7, is recognized for its ability to stimulate the immune system’s

recognition of cancer cells, thereby improving the efficacy of

immunotherapy72. It was employed as a positive control to induce

the abscopal effect. Firstly, no significant differences in body

weight and organ index were observed across the four groups

(Supporting Information Fig. S40). As shown in Fig. 7B‒E,

consistent with our earlier results from the unilateral tumor model,

the PEGHY@Ca/K-MOF + L group exhibited the most pro-

nounced inhibition of primary tumor growth. Furthermore, our

observations indicated that PEGHY@Ca/K-MOF outperformed the

administration of R837, a well-established immunostimulatory

agonist. Notably, the combination of PEGHY@Ca/K-MOF with

light irradiation showed the most potent anti-tumor effect on both

primary tumors and distant tumors. The tumor size in this group

was significantly reduced compared to all other groups, suggesting

that the treatment effectively elicited a systemic anti-tumor im-

mune response. The regression observed in the distant tumors

confirms the successful induction of anti-tumor immunity

(Fig. 7F‒H).

The photodynamic immune-therapy effect induced by calcium

overload was further substantiated through H&E staining of both

primary and distant tumors after different therapies (Fig. 7I). We

assessed a range of indicators associated with ICD using immu-

nofluorescence staining to reveal the effective activation of anti-

tumor immunity by PEGHY@Ca/K-MOF + L induced cancer

cell ICD. Initially, the CRT exposure and extracellular release of

HMGB1 in the tumor tissues were determined (Fig. 7J‒M). As

opposed to the sparse green fluorescent signals observed in the

PBS group, treatments with R837 and PEGHY@Ca/K-MOF trig-

gered a small release of HMGB1 and CRT. However, the com-

bination of PEGHY@Ca/K-MOF with light irradiation at 590 nm

led to the most remarkable increase in HMGB1 and CRT
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exposure. Moreover, our findings indicate that the exposure of
PEGHY@Ca/K-MOF + L resulted in the highest secretion levels

of key inflammatory regulators (TNF-α, IFN-γ, and IL-1ß) both in

the primary and distant tumors compared to all other treatment

groups (Supporting Information Fig. S41). These results demon-

strated the potent capability of photo-treated PEGHY@Ca/K-MOF

to concurrently induce a robust systemic immune response

through proinflammatory pyroptosis.

To gain a deeper understanding of the immune response

after different treatments, we assessed DC activation in TDLNs

using flow cytometry. The percentages of activated DC (gated

at CD11c+) in the TDLNs of mice were as follows:

Figure 7 Abscopal effect of PEGHY@Ca/K-MOF-based Ca2+ overload-mediated tumor treatment in a bilateral B16F10 melanoma-bearing

mouse model. (A) Schematic illustration of the experimental design for in vivo evaluations against primary and distant tumors. (B) Represen-

tative photographs of primary tumors and distant tumors in the mice after being treated with PBS, R837, PEGHY@Ca/K-MOF, or PEGHY@Ca/K-

MOF + L. (C‒E) Individual tumor growth kinetics (C), average tumor growth curves (D), and weight (E) of primary tumors in the mice after

different treatments. (F‒H) Individual tumor growth kinetics (F), average tumor growth curves (G), and weight (H) of distant tumors in the mice

after different treatments. (I) H&E analysis of the bilateral tumor after different treatments. Scale bar � 100 μm. (J, K) Representative

immunofluorescence images (J) and quantitative analysis (K) of HMGB1 expression in bilateral tumor tissues after different treatments using anti-

HMGB1 antibody (green). Scale bar � 50 μm. (L, M) Representative immunofluorescence images (L) and quantitative analysis (M) of CRT

expression in bilateral tumor tissues after different treatments using anti-CRT antibody (green). Scale bar � 50 μm. Significance was analyzed by

two-way ANOVA with Tukey post hoc test for (D, G) and one-way ANOVA with a Tukey post hoc test for (E, H, K, M). n � 5 independent mice

per group, n.s. represents no significant difference, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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Figure 8 Light-controlled mitochondrial Ca2+ overload therapy-enhanced systemic immune responses to PEGHY@Ca/K-MOF in a bilateral

