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Photodynamic therapy and ferroptosis induction have risen as vanguard oncological interventions, distinguished by their precision and ability to target vulnerabilities in cancer cells. Photodynamic therapy’s non-invasive profile and selective cytotoxicity complement ferroptosis’ unique mode of action, which exploits iron-dependent lipid peroxidation, offering a pathway to overcome chemoresistance with lower systemic impact. The synergism between photodynamic therapy and ferroptosis is underscored by the depletion of glutathione and glutathione peroxidase four inhibitions by photodynamic therapy-induced reactive oxygen species, amplifying lipid peroxidation and enhancing ferroptotic cell death. This synergy presents an opportunity to refine cancer treatment by modulating redox homeostasis. Porphyrin-based nanoscale metal-organic frameworks have unique hybrid structures and exceptional properties. These frameworks can serve as a platform for integrating photodynamic therapy and ferroptosis through carefully designed structures and functions. These nanostructures can be engineered to deliver multiple therapeutic modalities simultaneously, marking a pivotal advance in multimodal cancer therapy. This review synthesizes recent progress in porphyrin-modified nanoscale metal-organic frameworks for combined photodynamic therapy and ferroptosis, delineating the mechanisms that underlie their synergistic effects in a multimodal context. It underscores the potential of porphyrin-based nanoscale metal-organic frameworks as advanced nanocarriers in oncology, propelling the field toward more efficacious and tailored cancer treatments.
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1 INTRODUCTION
Formed by metal nodes and organic linkers, nanoscale metal-organic frameworks (nMOFs) are a subclass of coordination polymers. They exhibit remarkable potential in biomedicine, especially in drug delivery systems (He et al., 2015; Wang W. et al., 2022; Liu et al., 2023). Their high specific surface area and tunable pore structures facilitate the loading of diverse therapeutic agents (Dou et al., 2021), from small molecules to proteins and nucleic acids (Lu et al., 2018; Su et al., 2022; Liu et al., 2023). The chemical stability and biocompatibility of nMOFs ensure safe in vivo drug delivery, while surface functionalization enables targeted delivery to specific lesions, optimizing efficacy and minimizing systemic side effects (Wang W. et al., 2022; Wang and Zhang, 2024). These intelligent materials respond to stimuli such as pH, temperature, or light, achieving controlled drug release and enhancing therapeutic precision and efficiency (Yang J. et al., 2023; Zhou S. et al., 2024). Porphyrin-based nMOFs, which are particularly effective in phototherapy, have garnered significant interest (Lan et al., 2018; He et al., 2019; Zhang D. et al., 2019; Xu et al., 2023).
Photodynamic therapy (PDT) is an innovative approach to cancer treatment (Shen et al., 2022). It leverages the selectivity and low invasiveness of light-activated photosensitizers (PSs) (Lucky et al., 2015; Gunaydin et al., 2021). Concentrated within tumors and activated by specific wavelengths, PDT precisely targets malignant cells while sparing surrounding healthy tissue (Lan et al., 2019). Its non-invasive nature reduces patient discomfort and recovery time compared to surgery and radiation (Chatterjee et al., 2008). The repeatability of PDT allows for repeated treatments without escalating side effects, offering sustained therapeutic options for recurrent or residual tumors (Kwiatkowski et al., 2018). Additionally, PDT demonstrates synergistic potential with other cancer treatments like chemotherapy and immunotherapy, potentially overcoming resistance and enhancing overall outcomes (Wang et al., 2019; Jiang et al., 2023a; Zhou S. et al., 2024).
Ferroptosis is an emerging cancer therapy (Zhao et al., 2019; Wang Y. et al., 2022). It induces iron-dependent lipid peroxidation, which disrupts cellular membranes and triggers non-apoptotic, iron-mediated cell death (Chen et al., 2021; Jiang et al., 2021; Li et al., 2022). Its specificity for cancer cells with dysregulated iron metabolism or antioxidant imbalance provides precise elimination with minimal impact on normal cells (Cheng et al., 2022; Lei et al., 2022). Ferroptosis is effective against drug-resistant tumors. Theoretically, its low toxicity suggests it may cause fewer systemic side effects, thereby improving quality of life (Li et al., 2020; Nie et al., 2022). Combined with existing therapies, ferroptosis amplifies treatment effectiveness, thereby offering comprehensive treatment regimens (Wang et al., 2023a; Chang et al., 2024).
The synergy between PDT and ferroptosis is striking. PDT-generated reactive oxygen species directly assault tumor cells and accelerate lipid peroxidation. This promotion of ferroptosis doubly compromises tumor survival (Chen et al., 2023a; Cai X. et al., 2024). Ferroptosis-generated peroxides and molecular oxygen mitigate hypoxic tumor environments, enhancing PDT’s efficacy under hypoxic conditions (Fang et al., 2024; Huang et al., 2024; Wang Y. et al., 2024). Combined strategies that circumvent resistance issues associated with monotherapies broaden treatment horizons (Wei et al., 2022; Xiong et al., 2024; Yang et al., 2024).
Employing nMOFs as carriers for porphyrin-based photosensitizers, such as Fe-TCPP nMOFs, ensures the effective implementation of PDT. These nMOFs also orchestrate iron ion release, which induces ferroptosis in tumor cells. This approach establishes a synergistic assault strategy (Cai M. et al., 2024). The utilization of porphyrin-based nMOFs for tumor PDT and ferroptosis therapy is endowed with several advantages: 1) The high porosity and large surface area of nMOFs enable a high loading capacity of PSs, facilitating the generation of abundant reactive oxygen species (ROS) (Ni et al., 2022; Liu et al., 2023). This leads to the depletion of glutathione (GSH), an increase in lipid peroxidation, and the induction of ferroptosis. 2) NMOFs exhibit excellent biocompatibility and degradability. When they degrade, they release Fe3+ that can be converted into Fe2+, triggering the Fenton reaction to produce oxygen (Pan et al., 2022). This oxygenation counteracts the hypoxic microenvironment, thereby enhancing the efficacy of PDT. 3) The facile surface modification of nMOFs allows for the introduction of targeting moieties such as hyaluronic acid (HA) or cell membranes. This enables precise delivery to specific tumor types while minimizing interference with healthy tissues (Yuan et al., 2024). 4) The porous structure of nMOFs confers multifunctionality, permitting the co-delivery of chemotherapeutics, gas-releasing agents, or immunostimulants. This integration of PDT, ferroptosis, and additional therapies can create synergistic effects and optimize outcomes with reduced side effects (Chen et al., 2023b; Yang F. et al., 2023). 5) PDT exhibits remarkable potential for immune modulation and can stimulate the host’s immune response against distant and metastatic tumors. This capability significantly overcomes the spatial limitations inherent to strategies for inducing ferroptosis. Precise regulation of PDT enables effective control over widely dispersed tumors (Castano et al., 2006). 6) NMOFs based on porphyrins, such as complexes formed by Fe3+ and tetracarboxyporphyrin; offer a straightforward approach to synergizing PDT with ferroptosis. These unique formation processes of nMOFs provide an efficient method for this integration (Yang F. et al., 2023). This streamlined design, without complex molecular architecture, can demonstrate potent antitumor capabilities.
This review is dedicated to comprehensively dissecting the cutting-edge advancements in employing porphyrin-based nMOFs for the synergistic treatment of tumors through PDT and ferroptosis (Figure 1). We delve into the design rationale of nMOFs, with a particular emphasis on how porphyrin nMOFs catalyze the production of enhanced levels of ROS, thereby inducing oxidative stress. This dual action promotes apoptosis while simultaneously depleting GSH and indirectly inhibiting glutathione peroxidase 4 (GPX4), culminating in the activation of ferroptosis-a distinctive pathway pivotal for the innovation and refinement of oncological treatment strategies. Moreover, this review systematically consolidates recent studies leveraging the post-modification versatility of nMOFs (Figure 1). By integrating chemodynamic therapy (CDT), conventional chemotherapy, and immunotherapy, these studies aim to augment the effectiveness of PDT and ferroptosis treatments. Innovative methodologies open novel avenues for addressing clinical challenges posed by hypoxic, drug-resistant, and highly metastatic tumors. Such approaches highlight the vast potential of nMOFs as a multifaceted platform in cancer therapeutics.
[image: Figure 1]FIGURE 1 | Schematic illustration depicting the utilization of porphyrin-based nMOFs in the synergistic treatment of tumors through PDT and ferroptosis induction, complemented by additional therapeutic modalities. Reproduced with permission from Meng et al. (2019) and Fan et al. (2024). Copyright (2019, 2024), American Chemical Society. Reproduced with permission from Yang F. et al. (2023) and Yuan et al. (2024). Copyright (2023, 2024), John Wiley & Sons, Inc. Reproduced with permission from Pan et al. (2022), Chen et al. (2023b), Cai M. et al. (2024). Copyright (2022, 2023, 2024), Elsevier.
2 NMOFS FOR PDT AND FERROPTOSIS
As a vanguard approach in cancer treatment, PDT modality hinges on the induction of apoptosis by activating the intrinsic cell suicide program to eradicate malignant cells (Qi et al., 2022; Ma et al., 2024). Recent insights have shown that singlet oxygen (1O2), a highly reactive species generated during PDT, can propel apoptotic pathways. Additionally, it depletes intracellular GSH. This depletion catalyzes ferroptosis, an atypical mode of cell death (Sun et al., 2022; Wei et al., 2022; Xiong et al., 2024).
