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Abstract: Tumor hyperthermia represents a minimally invasive therapeutic 
modality designed to selectively eliminate cancer cells or augment the efficacy of 
combination regimens via localized temperature elevation. Conventional 
interventions, including surgical resection, radiotherapy (RT), and chemotherapy 
(CT) are constrained by intrinsic tumor heterogeneity, acquired drug resistance, and 
the complex tumor microenvironment, factors that collectively limit therapeutic 
outcomes. In this context, localized hyperthermia provides a physical mechanism 
to disrupt malignant cells while concurrently enhancing chemotherapeutic 
penetration and potentiating antitumor immune responses. Metal-organic 
frameworks (MOFs) have recently emerged as highly versatile platforms for tumor 
hyperthermia owing to their precisely tunable three-dimensional porous structures, 
diverse metal node compositions, and adaptable surface functionalization 
capabilities. These materials can directly convert light or MW energy into thermal 
energy and can also function as carriers for chemotherapeutic drugs or microwave 
(MW) sensitizers, thereby enabling multimodal synergistic interventions. This 
review presents a comprehensive analysis of recent progress in MOF-based 
photothermal therapy (PTT) and microwave hyperthermia (MWH), with particular 
emphasis on material design, mechanistic insights into heat generation, and 
strategies for functional integration. By systematically evaluating intrinsic, 
composite, and derived MOF systems, the review seeks to establish a theoretical 
and materials science framework for the rational development of efficient, 
controllable, and clinically translatable MOF-based tumor hyperthermia platforms. 

 Keywords: MOFs; tumor hyperthermia; photothermal therapy; microwave 
hyperthermia; functionalized materials; combination therapy 

1. Introduction 

Malignant tumors remain one of the leading causes of death worldwide [1]. The global incidence and 
mortality of cancer are projected to increase steadily, with annual new cases exceeding 29 million and cancer-
related deaths approaching 10 million in recent epidemiological reports [2]. Surgery [3], radiotherapy (RT) [4], 
and chemotherapy (CT) [5] remain the mainstay of clinical cancer treatment. However, their therapeutic 
performance is often compromised by tumor heterogeneity [6], therapeutic resistance [7], and the complexity of 
the tumor microenvironment (TME) [8]. Tumor heterogeneity extends beyond interpatient genomic variation and 
includes intratumoral diversity in metabolic state, vascular structure, and immune infiltration [9]. These biological 
variations lead to markedly different treatment responses across patients and even among distinct regions within 
the same tumor. In addition to limited efficacy, conventional therapies are frequently associated with substantial 
adverse effects [10]. Chemotherapeutic drugs often damage normal proliferating tissues because of insufficient 
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tumor selectivity [11], whereas RT may cause collateral injury to surrounding organs and dose-limiting toxicity [12]. 
These challenges are particularly evident in advanced, recurrent, or treatment-resistant malignancies, where 
standard regimens fail to achieve durable tumor control [13]. These limitations have stimulated increasing interest 
in therapeutic strategies that provide localized tumor control, reduced systemic toxicity, and the potential for 
integration with conventional treatment modalities. 