B16F10 melanoma mouse model. (A) Representative flow cytometry plots showing DC maturation in the draining lymph nodes close to the

primary tumors after being treated with PBS, R837, PEGHY@Ca/K-MOF, and PEGHY@Ca/K-MOF + L. (B) Flow cytometric analysis showing

percentages of matured DCs adjacent to the primary tumor-draining lymph nodes (TDLNs) after different treatments. (C, D) Quantitative analysis

of CD3+CD8+ (C) and CD3+CD4+ (D) T cells in bilateral (primary and distant) tumors (BT) after different treatments. (E, F) Relative pro-

portions of CD4+ and CD8+ T cells in PBMC (E) and spleen (SP) (F) after different treatments. (G, H) Quantitative levels of Treg cells in BT

(G) and SP (H) after different treatments. (I) Quantitative analysis of effector memory T cells (CD44+CD62L− TEM) in distant tumors (DT) in

mice after different treatments. (J, K) Relative quantification of CD44+CD62L− TEM (J) and CD44+CD62L+ TCM (K) cells gating on CD8+ cells

in PBMC after different treatments. (L, M) Quantitative analysis of CD44+CD62L− TEM (L) and CD44+CD62L+ TCM (M) cells in the SP after

different treatments. (N, O) Relative proportions of CD44+CD62L− TEM (N) and CD44+CD62L+ TCM (O) cells in TDLNs adjacent to the distant

tumors after different treatments. n � 5 independent mice per group, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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19.22 ± 1.73% for the PBS group, 29.66 ± 1.46% for the R837

group, and 36.48 ± 2.24% for the PEGHY@Ca/K-MOF group.

These values were approximately 2.7-, 1.7-, and 1.4-fold lower,

respectively, compared to the group treated with light-

controlled PEGHY@Ca/K-MOF, which exhibited the highest

level of DC activation at 52.10 ± 2.20% (Fig. 8A and B and

Supporting Information Fig. S42). Coinciding with such a

tendency, the PEGHY@Ca/K MOF + L treatment led to a

remarkable increase in the numbers of cytotoxic T-cells

(labeled CD3+CD8+) and helper T-cells (labeled CD3+CD4+)

in both primary and distant tumors (Fig. 8C and D and Sup-

porting Information Fig. S43). Similarly, a significant elevation

in T cell infiltration was clearly observed in peripheral blood

mononuclear cells (PBMCs) and spleen following photo-

irradiation treatments with PEGHY@Ca/K-MOF (Fig. 8E and F

and Supporting Information Figs. S44 and S45). In contrast to

the PBS group, the levels of suppressive regulatory T cells

(Treg), characterized as CD4+CD25+Foxp3+, were significantly

suppressed in both primary and distant tumors among the R837,
PEGHY@Ca/K-MOF, and PEGHY@Ca/K-MOF + L treatment

groups. Notably, the PEGHY@Ca/K-MOF + L group exhibited

a substantial decrease in Treg frequencies, with 0.22% in pri-

mary tumors and 0.59% in distant tumors. These values rep-

resented a 6.8-, 5.5-, and 2.6-, 2.8- fold reduction in primary

and distant tumors, respectively, compared to the R837 and
PEGHY@Ca/K-MOF groups (Fig. 8G and Supporting Informa-

tion Fig. S46).

Further analysis of Treg cells in the spleens yielded similar re-

sults, indicating that PEGHY@Ca/K-MOF could effectively relieve

the immunosuppressive TME (Fig. 8H and Supporting Information

Fig. S47). Additionally, CLSM images and semiquantitative results

also revealed that the bilateral tumors in the PEGHY@Ca/K-

MOF + L group exhibited remarkably higher infiltration of CD8+ T

cells and a reduced proportion of Foxp3+ regulatory T cells

compared to the other three groups (Supporting Information Figs.