Through the employment of redox-responsive nanocarriers, this cascade can be meticulously modulated (Chen et al., 2023c; Wang et al., 2023c; Zhou C. et al., 2024). Meng et al. (2019) introduced an innovative strategy involving the construction of a high-performance MOF nanoparticle (NP) system using imidazole ligands containing disulfide bonds conjugated with zinc ions, effectively loading the photosensitizer chlorin e6 (Ce6) (Figure 2A). These Ce6-loaded MOF NPs can trigger substantial depletion of GSH within the 4T1 murine breast cancer cell line via a chemical exchange reaction between disulfide bonds and intracellular thiol groups, even under non-illuminated conditions. The marked reduction in GSH levels leads to the inactivation of GPX4, a pivotal enzyme for maintaining cellular redox homeostasis, which exacerbates cytotoxicity and promotes cell death (Figure 2B). UV spectra confirm the successful encapsulation of Ce6 (Figure 2C), and release studies indicate that Ce6 is efficiently liberated in the presence of GSH (Figure 2D), showcasing the redox-responsiveness of the nanomaterial and its contribution to enhanced PDT efficacy. GSH assays demonstrate that the redox-responsive MOF (RMOF) nanocarrier significantly diminishes GSH levels in 4T1 cells (Figure 2E), an effect attributed to thiol-disulfide exchange (Figure 2F). GSH levels rebound after 4 h, possibly due to the cell’s initiation of GSH replenishment synthesis. At low doses, both RMOF and CMOF (control MOF nanocarriers) have limited impact on cell viability; irrespective of illumination (Figure 2G). However, at higher doses, RMOF exhibits superior cytotoxicity, regardless of light exposure (Figure 2G). Specifically, upon irradiation, the IC50 value of Ce6@RMOF is notably lower than that of Ce6@CMOF (p < 0.001) (Figure 2H), owing to the enhancement of efficacy from GSH depletion and rapid drug release (Figure 2H).
[image: Figure 2]FIGURE 2 | (A) Conceptual depiction of all-active MOF nanocarriers for (B) dual apoptosis and ferroptosis antitumor PDT. (C) UV-vis spectra of RMOF, free Ce6, and Ce6@RMOF (20 μM Ce6). (D) Ce6@RMOF stability ± 10 mM GSH (n = 3). (E) Redox-responsive MOF (RMOF) nanocarrier; untreated cells as control. (F) Thiol-disulfide exchange mechanism leading to GSH depletion. (G) Cell viability post-treatment with Ce6, Ce6@CMOF, or Ce6@RMOF + light (660 nm, 100 mW/cm2, 10 min) (n = 5). (H) IC50 values of three treatments under laser. (I) GPX4 expression in 4T1 cells treated with Ce6-loaded CMOF/RMOF ± laser (660 nm, 100 mW/cm2, 5 min). (J) GPX4 activity post-incubation with Ce6@CMOF/RMOF. (K) Tumor growth post-four treatments (PBS, Ce6, Ce6@CMOF, Ce6@RMOF). (L) Growth curves for mice treated with Ce6@CMOF/RMOF (5 mg/kg Ce6) ± DFO. (M) Tumor mass quantification on day 20. (N) Iron chelation impact on GPX4 activity in tumors. (n.s., not significant, *p < 0.05, **p < 0.01, ***p < 0.001). Reproduced with permission from Meng et al. (2019). Copyright (2019), American Chemical Society.
GSH serves as a critical regulator of apoptosis and ferroptosis, facilitating detoxification of lipid peroxides through GPX4. The Ce6@RMOF nanocarrier employs dual pathways to deplete GSH and induce ferroptosis (Figure 2B): thiol-disulfide exchange and Ce6-mediated singlet oxygen-induced thiol oxidation. In contrast, Ce6@CMOF relies solely on singlet oxygen. Protein expression analysis of GPX4 corroborates this theory (Figure 2I). GPX4 activity assays reveal that Ce6@RMOF initiates ferroptosis in the absence of light, unlike Ce6@CMOF (Figure 2J). Light exposure amplifies the suppression of GPX4, with Ce6@RMOF demonstrating exceptional performance. In a 4T1 tumor-bearing mouse model, the MOF carriers markedly curtail tumor progression (Figure 2K), underscoring their clinical potential. Co-administration of deferoxamine attenuates the antitumor activity of both Ce6@CMOF and Ce6@RMOF (Figures 2L, M), highlighting the role of ferroptosis in PDT. Assays measuring GPX4 activity affirm the contribution of ferroptosis to antitumor PDT (Figure 2N).
These findings furnish compelling evidence, offering new perspectives for the multidimensional development of PDT therapies. They suggest that by orchestrating the interplay between ferroptosis and apoptotic pathways induced by PDT, one can achieve more efficacious eradication of tumor cells, heralding novel avenues for future cancer treatment strategies.
3 NMOFS FOR PDT AND FERROPTOSIS (MAGNETO-OPTICAL CO-STIMULATION)
By incorporating disulfide bonds and leveraging the ROS generated by PDT, it is possible to reduce intracellular GSH levels, indirectly affecting the activity of GPX4, thereby instigating the signaling pathway for ferroptosis (Liu et al., 2022; Zhou C. et al., 2024). This leads some researchers to hypothesize that by employing diverse triggering mechanisms to impose greater oxidative stress; the more accumulation of LPO may be precipitated for further amplifying the ferroptotic process.
Optical and magnetic technologies are increasingly showing their exceptional potential in oncology. These technologies are inherently non-invasive. They do not involve radioactivity. Additionally, they enable remote and immediate responses. Precise targeting is another key feature that enhances their effectiveness (Ouyang et al., 2022; Zhang et al., 2023). These approaches not only circumvent the adverse effects associated with conventional treatments, such as tissue damage and radiation hazards, but also offer a more refined level of spatiotemporal control, thus making on-demand activation of therapeutic mechanisms feasible (Thorat et al., 2019; Yuan et al., 2024). The synergy of optical and magnetic methodologies allows for precise intervention in tumor tissues, which promise a more personalized and effective strategy for tumor ablation (Ouyang et al., 2022; Yuan et al., 2024). Grounded in these principles, Li et al. innovatively combined optical and magnetic techniques. They dramatically augmented the intrinsic peroxidase-like activity of iron-based core-shell MOFs. By capitalizing on singlet oxygen production from PDT, they cultivated an intensified oxidative stress environment (Yuan et al., 2024). This strategy remarkably enhanced the tumor-suppressive effects when PDT and ferroptosis act in concert.
The research team ingeniously designed and synthesized a magnetically and optically dual-controlled multi-level enzyme-mimetic antitumor nanosystem, PCN@ZF-HA (PZFH). The nanosystem seamlessly integrates magnetic zinc ferrite (ZnFe2O4, abbreviated as ZF) with porphyrin-based zirconium metal-organic frameworks (PCN). The system is functionalized with hyaluronic acid for optimized integration (Figure 3A) (Yuan et al., 2024). HA enhances the targeting capability of the nanomaterials, while the significant magneto-optical responsiveness and ROS generation capacity equip the nanosystem with robust in vivo and in vitro tumor suppression capabilities (Figure 2A). Material characterization reveals the rationality of the design, with the characteristic absorption peaks of porphyrins and four non-specific absorption peaks confirming the formation of the PCN framework (Figure 3B). Electron spin resonance (ESR) spectroscopy confirms the generation of singlet oxygen by PZFH, attesting to its PDT efficacy (Figure 3C). Under alternating magnetic field (AMF), PZFH accelerates the degradation of GSH, depleting it within 80 min at a doubled rate, indicating magnetic field-enhanced ROS production (Figure 3D). The rise in LPOs indicates ferroptosis, a process that GSH can suppress. With laser and AMF stimulation, the GSH/GSSG ratio drops to 2. This suggests that the nanocomposite facilitates GSH oxidation, which is conducive to LPO accumulation and ferroptosis induction (Figures 3E, F). GPX4 inhibits LPOs, which will alleviate ferroptosis. When PZFH is co-cultured with stimuli, reduced GPX4 activity is observed in HeLa cells. This confirms that the complex downregulates GPX4. The downregulation elevates LPOs and induces ferroptosis (Figure 3G). 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) is a common reagent used for measuring cell viability (Chen et al., 2020; Zhao et al., 2021). MTT assays validate that PZFH exhibits optimal tumor suppression under combined photo-magnetic stimulation (Figure 3H).
[image: Figure 3]FIGURE 3 | (A) Diagram of PCN@ZF-HA (PZFH) synthesis and magnetophotonic tumor ferroptosis via enzymatic cascade. (B) UV-vis spectral profile. (C) ESR spectrum with TEMP adducts. (D) GSH absorbance intensity at 412 nm over time for PZF ± AMF. (E, F) GSH/GSSG ratios in HeLa and MCF-7 cells under various treatments. (G) GPX4 activity in HeLa cells post-treatment (units: mU/mL). (H) Cytotoxicity assessment in HeLa cells under different conditions [Treatments: 1 = Control, 2 = PZFH, 3 = PZFH+Light (Xenon), 4 = PZFH+Light (Xenon, 660 nm), 5 = PZFH+Light (Xenon)+Magnetic Field, 6 = PZFH+Light (Xenon, 660 nm)+Magnetic Field]. Reproduced with permission from Yuan et al. (2024). Copyright (2024), John Wiley & Sons, Inc.
This pioneering nanoplatform leverages the remote activation properties of magnetic materials to enhance the peroxidase activity of iron ions. It also exploits the photosensitization effect of porphyrin structures under light, generating highly reactive 1O2. This dual-strike mechanism effectively triggers the ferroptotic pathway in tumor cells, heralding a promising avenue for the development of novel anticancer therapeutic modalities.
4 NMOFS FOR PDT + FERROPTOSIS + GAS THERAPY
The synergistic enhancement of ROS generation via combined photo/magnetic effects achieves superior PDT and ferroptotic outcomes. In addition to ROS, current research focusing on carbon monoxide (CO) and nitric oxide (NO) is also a hotspot. NO and CO possesses various biological functions within the organism (Chen et al., 2019; Wu et al., 2019). Additionally, gases like CO and NO can augment the photodynamic sensitivity of porphyrin nMOFs. Such gases have the potential to facilitate ferroptosis (Liu et al., 2021; Zheng Q. et al., 2021; Jiang et al., 2023b).
Peng et al. engineered an innovative amphiphilic polymer incorporating ROS-responsive units and triphenylphosphine end groups. This polymer self-assembles around the porous MOF (PCN-224), which is constructed from tetracarboxyphenylporphyrin coordinated with Zr4+. The assembly simultaneously loads the CO-releasing molecule CORM-401. The structure culminates in a hyaluronic acid shell (Figure 4A) (Yang F. et al., 2023). This nanosystem precisely targets mitochondria, crucial in orchestrating both apoptosis and ferroptosis in cancer cells. Near-infrared light activation causes PCN-224 to generate ROS and release CO. These processes accelerate ferroptosis and apoptosis, enhancing antitumor efficacy (Figure 4B). The evaluation of ROS production using DCFH demonstrated that nanoparticles containing thioether (TK) bonds exhibit superior ROS generation efficiency. These TK bonds facilitate the exposure of PCN-CORM to light, affirming the controlled release of CO-modulated ROS. This, in turn, enhances PDT efficacy. Chromatographic analysis confirmed the ROS-triggered release of CO from CORM-401, showcasing the ROS-dependent CO release characteristics of HA@MR@PCN-CORM (Figures 4C, D). Co-localization studies revealed an excellent match between HA@MR@PCN-CORM and the mitochondrial marker MitoTracker in 4T1 cells (Figure 4E), validating the enhancement of mitochondrial delivery by HA and triphenylphosphine (TPP). DCFH assays disclosed ROS generation in mitochondria upon irradiation (Figure 4F).