Tumor hyperthermia has attracted increasing attention as an adjuvant anticancer modality because it enables 
local thermal intervention through externally applied physical energy [14]. Depending on the temperature range 
and biological outcome, hyperthermia can generally be divided into thermal ablation and mild hyperthermia. 
Thermal ablation, typically performed at temperatures above 55 °C [15], induces rapid and irreversible damage to 
proteins, membranes, and cellular structures, making it more suitable for superficial or well-localized tumors, such 
as skin tumors and selected breast lesions [16]. Mild hyperthermia, typically conducted at 39–45 °C [17], produces 
sublethal thermal stress rather than immediate coagulative destruction. By disrupting proteostasis [18], impairing 
mitochondrial function [19], activating stress-response pathways [20], and modulating antitumor immunity [21], 
mild hyperthermia can sensitize tumors to CT [22] and immunotherapy (IT) [23]. Moreover, mild heating can 
enhance drug penetration into tumor tissues, increase tumor-cell susceptibility to chemotherapeutic drugs [24], and 
modulate heat shock protein-related immune responses, thereby improving the efficacy of combination therapy [25]. 
However, the therapeutic performance of hyperthermia is still constrained by several key barriers. For deep-seated 
tumors, precise and homogeneous heat deposition remains difficult to achieve. Inadequate heating at tumor 
margins, insufficient thermal accumulation in poorly perfused or heterogeneous regions, and unintended injury to 
adjacent normal tissues may all compromise therapeutic efficacy and safety [26]. In addition, repeated or 
prolonged thermal exposure can induce thermotolerance [27], which is closely associated with heat shock protein 
upregulation [28], enhanced antioxidant capacity [29], and microenvironmental buffering effects [30]. These 
adaptive mechanisms reduce the sensitivity of tumor cells to subsequent thermal stress. Hyperthermia is therefore 
increasingly positioned as a component of multimodal cancer therapy rather than as an independent treatment 
modality. Effective integration with CT [31], RT [32], or IT [33] requires material systems that can coordinate 
thermal energy conversion, tumor-selective accumulation, controlled therapeutic release, and modulation of 
relevant biological responses [34]. However, conventional photothermal and microwave-responsive nanomaterials 
often show uneven thermal distribution [35], limited tumor specificity [36], and suboptimal biocompatibility [37], 
particularly in deep-seated tumor settings. These limitations have motivated the development of advanced 
therapeutic materials capable of coupling efficient heat generation with targeted delivery and stimuli-responsive 
activation, thereby improving the spatial precision and translational feasibility of tumor hyperthermia. 

Metal-organic frameworks (MOFs) have emerged as highly adaptable porous materials for the development 
of next-generation hyperthermia platforms. Constructed through the coordination-driven assembly of metal nodes 
and organic ligands, MOFs possess well-defined three-dimensional pore networks [38], tunable pore dimensions [39], 
large surface areas [40], and adjustable framework stability [41]. In addition, their surfaces can be chemically 
modified to improve colloidal stability, biological compatibility, and tumor-interactive functions [42]. These 
characteristics distinguish MOFs from conventional inorganic nanoparticles or polymeric carriers, which often 
offer more limited structural programmability. 

In hyperthermia, MOFs can contribute to both energy conversion and therapeutic integration. The metal 
nodes or conjugated ligands may directly participate in optical or MW energy absorption, enabling intrinsic heat 
generation under external stimulation [43]. Their ordered pore systems also provide confined spaces for 
incorporating chemotherapeutic drugs [44], photosensitizers [45], MW sensitizers [46], or other functional 
molecules, thereby facilitating the construction of combination therapy platforms. Beyond pristine MOFs, 
derivative strategies such as carbonization, sulfidation, or oxidation can further enhance thermal stability [47] and 
energy-conversion efficiency [48]. Meanwhile, magnetic-metal doping [49] and surface engineering [50] can 
introduce imaging functionality, supporting tumor visualization and image-guided thermal intervention, especially 
for deep-seated tumors [51]. Tumor-selective delivery represents another important advantage of MOF-based 
systems. Surface engineering with polyethylene glycol [52], targeting peptides [53], or erythrocyte membrane 
coating [54] can prolong circulation, reduce premature clearance [55], and improve interactions with tumor 
vasculature or cancer cell surface receptors [56]. Such modifications increase intratumoral accumulation of 
hyperthermia drugs [57], improving spatial selectivity [58] while reducing nonspecific thermal injury to 
surrounding healthy tissues [59]. When coupled with stimulus-responsive drug release, this targeted delivery can 
further strengthen the therapeutic outcome of hyperthermia-based combination treatment [60]. Therefore, the 
integration of structural tunability, imaging compatibility, and tumor-targeting capability makes MOFs particularly 
attractive for constructing precise and multifunctional tumor hyperthermia platforms. 
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Accordingly, MOFs hold considerable promise for tumor hyperthermia owing to their structural 
programmability and functional adaptability (Figure 1). Through rational materials design, MOF-based systems 
can be developed as intrinsic, composite, or derived platforms to meet different requirements for thermal 
responsiveness, therapeutic integration, and multimodal combination treatment. This review summarizes recent 
advances in MOF-based platforms for PTT and MWH, with emphasis on hyperthermia mechanisms, functional 
integration strategies, and translational prospects. By linking materials design with therapeutic performance, this 
review aims to provide a materials-oriented perspective for the development of MOF-based hyperthermia platforms. 