S48 and S49). Moreover, to assess the long-term effects on im-

mune memory, we detected the levels of CD8+ effector memory T

cells (CD8+CD44+CD62L− ) in distant tumors after different

treatments. As illustrated in Fig. 8I and Supporting Information

Fig. S50, the proportion of effector memory T cells in distant tu-

mors was significantly enhanced after treatment with PEGHY@Ca/

K-MOF + L. Simultaneously, we analyzed the populations of cen-

tral memory cells (TCM, CD44+CD62L+) and effector memory cells

(TEM, CD44+CD62L− ) in PBMCs, spleen, and TDLNs. These an-

alyses revealed a significant expansion of these memory T cell

subsets in mice treated with the combination therapy, particularly in

the group receiving PEGHY@Ca/K-MOF in conjunction with light

irradiation (Fig. 8J‒O and Supporting Information Figs. S51—S53).

This indicated that the synergistic strategy of light combined with
PEGHY@Ca/K-MOF has a strong anti-tumor immune memory ef-

fect, which can effectively prevent tumor recurrence and metastasis.

Taken together, the results presented above suggest that
PEGHY@Ca/K-MOF, when activated by light exposure, induces a

light-controlled mitochondrial Ca2+ overload-pyroptosis immuno-

therapy that reverses TME from immunosuppressive to immuno-

logically favorable. This reversal triggers a robust systemic immune

response and generates long-lasting immune memory.

4. Conclusions

In this work, an acid-sensitive/calcium overload elicitor was

initially developed by doping calcium ions into the γ-CD-MOF

framework. Subsequently, the photosensitizer HY was encapsu-

lated within the pores of doped MOFs to constitute an effective

inducer of pyroptosis-tumor metalloimmunotherapy. Finally, the

PEG-modified outer layer of this formulation increased MOF

stability and extended blood circulation, hence boosting tumor

enrichment. The PEGylated bimetallic MOF, loaded with the

phototoxic agent HY, features a relatively small size, good sta-

bility under physiological conditions, high 1O2 production,

effective induction of mitochondrial calcium overload capacity,

and passive targeting capability to the tumor site. Benefiting from

these merits, PEGHY@Ca/K-MOF exhibits superior tumor accu-

mulation and in vivo photodynamic properties. Upon internaliza-

tion by tumor cells, the Ca2+ and HY benefactors of PEGHY@Ca/

K-MOF were efficiently released under weakly acidic circum-

stances and through photodynamic regulation, thereby disrupting

the Ca2+ ion homeostasis and surging ROS levels within tumor

cells. The light-controlled influx of mitochondrial Ca2+ promoted

a cascade pathway that included the degradation of MICU1 pro-

tein, the generation of ROS, mitochondrial damage, and mito-

chondrial Ca2+ overload, ultimately inducing the onset of

pyroptosis. Through leveraging calcium overload stress and photo-

activated pyroptosis in tumor cells, PEGHY@Ca/K-MOF effec-

tively elicited a robust ICD effect, achieving an effective sup-

pression of primary and distant tumors under the condition of

590 nm light irradiation. More importantly, the PEGHY@Ca/K-

MOF plus light group exhibited the highest frequency of T-cell

infiltration, mature DCs, and memory cells, as well as the

lowest percentages of immunosuppressive Treg cells. Therefore,

this photo-controlled mitochondrial Ca2+ overload-pyroptosis

immunotherapy, which leverages the biocompatible and well-

defined calcium-doped MOF loaded with the photosensitizer HY

to induce mitochondrial calcium overload via MICU1 down-

regulation, emerges as a novel and highly efficient synergistic

strategy for melanoma treatment and holds promise as a potent

immuno-adjuvant.
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Plasma membrane Ca2+ ATPase isoform 4b is cleaved and activated

by Caspase-3 during the early phase of apoptosis. J Biol Chem 2002;

277:6822—9.

54. Marchi S, Giorgi C, Galluzzi L, Pinton P. Ca2+ fluxes and cancer. Mol

Cell 2020;78:1055—69.

55. Monteith GR, Prevarskaya N, Roberts-Thomson SJ. The

calcium—cancer signalling nexus. Nat Rev Cancer 2017;17:

367—80.