[image: Figure 4]FIGURE 4 | (A) Composition overview of HA@MR@PCN-CORM for integrated PDT and gas therapy. (B) Synergistic action mechanism of HA@MR@PCN-CORM in combined PDT and gas therapy for tumor treatment. (C) ROS assessment across different conditions, monitored by DCFH fluorescence. (D) Qualitative CO detection from CORM-401, post-H2O2 addition, MR@PCN-CORM, HA@MR@CORM-401, and HA@MR@PCN-CORM. (E) Image correlation coefficient between PCN-224 and mitochondrial staining. (F) Image correlation coefficient between DCF and mitochondrial staining. (G) Cytotoxicity evaluation of various formulations on 4T1 cells post-illumination at 660 nm for 30 min. (H) Intracellular GSH level determination in 4T1 cells treated with PBS7.4, HA@MR@PCN-224, HA@MR@CORM-401, and Erastin. (I) WB analysis of GPX4, GS, and GCL protein expressions in 4T1 cells. (J) Tumor weight comparison. Reproduced with permission from Yang F. et al. (2023). Copyright (2023), John Wiley & Sons, Inc.
HA@MR@PCN-CORM showed maximal toxicity toward 4T1 cells under light exposure in cytotoxicity assays. This effect is due to the dual-targeting of HA and TPP, the enhanced photosensitivity from TK bonds, and the release of CO from mitochondria induced by ROS (Figure 4G). HA@MR@PCN-CORM influenced ferroptosis signaling, including GSH depletion and GPX4 inactivation. Western blot analysis revealed downregulation of GCL and GS expression, promoting ferroptosis and apoptosis, with the lowest enzyme and GPX4 expression observed in the HA@MR@PCN-CORM group (Figures 4H, I). In vivo experiments demonstrated that HA@MR@PCN-CORM delivered optimal PDT-mediated antitumor efficacy in BALB/c mice bearing 4T1 cell xenografts (Figure 4J).
In a cascade of meticulously orchestrated biochemical reactions, the precise intramitochondrial release of CO within tumor cells inhibits GSH synthesis. This inhibition adroitly precipitates the onset of ferroptosis while concurrently hastening apoptosis. The result is a potent antitumor synergistic effect. This innovative delivery system not only underscores the novel potential of PDT in oncology but also paves the way for the development of more efficacious and targeted cancer therapeutic strategies.
5 NMOFS FOR PDT + FERROPTOSIS + CHEMOTHERAPY
Capitalizing on the unique characteristics of the tumor microenvironment, researchers have engineered a nanodrug delivery system capable of harnessing a series of cascading reactions to achieve efficient cancer therapy (Battistella et al., 2021; De Lázaro and Mooney, 2021; Pang et al., 2024). By exploiting the hypoxic and redox conditions within tumors, some approaches activate the drug payload. This activation enables a precise strike against cancerous tissues. Integrating PDT, ferroptosis, and chemotherapy in a synergistic manner enhances the effectiveness of such treatments (Pan et al., 2023; Zhu et al., 2023; Wu X. et al., 2024).
Chen et al. developed an innovative nanocarrier, designated PFTT@CM, composed of iron-tetra(4-carboxyphenyl)porphyrin (Fe-TCPP) NMOFs encapsulating tirapazamine (TPZ) and camouflaged with cancer cell membranes, ensuring tumor-specific delivery (Figure 5A) (Pan et al., 2022). This system leverages homologous membrane masking to evade immune surveillance and concentrate in tumor regions. Following cancer cell uptake, PFTT@CM is activated through Fenton reactions and redox processes. This activation depletes GSH stores and generates hydroxyl radicals (•OH) and oxygen. As a result, ferroptosis is triggered, amplifying the efficacy of PDT. Activated under hypoxic conditions, radicals produced by TPZ have a strong cytotoxic effect (Figure 5B). Super-resolution microscopy images confirm the successful co-localization of PFTT with cancer cell membranes, indicating effective membrane encapsulation (Figure 5C). The nanocarrier efficiently releases Fe3+ under acidic conditions. This accelerates the conversion of GSH to GSSG. The compromise of cellular antioxidant defenses instigates ferroptosis (Figure 5D). Interaction of Fe3+ with GSH yields Fe2+, which catalyzes hydrogen peroxide (H2O2) decomposition under acidic conditions via the Fenton reaction, generating oxygen and •OH (Figure 5E). Experimental data validate the significantly enhanced generation of •OH by PFTT@CM at pH 5.5 (Figure 5F), alongside a marked increase in O2 concentration (Figure 5G). The elevated O2 concentration could promote PDT. Utilizing the SOSG probe, the researcher demonstrate that PFTT@CM markedly elevates 1O2 generation under light exposure, with enhanced effects in the presence of H2O2 (Figure 5H). Comparative studies reveal that PFT@CM, without TPZ, exhibits light-dependent cytotoxicity. This cytotoxicity is concentration-related. The findings confirm the combined effect of ferroptosis and PDT. PFTT@CM displays the strongest antitumor activity under illumination, owing to the synergistic action of ferroptosis, PDT, and TPZ chemotherapy (Figure 5I). In tumor-bearing mouse models, PFTT@CM combined with light irradiation significantly inhibits tumor growth. This treatment also reduces tumor weight compared to other treatment groups. These results underscore the importance of targeted delivery and synergistic therapy in cancer management (Figures 5J, K).
[image: Figure 5]FIGURE 5 | (A) Preparation scheme for cancer-cell-membrane-cloaked PFTT@CM nanocomposites. (B) Combined therapeutic efficacy of PFTT@CM, integrating ferroptosis, PDT, and hypoxia-targeted chemotherapy. (C) Super-resolution imaging of PKH67 (green)-stained PFTT@CM highlighting cell membrane features. (D) pH-dependent Fe3+ release kinetics from PFTT@CM at physiological (pH 7.4) and acidic (pH 5.5) conditions. (E) GSH depletion efficacy of PFTT@CM facilitated by Fe3+ ions. (F) Continuous H2O2 catalysis by PFTT@CM, assessed via TMB assay over 30 min. (G) Oxygen evolution kinetics from PFTT@CM in H2O2 solutions over time. (H) SOSG fluorescence dynamics in the presence of PFTT@CM + H2O2 + light, PFTT@CM + light, or PFTT@CM alone. (I) Light-dependent cytotoxicities of PFT, PFTT, PFT@CM, and PFTT@CM against MDA-MB-231 cells, quantified by CCK8 assay. (J) Comparative tumor growth trajectories. (K) Final tumor weights changes. Reproduced with permission from Pan et al. (2022). Copyright (2022), Elsevier.
This therapeutic paradigm adeptly modulates the TME and employs a precisely choreographed cascade of synergistic mechanisms to achieve optimized therapeutic outcomes. This integrated multi-functional platform highlights the substantial potential of porphyrin-based nMOFs in synergistic PDT and ferroptosis treatment strategies. It also heralds a promising future for bioinspired recognition technologies. Additionally, it points towards the potential of TME-adaptive approaches in targeted combination therapies. Due to its target specificity and nuanced regulation of the TME, this combinatorial treatment modality significantly enhances antitumor efficacy. It also charts new courses for future cancer therapeutics.
6 NMOFS FOR PDT + FERROPTOSIS + IMMUNOTHERAPY
For an extended period, three major challenges have plagued the field of oncology: the hypoxic state within tumors, multidrug resistance of cancer cells, and the metastatic propensity of certain malignancies (Brown and Wilson, 2004; Kapse-Mistry et al., 2014; Bergers and Fendt, 2021). While employing hypoxia-targeted chemotherapeutics such as TPZ can amplify the therapeutic effects of porphyrin nMOFs in PDT and ferroptosis treatments, existing strategies fall short in managing tumors prone to distant metastasis (Liu et al., 2018; Ye et al., 2022; Jiang et al., 2023b). Against this backdrop, immunotherapy-integrated treatment modalities have emerged (Zhang B. et al., 2019; Gao et al., 2020; Hu et al., 2020). These modalities aim to reinforce the synergy between PDT, ferroptosis therapy, and the host’s immune system. This reinforcement aims to achieve more pronounced suppression of metastatic tumors (Lan et al., 2018; Song et al., 2018; Hua et al., 2021). Such a comprehensive treatment approach addresses critical issues in cancer therapy. It may also precipitate a paradigm shift in clinical practice. This shift offers patients more holistic and efficacious treatment regimens (Warszyńska et al., 2023).
For instance, Liu et al. innovatively developed a light-activated nanozyme, Fe-TCPP-R848-PEG (FeMOF-RP), which can be used to remodel the immunosuppressive tumor microenvironment (Figure 6A) (Fan et al., 2024). The Fe-TCPP MOF serves not only as a pivotal catalytic component to combat tumors but also as a biocompatible carrier to enhance the delivery efficiency of immunostimulants, optimizing circulation time and tumor accumulation. Concurrently, it catalyzes the decomposition of intratumoral hydrogen peroxide into oxygen, thus augmenting the efficacy of PDT. The synergistic action of ferroptosis and PDT, which promotes the release of tumor-associated antigens, triggers immunogenic cell death. Light-controlled release of R848 stimulates dendritic cell maturation. It also transforms pro-tumorigenic M2 macrophages into anti-tumorigenic M1 phenotypes. This transformation reshapes the tumor immune landscape (Figure 6B).
[image: Figure 6]FIGURE 6 | (A) Synthesis strategy for the Fe-TCPP-R848-PEG (Fe-MOF-RP) nanozymes. (B) Action mechanism of light-triggered nanozymes in tumor therapy. (C) Catalytic efficiency of Fe-MOF-R in hydrogen peroxide decomposition. (D) Response of Fe-TCPP MOFs to GSH, evaluated by photographic, fluorescence, and MRI imaging. (E) Kinetic profile of R848 release in GSH buffer solution. (F) Comparative analysis of MDA levels across treatment groups. (G) Influence of Fe-MOF-RP on TNFα expression in macrophages, quantified by ELISA. (H) Impact of Fe-MOF-RP on IL-1β expression in macrophages, assessed via ELISA. (I) Changes in tumor weight post-treatment. (J) Quantification of GPX4 protein expression levels across panels G1-G4: G1-Control, G2-R848, G3-Fe-MOF-RP, G4-Fe-MOF-RP + Laser. (K) Statistical analysis of distal tumor weights (sample size n = 8). (L) Observation of lung metastasis effects from various treatment groups in organ isolates and histological sections. (M) Enumeration of lung tumor nodules. Reproduced with permission from Fan et al. (2024). Copyright (2024), American Chemical Society.
The peroxidase activity of Fe-MOF was substantiated through portable dissolved oxygen meter monitoring. This monitoring demonstrated its capacity to catalyze hydrogen peroxide into oxygen. This catalysis effectively alleviates tumor hypoxia (Figure 6C). The responsiveness of Fe-MOF-RP to GSH manifests in decreased fluorescence signals and altered magnetic resonance signal intensity due to GSH consumption, alongside GSH-facilitated controlled release of R848 (Figures 6D, E). The ferroptosis-inducing capability of Fe-MOF-RP was confirmed through lipid peroxidation experiments. Treatment with Fe-MOF-RP notably increased lipid peroxidation. This increase was further exacerbated by laser irradiation (Figure 6F). Fe-MOF-RP modulated macrophage secretion of IL-1β and TNF-α, with particularly significant effects observed in R848, Fe-TCPP MOFs, and Fe-MOF-RP treatments, where Fe-MOF-RP demonstrated the most pronounced impact (Figures 6G, H). The therapeutic efficacy of Fe-MOF-RP on established tumors was evident. The best inhibition was achieved when the treatment was combined with laser therapy. This combination was accompanied by downregulation of GPX4 expression (Figures 6I, J). In bilateral tumor models, Fe-MOF-RP in conjunction with laser therapy exhibited notable suppression of distal tumor growth (Figure 6K). Fe-MOF-RP coupled with laser treatment showed the strongest inhibition of lung metastases. This approach promoted immune cell infiltration. It also effectively controlled tumor growth and prevented pulmonary metastasis (Figures 6L, M).
This pioneering therapeutic formulation establishes a seamless integration among PDT, ferroptosis therapy, and immunotherapy. This integration forms a sophisticated synergistic network. Compared to conventional PDT, this system exhibits distinctive advantages. It efficiently converts hydrogen peroxide to oxygen. This conversion ingeniously overcomes the oxygen supply bottleneck often encountered during treatment. As a result, it ensures the full deployment of photodynamic effects. Moreover, this nanosystem capitalizes on the tumor microenvironment’s GSH reservoir. It releases ferrous ions to induce ferroptosis. This mechanism not only directly assaults cancer cells but also triggers a robust antitumor immune response, thus significantly amplifying therapeutic outcomes. In practical application, this therapy effectively restrains primary tumor growth. It also exerts a significant suppressive effect on metastatic tumors, showcasing its comprehensiveness and efficacy in battling cancer diseases.
7 NMOFS FOR PDT + FERROPTOSIS + CDT + GPX4 INHIBITOR
With unique porous structure, MOF nanomaterials exhibit exceptional drug-loading capabilities. This enables them to carry a diverse array of therapeutic molecules for complex treatment strategies (Wang Y.-M. et al., 2022; Liu et al., 2023). Specifically, porphyrin-based nMOFs serve as efficient carriers for the small-molecule inhibitor RSL3. RSL3 selectively targets and inhibits GPX4, a key antioxidant enzyme. GPX4 is responsible for scavenging lipid peroxides and maintaining cellular redox homeostasis (Chen et al., 2023b). Upon GPX4 inhibition, elevated levels of LPOs accumulate within the cell, thus triggering a lipid peroxidation cascade and generating excessive ROS. This ROS overproduction culminates in ferroptosis, an atypical form of cell death. Ferroptosis is iron-dependent and programmed, distinct from apoptosis, necrosis, or autophagy. After loading RSL3, porphyrin-based nMOFs can precisely modulate intracellular oxidative stress. This modulation efficiently induces ferroptosis, thereby showcasing substantial potential in cancer therapy (Chen et al., 2023b).
He et al. engineered a nanoparticle termed HAFeR, encapsulating a photosensitizer and RSL3 within a MOF, designed to concurrently trigger ferroptosis and PDT at the tumor site. By leveraging affinity for CD44 receptors, HAFeR specifically localizes and enters tumor cells. Under the acidic conditions of lysosomes, it subsequently releases porphyrins, iron ions, and RSL3. Upon excitation with 450 nm laser light, the porphyrins generate ROS with higher efficiency than 630 nm light, thereby initiating apoptosis. Catalyzed by iron ions, the Fenton reaction facilitates the conversion of H2O2 to O2, thereby ameliorating tumor hypoxia. Concurrently, RSL3 downregulates GPX4 thus accelerate lipid peroxidation and ultimately leading to ferroptosis. HAFeR demonstrates potent cytotoxicity against tumor cells (Figure 7A) (Chen et al., 2023b). ESR spectroscopy confirms the production of ROS by HAFeR upon 450 nm laser exposure, verifying the generation of 1O2 and hydroxyl radicals (Figures 7B, C). ROS detection assays confirm the sustained generation of toxic ROS by HAFeR under light exposure, exerting cytotoxic effects even under hypoxic conditions. HAFeR also significantly depletes GSH (Figure 7D), enhancing cellular sensitivity to ROS while producing O2 via H2O2 degradation (Figures 7E, F), improving oxygen supply in the tumor microenvironment. In vitro experiments demonstrate that HAFeR in combination with 450 nm laser light exhibits superior tumor cell killing compared to 630 nm light. Especially in the presence of RSL3, this combination achieves cell death rates exceeding 80%. This rate is markedly higher than using FeTBP or HAFe alone (Figures 7G, H). In vivo studies show that HAFeR in conjunction with 450 nm laser irradiation significantly inhibits tumor growth in MB49 bladder cancer-bearing mice. The suppression rate reaches as high as 95%. In contrast, mice treated with HAFeR alone display less pronounced tumor growth retardation (Figure 7I).
[image: Figure 7]FIGURE 7 | (A) Diagrammatic representation of HAFeR MOFs facilitating hypoxia-resistant and labile iron pool-enhanced synergistic ferroptosis and photodynamic therapy. (B, C) ESR spectral analysis of TEMP/1O2 (B) and DMPO/•OH (C) radicals generated by HAFeR (200 μg/mL) upon 450 nm laser exposure (30 mW/cm2, 15 min). (D) GSH depletion efficacy of HAFeR at varying concentrations post 450 nm laser irradiation (30 mW/cm2, 15 min). (E) Time course of O2 production by HAFeR, monitored by an oxygen sensor. (F) Intracellular O2 release detection using a hypoxia-sensitive probe (RDPP); scale bar = 25 μm. (G) Survival rate of 5,637 cells treated with FeTBP at different concentrations under 450 nm or 630 nm laser irradiation (30 mW/cm2, 10 min). (H) Viability of 5,637 cells exposed to FeTBP, HAFe, and HAFeR (25 or 50 μg/mL MOFs) followed by 450 nm laser irradiation (30 mW/cm2, 15 min); n = 3. (I) Comparative tumor growth profiles. Reproduced with permission from Chen et al. (2023b). Copyright (2023), Elsevier.
Through the synergistic action of exogenous iron ions and RSL3, this system could downregulate GPX4 expression. This downregulation potentiates the induction of ferroptosis. As a result, it enhances therapeutic efficacy. Being a pivotal enzyme in antioxidant defense, inhibition of GPX4 leads to the accumulation of lipid peroxides, accelerating the onset of iron-dependent cell death mechanisms. By combining apoptotic pathways with ferroptosis mechanisms, the HAFeR system exhibits formidable cytotoxicity against tumor cells. It not only selectively eradicates cancer cells but also clears transplanted MB49 bladder cancer cells more effectively under the 450 nm laser irradiation. This achievement reveals the integration of PDT with ferroptosis strategies as a novel direction in oncology. This integration promises an efficient and less toxic alternative to traditional chemotherapy. It is particularly promising for aggressive malignancies resistant to standard treatments.
8 NMOFS FOR PDT + FERROPTOSIS + CDT + IMMUNOTHERAPY
Porphyrin-based nMOFs serve as carriers for GPX4 inhibitors. They can also deliver Oridonin (ORI), a natural terpenoid compound extensively studied as a novel anticancer agent. Delivering ORI improves the tumor microenvironment and disrupts intracellular iron homeostasis. This disruption augments ferroptosis therapy (Cai M. et al., 2024). ORI has been shown to induce ferroptosis in tumor cells by diminishing GPX4 activity and depleting intracellular GSH. Additionally, in combination with Calcium superoxide (CaO2), a compound that can ameliorate the hypoxic tumor microenvironment, this approach enhances therapeutic outcomes (Cai M. et al., 2024). CaO2 is considered highly biocompatible due to its sustained release of O2 and H2O2. Given its dual production of O2 and H2O2, CaO2 significantly amplifies the effects of PDT and CDT in treating hypoxic solid tumors. Moreover, the release of Ca2+ into the cell by CaO2 triggers calcium overload.
Building on these findings, Ni et al. developed a system utilizing an iron-induced ferroptosis nanoplatform of MOFs, incorporating iron supply and GSH depletion (Cai M. et al., 2024). Using a seed growth strategy, CaO2 was encapsulated within a nanoscale MOF layer (Fe-TCPP, FT) to prevent premature leakage of CaO2 into the bloodstream (Figure 8A). The nanoparticles (ORI@CaO2@Fe-TCPP, NPs) were further modified with a fusion membrane (FM) to create FM@ORI@CaO2@Fe-TCPP (FM@NPs) (Figures 8A, B) (Cai M. et al., 2024). The hybrid cell membrane was surface-modified to enable targeted immunotherapy. The entrapped ORI simultaneously suppresses the HSPB1/PCBP1/IREB2 and FSP1/COQ10 pathways, synergizing with Fe3+ to induce ferroptosis. Porphyrin-mediated PDT, characterized by the substantial accumulation of ROS, significantly enhances ferroptosis (Figures 8C, D). This self-amplifying strategy facilitates robust ferroptosis, which can synergize with fusion membrane-mediated immunotherapy.
[image: Figure 8]FIGURE 8 | (A) Conceptual depiction of the fabrication process for FM@NPs derived from an iron-based MOF nanoplatform and (B) a hybrid cell membrane. (C) Enhanced ferroptosis therapy and PDT, facilitated by the engineered FM@NPs. (D) Augmented antitumor immunotherapy through the strategic design of FM@NPs. Reproduced with permission from Cai M. et al. (2024). Copyright (2024), Elsevier.
This study proposes a biocompatible nanoparticle of CaO2, hybridized for growth with an iron-porphyrin MOF. The porosity of nMOFs is utilized to load triptolide, and a fused cell membrane coating enables synergistic effects of PDT, ferroptosis, and CDT. This approach enhances immunotherapy and successfully inhibits melanoma growth. This research validates the feasibility and promise of integrating immunotherapy, CDT, and efficient ferroptosis induction via nanotechnology as a viable strategy for melanoma treatment. The combined therapeutic modalities address distinct aspects of tumor biology. Each modality contributes to a comprehensive approach to overcoming the challenges posed by melanoma. This combination underscores the potential for multifaceted therapeutic interventions in clinical oncology.