56. Zheng S, Wang X, Zhao D, Liu H, Hu Y. Calcium homeostasis and

cancer: insights from endoplasmic reticulum-centered organelle

communications. Trends Cell Biol 2023;33:312—23.

57. Garbincius JF, Elrod JW. Mitochondrial calcium exchange in physi-

ology and disease. Physiol Rev 2022;102:893—992.

58. Chakraborty PK, Mustafi SB, Xiong X, Dwivedi SKD, Nesin V,

Saha S, et al. MICU1 drives glycolysis and chemoresistance in ovarian

cancer. Nat Commun 2017;8:14634.

59. Csordás G, Golenár T, Seifert Erin L, Kamer Kimberli J, Sancak Y,

Perocchi F, et al. MICU1 controls both the threshold and cooperative

activation of the mitochondrial Ca
2+ uniporter. Cell Metab 2013;17:

976—87.

60. Kamer KJ, Mootha VK. The molecular era of the mitochondrial cal-

cium uniporter. Nat Rev Mol Cell Biol 2015;16:545—53.

61. Liu JC, Liu J, Holmström KM, Menazza S, Parks RJ, Fergusson MM,

et al. MICU1 serves as a molecular gatekeeper to prevent in vivo

mitochondrial calcium overload. Cell Rep 2016;16:1561—73.

62. Mallilankaraman K, Doonan P, Cárdenas C, Chandramoorthy

Harish C, Müller M, Miller R, et al. MICU1 is an essential gatekeeper

for MCU-mediated mitochondrial Ca2+ uptake that regulates cell

survival. Cell 2012;151:630—44.

63. Pendin D, Greotti E, Pozzan T. The elusive importance of being a

mitochondrial Ca2+ uniporter. Cell Calcium 2014;55:139—45.

64. Lan T, Zhang K, Lin F, He Q, Wu S, Xu Z, et al. Effects of MICU1-

Mediated mitochondrial calcium uptake on energy metabolism and

quality of vitrified-thawed mouse metaphase II oocytes. Int J Mol Sci

2022;23:8629.

65. Kon N, Murakoshi M, Isobe A, Kagechika K, Miyoshi N,

Nagayama T. DS16570511 is a small-molecule inhibitor of the

mitochondrial calcium uniporter. Cell Death Discov 2017;3:17045.

66. Loveless R, Bloomquist R, Teng Y. Pyroptosis at the forefront of

anticancer immunity. J Exp Clin Cancer Res 2021;40:264.

67. Li M, Kim J, Rha H, Son S, Levine MS, Xu Y, et al. Photon-controlled

pyroptosis activation (photopyro): an emerging trigger for antitumor

immune response. J Am Chem Soc 2023;145:6007—23.

68. Krishnaswami V, Mohanan DP, Raja SAJ, Natarajan B, Velusamy S.

Nanotechnology-based advancements for effective delivery of phyto-

constituents for ocular diseases. Nano TransMed 2024;3:100056.

69. Li X, Wang H, Chen Y, Li Z, Liu S, Guan W, et al. Novel emerging

nano-assisted anti-cancer strategies based on the STING pathway.

Acta Mater Med 2023;2:323—41.

70. Zeng W, Li Z, Huang Q, Ding C, Yang L, Wang W, et al. Multi-

functional mesoporous polydopamine-based systematic delivery of

STING agonist for enhanced synergistic photothermal-immuno-

therapy. Adv Funct Mater 2023;34:2307241.

71. Zhang Y, Yu X, Luo L, Xu Y, Zhang H, Mao Z, et al. Engineered

manganese-BODIPY coordinated nanoadjuvants for enhanced NIR-II

photo-metalloimmunotherapy. J Control Release 2024;376:1115—29.

72. Fei Z, Fan Q, Dai H, Zhou X, Xu J, Ma Q, et al. Physiologically

triggered injectable red blood cell-based gel for tumor photoablation

and enhanced cancer immunotherapy. Biomaterials 2021;271:120724.

Photo-controlled Ca2+ interference for cancer immunotherapy 1139