9 CONCLUSION AND PERSPECTIVES
In recent decades, PDT has emerged as a pivotal modality in oncology, leveraging light-sensitive agents and targeted illumination to eradicate tumors with precision while sparing adjacent healthy tissue (Gunaydin et al., 2021; Zheng X. et al., 2021). However, clinical implementation has been hampered by limitations such as inadequate light penetration, uneven distribution of PSs, and tumor resistance to light exposure (Fan et al., 2016; Zhao et al., 2023). To overcome these hurdles, researchers are pioneering advancements in photosensitizer design, light source technology, and integrative therapeutic strategies, aiming to significantly bolster PDT’s efficacy and broaden its therapeutic horizon (Fan et al., 2016).
As a novel form of programmed cell death characterized by iron-dependent lipid peroxidation, ferroptosis has garnered attention for its potential to circumvent resistance mechanisms in cancer cells (Li et al., 2023; Upadhyayula et al., 2023; Wang et al., 2023b; Wu et al., 2023; Zeng et al., 2023). Despite its promise, challenges remain in efficiently inducing ferroptosis in tumors and mitigating the tumor microenvironment’s inhibitory effects on ferroptosis inducers (Mao et al., 2021; Wang C. et al., 2024). Innovative approaches are being pursued to advance the clinical applicability of ferroptosis. These approaches include refining ferroptosis inducer chemistry and exploring synergistic combinations with other therapies. Additionally, identifying biomarkers that enhance sensitivity to ferroptosis is another focus area (Battaglia et al., 2020; Tang et al., 2021).
Porphyrin-based nMOFs have emerged as versatile platforms for enhancing both PDT and ferroptosis, serving as efficient carriers for photosensitizers and facilitators of ferroptotic processes (Yang F. et al., 2023). This review highlights recent breakthroughs in the utilization of porphyrin-based nMOFs for synergistic PDT and ferroptosis-mediated cancer therapy, showcasing their potential for multimodal treatment strategies. By elucidating the interplay between PDT and ferroptosis within the nanomedical landscape, we try to uncover the vast potential of multifunctional carriers to orchestrate combinatorial therapeutic effects.
The development and application of porphyrin-based nMOFs herald a transformative era in clinical oncology. These nMOFs offer tailored, high-efficiency treatment regimens. Such regimens address tumor heterogeneity, multidrug resistance, and metastasis. The synergy between PDT-induced oxidative stress and ferroptosis provides a fresh perspective on overcoming therapeutic barriers. As our understanding of the mechanistic underpinnings of porphyrin-based nMOFs in PDT and ferroptosis deepens, and with ongoing innovation in multifunctional carrier design, these advanced materials are poised to revolutionize cancer therapy (Wu J. et al., 2024).
From our perspective, the efficacy of porphyrin-based nMOF-mediated PDT combined with ferroptosis can be enhanced in several ways. Despite extensive research on porphyrins, their maximum absorption wavelength is approximately 640 nm. This wavelength is associated with a relatively low molar extinction coefficient, which is not ideal for light penetration through tissue or the excitation of photosensitive materials. Utilizing reduced derivatives such as chlorins or bacteriochlorins could be a promising alternative. Chlorins exhibit a molar extinction coefficient at ∼640 nm that is 10 times greater than that of porphyrins, facilitating more efficient photon capture (Lu et al., 2015). Bacteriochlorins have their peak absorption shifted to around 740 nm (Luo et al., 2020). This shift places them within the near-infrared window. As a result, the penetration of the excitation light source through tissue is enhanced. Secondly, employing sonodynamic therapy or X-ray excitation for porphyrin PSs might yield unexpected therapeutic benefits (Yang et al., 2021). Once again, as the cellular organelles responsible for energy supply, mitochondria play a critical role in maintaining normal cellular metabolism (Xu et al., 2020; Yang et al., 2020; Wang et al., 2021). Research targeting these organelles has become a pivotal direction in elucidating the mechanisms of various diseases (He-Yang et al., 2020; Cheng et al., 2021; Song et al., 2021). We posit that designing porphyrin-based nMOFs targeted at mitochondria may yield unexpected and superior therapeutic outcomes when applied in the combined treatment of PDT and ferroptosis. Lastly, integrating theranostics into cancer treatment is essential. Leveraging the imaging capabilities of the metallic components within the nMOF framework allows for real-time monitoring of drug distribution across various tissues and organs, thereby optimizing treatment efficacy while minimizing drug concentration.
Accelerated interdisciplinary collaboration and clinical trials will further substantiate the clinical utility of porphyrin-based nMOFs, hastening their translation into effective treatments for cancer patients. The future of cancer care is brightened by the prospect of harnessing these cutting-edge materials to usher in a new era of personalized and potent therapeutic interventions.
AUTHOR CONTRIBUTIONS
YZ: Writing–review and editing, Writing–original draft, Investigation. JC: Writing–review and editing, Writing–original draft, Methodology, Investigation. XL: Writing–review and editing, Writing–original draft, Investigation. YQ: Writing–review and editing, Writing–original draft, Investigation. MZ: Writing–review and editing, Writing–original draft, Validation, Investigation. RX: Writing–review and editing, Writing–original draft, Investigation. WW: Writing–review and editing, Writing–original draft, Investigation. XZ: Writing–review and editing, Writing–original draft, Investigation, Funding acquisition.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article.
ACKNOWLEDGMENTS
This work was supported by the National Natural Science Foundation of China (52103169). During the preparation of this work, the authors used [tongyi. ai] in order to check for word choice and grammatical errors, and revisions were made according to the modification suggestions proposed by the AI assistant. After using this tool/service, the authors reviewed and edited the content as needed and take full responsibility for the content of the publication.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ABBREVIATIONS
PDT, photodynamic therapy; nMOF, nanoscale metal organic framework; PSs, photosensitizers; ROS, reactive oxygen species; LPO, lipid peroxidation; GSH, glutathione; GPX4, glutathione peroxidase 4; CDT, chemodynamic therapy; Ce6, chlorin e6; NP, nanoparticle; RMOF, redox-responsive MOF; HA, hyaluronic acid; ESR, electron spin resonance; MTT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; CO, carbon monoxide; NO, nitric oxide; TK, thioether; TPP, triphenylphosphine; TPZ, tirapazamine; ORI, oridonin.
REFERENCES
 Battaglia, A. M., Chirillo, R., Aversa, I., Sacco, A., Costanzo, F., and Biamonte, F. (2020). Ferroptosis and cancer: mitochondria meet the “Iron Maiden” cell death. Cells 9, 1505. doi:10.3390/cells9061505
 Battistella, C., Liang, Y., and Gianneschi, N. C. (2021). Innovations in disease state responsive soft materials for targeting extracellular stimuli associated with cancer, cardiovascular disease, diabetes, and beyond. Adv. Mat. 33, 2007504. doi:10.1002/adma.202007504
 Bergers, G., and Fendt, S.-M. (2021). The metabolism of cancer cells during metastasis. Nat. Rev. Cancer 21, 162–180. doi:10.1038/s41568-020-00320-2
 Brown, J. M., and Wilson, W. R. (2004). Exploiting tumour hypoxia in cancer treatment. Nat. Rev. Cancer 4, 437–447. doi:10.1038/nrc1367
 Cai, M., Fu, T., Zhu, R., Hu, P., Kong, J., Liao, S., et al. (2024). An iron-based metal-organic framework nanoplatform for enhanced ferroptosis and oridonin delivery as a comprehensive antitumor strategy. Acta Pharm. Sin. B 14, 4073–4086. doi:10.1016/j.apsb.2024.05.015
 Cai, X., Liu, W., Zhang, J., Li, Z., Liu, M., Hu, S., et al. (2024). Study of iron complex photosensitizer with hollow double-shell nano structure used to enhance ferroptosis and photodynamic therapy. Small 20, 2309086. doi:10.1002/smll.202309086
 Castano, A. P., Mroz, P., and Hamblin, M. R. (2006). Photodynamic therapy and anti-tumour immunity. Nat. Rev. Cancer 6, 535–545. doi:10.1038/nrc1894
 Chang, Q., Wang, P., Zeng, Q., and Wang, X. (2024). A review on ferroptosis and photodynamic therapy synergism: enhancing anticancer treatment. Heliyon 10, e28942. doi:10.1016/j.heliyon.2024.e28942
 Chatterjee, D. K., Fong, L. S., and Zhang, Y. (2008). Nanoparticles in photodynamic therapy: an emerging paradigm. Adv. Drug Deliv. Rev. 60, 1627–1637. doi:10.1016/j.addr.2008.08.003
 Chen, G., Zhao, Y., Xu, Y., Zhu, C., Liu, T., and Wang, K. (2020). Chitosan nanoparticles for oral photothermally enhanced photodynamic therapy of colon cancer. Int. J. Pharm. 589, 119763. doi:10.1016/j.ijpharm.2020.119763
 Chen, L., Chen, G., Hu, K., Chen, L., Zeng, Z., Li, B., et al. (2023a). Combined photothermal and photodynamic therapy enhances ferroptosis to prevent cancer recurrence after surgery using nanoparticle-hydrogel composite. Chem. Eng. J. 468, 143685. doi:10.1016/j.cej.2023.143685
 Chen, X., Kang, R., Kroemer, G., and Tang, D. (2021). Broadening horizons: the role of ferroptosis in cancer. Nat. Rev. Clin. Oncol. 18, 280–296. doi:10.1038/s41571-020-00462-0
 Chen, Y., Gu, L., Ma, B., Li, X., Mei, Y., Zhou, J., et al. (2023b). Photoactivatable metal organic framework for synergistic ferroptosis and photodynamic therapy using 450 nm laser. Chem. Eng. J. 454, 140438. doi:10.1016/j.cej.2022.140438
 Chen, Y., Yao, Z., Liu, P., Hu, Q., Huang, Y., Ping, L., et al. (2023c). A self-assembly nano-prodrug for triple-negative breast cancer combined treatment by ferroptosis therapy and chemotherapy. Acta Biomater. 159, 275–288. doi:10.1016/j.actbio.2023.01.050
 Chen, Z., Huang, K.-Y., Ling, Y., Goto, M., Duan, H.-Q., Tong, X.-H., et al. (2019). Discovery of an oleanolic acid/hederagenin–nitric oxide donor hybrid as an EGFR tyrosine kinase inhibitor for non-small-cell lung cancer. J. Nat. Prod. 82, 3065–3073. doi:10.1021/acs.jnatprod.9b00659
 Cheng, K., Guo, Q., Shen, Z., Yang, W., Zhou, Y., Sun, Z., et al. (2022). Frontiers of ferroptosis research: an analysis from the top 100 most influential articles in the field. Front. Oncol. 12, 948389. doi:10.3389/fonc.2022.948389
 Cheng, Q., Chen, J., Guo, H., Lu, J.-L., Zhou, J., Guo, X.-Y., et al. (2021). Pyrroloquinoline quinone promotes mitochondrial biogenesis in rotenone-induced Parkinson’s disease model via AMPK activation. Acta Pharmacol. Sin. 42, 665–678. doi:10.1038/s41401-020-0487-2
 De Lázaro, I., and Mooney, D. J. (2021). Obstacles and opportunities in a forward vision for cancer nanomedicine. Nat. Mat. 20, 1469–1479. doi:10.1038/s41563-021-01047-7
 Dou, X., Sun, K., Chen, H., Jiang, Y., Wu, L., Mei, J., et al. (2021). Nanoscale metal-organic frameworks as fluorescence sensors for food safety. Antibiotics 10, 358. doi:10.3390/antibiotics10040358
 Fan, W., Huang, P., and Chen, X. (2016). Overcoming the Achilles' heel of photodynamic therapy. Chem. Soc. Rev. 45, 6488–6519. doi:10.1039/c6cs00616g
 Fan, Z., Wu, S., Deng, H., Li, G., Huang, L., and Liu, H. (2024). Light-triggered nanozymes remodel the tumor hypoxic and immunosuppressive microenvironment for ferroptosis-enhanced antitumor immunity. ACS Nano 18, 12261–12275. doi:10.1021/acsnano.4c00844
 Fang, L., Meng, Q., Wang, J., Tu, Y., Qu, H., Diao, Y., et al. (2024). Multifunctional single-component photosensitizers as metal-free ferroptosis inducers for enhanced photodynamic immunotherapy. Acta Biomater. 186, 383–395. doi:10.1016/j.actbio.2024.07.034
 Gao, J., Wang, W.-Q., Pei, Q., Lord, M. S., and Yu, H.-J. (2020). Engineering nanomedicines through boosting immunogenic cell death for improved cancer immunotherapy. Acta Pharmacol. Sin. 41, 986–994. doi:10.1038/s41401-020-0400-z
 Gunaydin, G., Gedik, M. E., and Ayan, S. (2021). Photodynamic therapy—current limitations and novel approaches. Front. Chem. 9, 691697. doi:10.3389/fchem.2021.691697
 He, C., Liu, D., and Lin, W. (2015). Nanomedicine applications of hybrid nanomaterials built from metal–ligand coordination bonds: nanoscale metal–organic frameworks and nanoscale coordination polymers. Chem. Rev. 115, 11079–11108. doi:10.1021/acs.chemrev.5b00125
 He, M., Chen, Y., Tao, C., Tian, Q., An, L., Lin, J., et al. (2019). Mn–Porphyrin-Based metal–organic framework with high longitudinal relaxivity for magnetic resonance imaging guidance and oxygen self-supplementing photodynamic therapy. ACS Appl. Mat. Interfaces 11, 41946–41956. doi:10.1021/acsami.9b15083
 He-Yang, J., Zhang, W., Liu, J., Xue, P., and Zhou, X. (2020). Human breast milk oligosaccharides attenuate necrotizing enterocolitis in rats by suppressing mast cell accumulation, DPPI activity and TLR4 expression in ileum tissue, and regulating mitochondrial damage of Caco-2 cells. Int. Immunopharmacol. 88, 106881. doi:10.1016/j.intimp.2020.106881
 Hu, M., Zhou, W., Wang, Y., Yao, D., Ye, T., Yao, Y., et al. (2020). Discovery of the first potent proteolysis targeting chimera (PROTAC) degrader of indoleamine 2,3-dioxygenase 1. Acta Pharm. Sin. B 10, 1943–1953. doi:10.1016/j.apsb.2020.02.010
 Hua, J., Wu, P., Gan, L., Zhang, Z., He, J., Zhong, L., et al. (2021). Current strategies for tumor photodynamic therapy combined with immunotherapy. Front. Oncol. 11. doi:10.3389/fonc.2021.738323
 Huang, Y.-P., Wang, Y.-X., Zhou, H., Liu, Z.-T., Zhang, Z.-J., Xiong, L., et al. (2024). Surufatinib combined with photodynamic therapy induces ferroptosis to inhibit cholangiocarcinoma in vitro and in tumor models. Front. Pharmacol. 15, 1288255. doi:10.3389/fphar.2024.1288255
 Jiang, X., Stockwell, B. R., and Conrad, M. (2021). Ferroptosis: mechanisms, biology and role in disease. Nat. Rev. Mol. Cell Biol. 22, 266–282. doi:10.1038/s41580-020-00324-8
 Jiang, X., Zhao, Y., Sun, S., Wang, L., Sun, L., Li, W., et al. (2023a). A metal–organic framework complex for enhancing tumor treatments through synergistic effect of chemotherapy and photodynamic therapy. J. Mat. Chem. B 11, 10706–10716. doi:10.1039/d3tb01592k
 Jiang, X., Zhao, Y., Sun, S., Xiang, Y., Yan, J., Wang, J., et al. (2023b). Research development of porphyrin-based metal–organic frameworks: targeting modalities and cancer therapeutic applications. J. Mat. Chem. B 11, 6172–6200. doi:10.1039/d3tb00632h
 Kapse-Mistry, S., Govender, T., Srivastava, R., and Yergeri, M. (2014). Nanodrug delivery in reversing multidrug resistance in cancer cells. Front. Pharmacol. 5, 159. doi:10.3389/fphar.2014.00159
 Kwiatkowski, S., Knap, B., Przystupski, D., Saczko, J., Kędzierska, E., Knap-Czop, K., et al. (2018). Photodynamic therapy – mechanisms, photosensitizers and combinations. Biomed. Pharmacother. 106, 1098–1107. doi:10.1016/j.biopha.2018.07.049
 Lan, G., Ni, K., Xu, Z., Veroneau, S. S., Song, Y., and Lin, W. (2018). Nanoscale metal–organic framework overcomes hypoxia for photodynamic therapy primed cancer immunotherapy. J. Am. Chem. Soc. 140, 5670–5673. doi:10.1021/jacs.8b01072
 Lan, M., Zhao, S., Liu, W., Lee, C.-S., Zhang, W., and Wang, P. (2019). Photosensitizers for photodynamic therapy. Adv. Healthc. Mat. 8, 1900132. doi:10.1002/adhm.201900132
 Lei, G., Zhuang, L., and Gan, B. (2022). Targeting ferroptosis as a vulnerability in cancer. Nat. Rev. Cancer 22, 381–396. doi:10.1038/s41568-022-00459-0
 Li, F.-J., Long, H.-Z., Zhou, Z.-W., Luo, H.-Y., Xu, S.-G., and Gao, L.-C. (2022). System Xc−/GSH/GPX4 axis: an important antioxidant system for the ferroptosis in drug-resistant solid tumor therapy. Front. Pharmacol. 13, 910292. doi:10.3389/fphar.2022.910292
 Li, J., Cao, F., Yin, H.-L., Huang, Z.-J., Lin, Z.-T., Mao, N., et al. (2020). Ferroptosis: past, present and future. Cell Death Dis. 11, 88. doi:10.1038/s41419-020-2298-2
 Li, W., Yin, S., Shen, Y., Li, H., Yuan, L., and Zhang, X.-B. (2023). Molecular engineering of pH-responsive NIR oxazine assemblies for evoking tumor ferroptosis via triggering lysosomal dysfunction. J. Am. Chem. Soc. 145, 3736–3747. doi:10.1021/jacs.2c13222
 Liu, J., Huang, J., Zhang, L., and Lei, J. (2021). Multifunctional metal–organic framework heterostructures for enhanced cancer therapy. Chem. Soc. Rev. 50, 1188–1218. doi:10.1039/d0cs00178c
 Liu, J.-P., Cen, S.-Y., Xue, Z., Wang, T.-X., Gao, Y., Zheng, J., et al. (2022). A class of disulfide compounds suppresses ferroptosis by stabilizing GPX4. ACS Chem. Biol. 17, 3389–3406. doi:10.1021/acschembio.2c00445
 Liu, M., Wang, L., Zheng, X., Liu, S., and Xie, Z. (2018). Hypoxia-triggered nanoscale metal–organic frameworks for enhanced anticancer activity. ACS Appl. Mat. Interfaces 10, 24638–24647. doi:10.1021/acsami.8b07570
 Liu, Z., Yan, Z., Di, Y., Yang, S., Ning, Y., Mao, Y., et al. (2023). Current advances in metal–organic frameworks for cancer nanodynamic therapies. Coord. Chem. Rev. 497, 215434. doi:10.1016/j.ccr.2023.215434
 Lu, K., Aung, T., Guo, N., Weichselbaum, R., and Lin, W. (2018). Nanoscale metal–organic frameworks for therapeutic, imaging, and sensing applications. Adv. Mat. 30, 1707634. doi:10.1002/adma.201707634
 Lu, K., He, C., and Lin, W. (2015). A chlorin-based nanoscale metal–organic framework for photodynamic therapy of colon cancers. J. Am. Chem. Soc. 137, 7600–7603. doi:10.1021/jacs.5b04069
 Lucky, S. S., Soo, K. C., and Zhang, Y. (2015). Nanoparticles in photodynamic therapy. Chem. Rev. 115, 1990–2042. doi:10.1021/cr5004198
 Luo, T., Ni, K., Culbert, A., Lan, G., Li, Z., Jiang, X., et al. (2020). Nanoscale metal–organic frameworks stabilize bacteriochlorins for type I and type II photodynamic therapy. J. Am. Chem. Soc. 142, 7334–7339. doi:10.1021/jacs.0c02129
 Ma, Y., Zhao, X., Tian, P., Xu, K., Luo, J., Li, H., et al. (2024). Laser-ignited lipid peroxidation nanoamplifiers for strengthening tumor photodynamic therapy through aggravating ferroptotic propagation and sustainable high immunogenicity. Small 20, 2306402. doi:10.1002/smll.202306402
 Mao, C., Liu, X., Zhang, Y., Lei, G., Yan, Y., Lee, H., et al. (2021). DHODH-mediated ferroptosis defence is a targetable vulnerability in cancer. Nature 593, 586–590. doi:10.1038/s41586-021-03539-7
 Meng, X., Deng, J., Liu, F., Guo, T., Liu, M., Dai, P., et al. (2019). Triggered all-active metal organic framework: ferroptosis machinery contributes to the apoptotic photodynamic antitumor therapy. Nano Lett. 19, 7866–7876. doi:10.1021/acs.nanolett.9b02904
 Ni, K., Luo, T., Lan, G., Culbert, A., Song, Y., Wu, T., et al. (2022). Corrigendum: a nanoscale metal–organic framework to mediate photodynamic therapy and deliver CpG oligodeoxynucleotides to enhance antigen presentation and cancer immunotherapy. Angew. Chem. Int. Ed. 61, e202211958. doi:10.1002/anie.202211958
 Nie, Z., Chen, M., Gao, Y., Huang, D., Cao, H., Peng, Y., et al. (2022). Ferroptosis and tumor drug resistance: current status and major challenges. Front. Pharmacol. 13, 900006. doi:10.3389/fphar.2022.900006
 Ouyang, J., Xie, A., Zhou, J., Liu, R., Wang, L., Liu, H., et al. (2022). Minimally invasive nanomedicine: nanotechnology in photo-/ultrasound-/radiation-/magnetism-mediated therapy and imaging. Chem. Soc. Rev. 51, 4996–5041. doi:10.1039/d1cs01148k
 Pan, W.-L., Tan, Y., Meng, W., Huang, N.-H., Zhao, Y.-B., Yu, Z.-Q., et al. (2022). Microenvironment-driven sequential ferroptosis, photodynamic therapy, and chemotherapy for targeted breast cancer therapy by a cancer-cell-membrane-coated nanoscale metal-organic framework. Biomaterials 283, 121449. doi:10.1016/j.biomaterials.2022.121449
 Pan, Y., Liu, L., Mou, X., and Cai, Y. (2023). Nanomedicine strategies in conquering and utilizing the cancer hypoxia environment. ACS Nano 17, 20875–20924. doi:10.1021/acsnano.3c07763
 Pang, Q., Xu, Z., Sun, T., Yue, S., Yu, Y., Lu, H., et al. (2024). Strategic chemical synthesis and application of nanocarriers responsive to the tumor microenvironment. Nano Today 58, 102421. doi:10.1016/j.nantod.2024.102421
 Qi, F., Yuan, H., Chen, Y., Peng, X.-X., Wu, Y., He, W., et al. (2022). Type I photoreaction and photoinduced ferroptosis by a Ru(II) complex to overcome tumor hypoxia in photodynamic therapy. CCS Chem. 5, 1583–1591. doi:10.31635/ccschem.022.202202074
 Shen, W., Han, G., Yu, L., Yang, S., Li, X., Zhang, W., et al. (2022). Combined prussian blue nanozyme carriers improve photodynamic therapy and effective interruption of tumor metastasis. Int. J. Nanomed. 17, 1397–1408. doi:10.2147/ijn.s359156
 Song, S., Ding, Y., Dai, G.-L., Zhang, Y., Xu, M.-T., Shen, J.-R., et al. (2021). Sirtuin 3 deficiency exacerbates diabetic cardiomyopathy via necroptosis enhancement and NLRP3 activation. Acta Pharmacol. Sin. 42, 230–241. doi:10.1038/s41401-020-0490-7
 Song, W., Kuang, J., Li, C.-X., Zhang, M., Zheng, D., Zeng, X., et al. (2018). Enhanced immunotherapy based on photodynamic therapy for both primary and lung metastasis tumor eradication. ACS Nano 12, 1978–1989. doi:10.1021/acsnano.7b09112
 Su, J., Jing, P., Jiang, K., and Du, J. (2022). Recent advances in porous MOFs and their hybrids for photothermal cancer therapy. Dalton Trans. 51, 8938–8944. doi:10.1039/d2dt01039a
 Sun, R., Ma, W., Ling, M., Tang, C., Zhong, M., Dai, J., et al. (2022). pH-activated nanoplatform for visualized photodynamic and ferroptosis synergistic therapy of tumors. J. Control. Release 350, 525–537. doi:10.1016/j.jconrel.2022.08.050
 Tang, D., Chen, X., Kang, R., and Kroemer, G. (2021). Ferroptosis: molecular mechanisms and health implications. Cell Res. 31, 107–125. doi:10.1038/s41422-020-00441-1
 Thorat, N. D., Tofail, S. a.M., Von Rechenberg, B., Townley, H., Brennan, G., Silien, C., et al. (2019). Physically stimulated nanotheranostics for next generation cancer therapy: focus on magnetic and light stimulations. Appl. Phys. Rev. 6, 041306. doi:10.1063/1.5049467
 Upadhyayula, P. S., Higgins, D. M., Mela, A., Banu, M., Dovas, A., Zandkarimi, F., et al. (2023). Dietary restriction of cysteine and methionine sensitizes gliomas to ferroptosis and induces alterations in energetic metabolism. Nat. Commun. 14, 1187. doi:10.1038/s41467-023-36630-w
 Wang C., C., Zhang, L., Yang, Z., Zhao, D., Deng, Z., Xu, J., et al. (2024). Self-fueling ferroptosis-inducing microreactors based on pH-responsive Lipiodol Pickering emulsions enable transarterial ferro-embolization therapy. Natl. Sci. Rev. 11, nwad257. doi:10.1093/nsr/nwad257
 Wang, C., and Zhang, S. (2024). Two-dimensional metal organic frameworks in cancer treatment. Mat. Horiz. 11, 3482–3499. doi:10.1039/d4mh00068d
 Wang, H., Qiao, C., Guan, Q., Wei, M., and Li, Z. (2023a). Nanoparticle-mediated synergistic anticancer effect of ferroptosis and photodynamic therapy: novel insights and perspectives. Asian J. Pharm. Sci. 18, 100829. doi:10.1016/j.ajps.2023.100829
 Wang, L., Karges, J., Wei, F., Xie, L., Chen, Z., Gasser, G., et al. (2023b). A mitochondria-localized iridium(iii) photosensitizer for two-photon photodynamic immunotherapy against melanoma. Chem. Sci. 14, 1461–1471. doi:10.1039/d2sc06675k
 Wang, L., Zhang, X., You, Z., Yang, Z., Guo, M., Guo, J., et al. (2023c). A molybdenum disulfide nanozyme with charge-enhanced activity for ultrasound-mediated cascade-catalytic tumor ferroptosis. Angew. Chem. Int. Ed. 62, e202217448. doi:10.1002/anie.202217448
 Wang, W., Yu, Y., Jin, Y., Liu, X., Shang, M., Zheng, X., et al. (2022). Two-dimensional metal-organic frameworks: from synthesis to bioapplications. J. Nanobiotechnol. 20, 207. doi:10.1186/s12951-022-01395-9
 Wang, X., Qian, J., Zhu, P., Hua, R., Liu, J., Hang, J., et al. (2021). Novel phenylmethylenecyclohexenone derivatives as potent TrxR inhibitors display high antiproliferative activity and induce ROS, apoptosis, and DNA damage. ChemMedChem 16, 702–712. doi:10.1002/cmdc.202000660
 Wang, Y., Wu, W., Liu, J., Manghnani, P. N., Hu, F., Ma, D., et al. (2019). Cancer-cell-activated photodynamic therapy assisted by Cu(II)-Based metal–organic framework. ACS Nano 13, 6879–6890. doi:10.1021/acsnano.9b01665
 Wang, Y., Zhang, Z., Sun, W., Zhang, J., Xu, Q., Zhou, X., et al. (2022). Ferroptosis in colorectal cancer: potential mechanisms and effective therapeutic targets. Biomed. Pharmacother. 153, 113524. doi:10.1016/j.biopha.2022.113524
 Wang, Y., Zhou, X., Yao, L., Hu, Q., Liu, H., Zhao, G., et al. (2024). Capsaicin enhanced the efficacy of photodynamic therapy against osteosarcoma via a pro-death strategy by inducing ferroptosis and alleviating hypoxia. Small 20, 2306916. doi:10.1002/smll.202306916
 Wang, Y.-M., Xu, Y., Zhang, X., Cui, Y., Liang, Q., Liu, C., et al. (2022). Single nano-sized metal–organic framework for bio-nanoarchitectonics with in vivo fluorescence imaging and chemo-photodynamic therapy. Nanomaterials 12, 287. doi:10.3390/nano12020287
 Warszyńska, M., Repetowski, P., and Dąbrowski, J. M. (2023). Photodynamic therapy combined with immunotherapy: recent advances and future research directions. Coord. Chem. Rev. 495, 215350. doi:10.1016/j.ccr.2023.215350
 Wei, F., Karges, J., Shen, J., Xie, L., Xiong, K., Zhang, X., et al. (2022). A mitochondria-localized oxygen self-sufficient two-photon nano-photosensitizer for ferroptosis-boosted photodynamic therapy under hypoxia. Nano Today 44, 101509. doi:10.1016/j.nantod.2022.101509
 Wu, J., Shi, Y., Zhou, M., Chen, M., Ji, S., Liu, X., et al. (2024). Nutrient vitamins enabled metabolic regulation of ferroptosis via reactive oxygen species biology. Front. Pharmacol. 15, 1434088. doi:10.3389/fphar.2024.1434088
 Wu, J.-J., Yuan, X.-M., Huang, C., An, G.-Y., Liao, Z.-L., Liu, G.-A., et al. (2019). Farnesyl thiosalicylic acid prevents iNOS induction triggered by lipopolysaccharide via suppression of iNOS mRNA transcription in murine macrophages. Int. Immunopharmacol. 68, 218–225. doi:10.1016/j.intimp.2018.12.066
 Wu, K., Yan, M., Liu, T., Wang, Z., Duan, Y., Xia, Y., et al. (2023). Creatine kinase B suppresses ferroptosis by phosphorylating GPX4 through a moonlighting function. Nat. Cell Biol. 25, 714–725. doi:10.1038/s41556-023-01133-9
 Wu, X., Zhou, Z., Li, K., and Liu, S. (2024). Nanomaterials-induced redox imbalance: challenged and opportunities for nanomaterials in cancer therapy. Adv. Sci. 11, 2308632. doi:10.1002/advs.202308632
 Xiong, T., Chen, Y., Peng, Q., Lu, S., Long, S., Li, M., et al. (2024). Lipid droplet targeting type I photosensitizer for ferroptosis via lipid peroxidation accumulation. Adv. Mat. 36, 2309711. doi:10.1002/adma.202309711
 Xu, D., Duan, Q., Yu, H., and Dong, W. (2023). Photodynamic therapy based on porphyrin-based metal–organic frameworks. J. Mat. Chem. B 11, 5976–5989. doi:10.1039/d2tb02789e
 Xu, H.-X., Cui, S.-M., Zhang, Y.-M., and Ren, J. (2020). Mitochondrial Ca2+ regulation in the etiology of heart failure: physiological and pathophysiological implications. Acta Pharmacol. Sin. 41, 1301–1309. doi:10.1038/s41401-020-0476-5
 Yang, F., Yu, W., Yu, Q., Liu, X., Liu, C., Lu, C., et al. (2023). Mitochondria-targeted nanosystem with reactive oxygen species-controlled release of CO to enhance photodynamic therapy of PCN-224 by sensitizing ferroptosis. Small 19, 2206124. doi:10.1002/smll.202206124
 Yang, J., Dai, D., Zhang, X., Teng, L., Ma, L., and Yang, Y.-W. (2023). Multifunctional metal-organic framework (MOF)-based nanoplatforms for cancer therapy: from single to combination therapy. Theranostics 13, 295–323. doi:10.7150/thno.80687
 Yang, R. Y., Pan, J. Y., Chen, Y., Li, Y., Wu, J., and Wang, X. D. (2020). Menaquinone-7 protects astrocytes by regulating mitochondrial function and inflammatory response under hypoxic conditions. Eur. Rev. Med. Pharmacol. Sci. 24, 10181–10193. doi:10.26355/eurrev_202010_23239
 Yang, S., Han, G., Chen, Q., Yu, L., Wang, P., Zhang, Q., et al. (2021). Au-Pt nanoparticle formulation as a radiosensitizer for radiotherapy with dual effects. Int. J. Nanomed. 16, 239–248. doi:10.2147/IJN.S287523
 Yang, X., He, M., Li, Y., Qiu, T., Zuo, J., Jin, Y., et al. (2024). Charge-reversal polymeric nanomodulators for ferroptosis-enhanced photodynamic therapy. J. Mat. Chem. B 12, 7113–7121. doi:10.1039/d4tb00616j
 Ye, Y., Zhao, Y., Sun, Y., and Cao, J. (2022). Recent progress of metal-organic framework-based photodynamic therapy for cancer treatment. Int. J. Nanomed. 17, 2367–2395. doi:10.2147/IJN.S362759
 Yuan, Y., Chen, B., An, X., Guo, Z., Liu, X., Lu, H., et al. (2024). MOFs-based magnetic nanozyme to boost cascade ROS accumulation for augmented tumor ferroptosis. Adv. Healthc. Mat. 13, 2304591. doi:10.1002/adhm.202304591
 Zeng, L., Ding, S., Cao, Y., Li, C., Zhao, B., Ma, Z., et al. (2023). A MOF-based potent ferroptosis inducer for enhanced radiotherapy of triple negative breast cancer. ACS Nano 17, 13195–13210. doi:10.1021/acsnano.3c00048
 Zhang, B., Zhou, Y. L., Chen, X., Wang, Z., Wang, Q., Ju, F., et al. (2019). Efficacy and safety of CTLA-4 inhibitors combined with PD-1 inhibitors or chemotherapy in patients with advanced melanoma. Int. Immunopharmacol. 68, 131–136. doi:10.1016/j.intimp.2018.12.034
 Zhang, D., Ye, Z., Wei, L., Luo, H., and Xiao, L. (2019). Cell membrane-coated porphyrin metal–organic frameworks for cancer cell targeting and O2-evolving photodynamic therapy. ACS Appl. Mat. Interfaces 11, 39594–39602. doi:10.1021/acsami.9b14084
 Zhang, Z.-J., Liu, Z.-T., Huang, Y.-P., Nguyen, W., Wang, Y.-X., Cheng, L., et al. (2023). Magnetic resonance and fluorescence imaging superparamagnetic nanoparticles induce apoptosis and ferroptosis through photodynamic therapy to treat colorectal cancer. Mat. Today Phys. 36, 101150. doi:10.1016/j.mtphys.2023.101150
 Zhao, M., Zhuang, H., Li, B., Chen, M., and Chen, X. (2023). In situ transformable nanoplatforms with supramolecular cross-linking triggered complementary function for enhanced cancer photodynamic therapy. Adv. Mat. 35, 2209944. doi:10.1002/adma.202209944
 Zhao, Y., Zhao, W., Lim, Y. C., and Liu, T. (2019). Salinomycin-loaded gold nanoparticles for treating cancer stem cells by ferroptosis-induced cell death. Mol. Pharm. 16, 2532–2539. doi:10.1021/acs.molpharmaceut.9b00132
 Zhao, Y., Zheng, Y., Zhu, Y., Zhang, Y., Zhu, H., and Liu, T. (2021). M1 macrophage-derived exosomes loaded with gemcitabine and deferasirox against chemoresistant pancreatic cancer. Pharmaceutics 13, 1493. doi:10.3390/pharmaceutics13091493
 Zheng, Q., Liu, X., Zheng, Y., Yeung, K. W. K., Cui, Z., Liang, Y., et al. (2021). The recent progress on metal–organic frameworks for phototherapy. Chem. Soc. Rev. 50, 5086–5125. doi:10.1039/d1cs00056j
 Zheng, X., Jin, Y., Liu, X., Liu, T., Wang, W., and Yu, H. (2021). Photoactivatable nanogenerators of reactive species for cancer therapy. Bioact. Mat. 6, 4301–4318. doi:10.1016/j.bioactmat.2021.04.030
 Zhou, C., Zhao, Y., Yang, M., Yin, W., Li, Y., Xiao, Y., et al. (2024). Diselenide-containing polymer based on new antitumor mechanism as efficient GSH depletion agent for ferroptosis therapy. Adv. Healthc. Mat. 13, 2303896. doi:10.1002/adhm.202303896
 Zhou, S., Jia, F., Wei, Y., Du, J., Liu, J., Dong, W., et al. (2024). Metal–organic framework nanocomposites in conquering hypoxia for tumor therapy. Adv. Funct. Mat. 34, 2314012. doi:10.1002/adfm.202314012
 Zhu, L., Luo, M., Zhang, Y., Fang, F., Li, M., An, F., et al. (2023). Free radical as a double-edged sword in disease: deriving strategic opportunities for nanotherapeutics. Coord. Chem. Rev. 475, 214875. doi:10.1016/j.ccr.2022.214875
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2024 Zou, Chen, Luo, Qu, Zhou, Xia, Wang and Zheng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-15-1481168-g005.gif





OPS/images/fphar-15-1481168-g006.gif





OPS/images/fphar-15-1481168-g003.gif





OPS/images/fphar-15-1481168-g004.gif





OPS/images/fphar-15-1481168-g007.gif





OPS/images/fphar-15-1481168-g008.gif
Teep






OPS/xhtml/nav.xhtml
Contents

		Cover

		Porphyrin-engineered nanoscale metal-organic frameworks: enhancing photodynamic therapy and ferroptosis in oncology		1 Introduction

		2 NMOFs for PDT and ferroptosis

		3 NMOFs for PDT and ferroptosis (magneto-optical co-stimulation)

		4 nMOFs for PDT + ferroptosis + gas therapy

		5 nMOFs for PDT + ferroptosis + chemotherapy

		6 nMOFs for PDT + ferroptosis + immunotherapy

		7 nMOFs for PDT + ferroptosis + CDT + GPX4 inhibitor

		8 NMOFs for PDT + ferroptosis + CDT + immunotherapy

		9 Conclusion and perspectives

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		Abbreviations

		References









OPS/images/cover.jpg
’ frontiers | Frontiersin Pharmacology

Porphyrin-engineered
nanoscale metal-organic
frameworks: enhancing
photodynamic therapy and
ferroptosis in oncology





OPS/images/fphar-15-1481168-g001.gif





OPS/images/fphar-15-1481168-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