 

Figure 1. MOF-based platforms for tumor hyperthermia. (a) Major limitations of conventional cancer therapies; 
(b) Classification of tumor hyperthermia and key challenges associated with thermal treatment; (c) Functional roles 
of MOF-based platforms in hyperthermia-mediated cancer therapy; (d) Structural features and representative 
categories of MOF materials. 
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2. The Structure of MOF-Based Materials 

The therapeutic performance of MOF-based materials is determined by the coordinated roles of metal nodes 
and organic ligands [61]. Metal nodes can impart redox activity [62], catalytic capability [63], magnetic 
responsiveness [64], MW sensitization [65], or imaging functions [66], whereas organic ligands may contribute 
through light absorption [67] and redox activity [68]. The intrinsic porosity of MOFs further enables the 
incorporation of diverse functional components, including chemotherapeutic drugs [69], photosensitizers [70], 
enzymes [71], and immunomodulatory molecules [72]. These structural attributes provide the basis for 
understanding how MOF-based hyperthermia platforms convert external energy into localized heat, initiate 
cellular injury, regulate the TME, and coordinate combination therapy. Accordingly, this section focuses on the 
compositional and architectural features of MOF-based materials. 

The structural and functional diversity of MOF-based materials originates from the deliberate integration of 
metal nodes and organic linkers. Metal nodes serve as the inorganic connectivity centers of MOF frameworks and 
commonly include high-valence metals such as Zr, Ti, and Hf [73], transition metals such as Fe, Cu, and Mn [74], 
as well as rare-earth elements such as Gd and Eu that can impart imaging capability or specific energy-responsive 
behavior [75]. The choice of metal node not only governs coordination stability, crystal topology, degradation 
behavior, and in vivo metabolic fate, but also endows MOFs with redox activity, Fenton-like catalytic capacity, 
magnetic responsiveness, MW sensitization, and MRI/CT imaging functions [76]. According to the characteristics 
of their metal nodes, MOF-based materials can be broadly categorized into high-valence metal MOFs, transition-
metal MOFs, magnetic MOFs, and multimetallic MOFs. High-valence metal MOFs, represented by Zr, Ti, and 
Hf-based frameworks, generally possess high charge density and readily form strong metal-oxygen coordination 
bonds with carboxylate or phosphonate-containing ligands. These features usually confer excellent hydrolytic and 
thermal stability, making such frameworks suitable for constructing well-defined theranostic platforms with 
controllable porosity and surface chemistry [77]. In contrast, transition-metal MOFs based on Fe, Cu, Mn, and 
related nodes exhibit accessible redox cycling and efficient electron-transfer capability. These features allow them 
to participate directly in Fenton or Fenton-like reactions, GSH depletion, and redox homeostasis disruption [78]. 
Magnetic MOF composites rely on Fe, Mn, or Co-containing nodes, or on incorporated magnetic nanophases such 
as Fe3O4 and ferrites, to dissipate externally applied energy through magnetic loss, dielectric loss, and interfacial 
polarization under alternating magnetic fields or MW irradiation. These systems can also be integrated with MRI 
to enable imaging-guided therapy and treatment monitoring [79]. Multimetallic MOFs further expand this design 
space by incorporating two or more metal centers within a single framework. The resulting electronic coupling 
and functional complementarity can simultaneously promote thermal conversion, ROS generation, GSH depletion, 
hypoxia modulation, drug release, and diagnostic imaging. Organic ligands constitute another critical determinant 
of MOF function. Carboxylate linkers, porphyrinic ligands, imidazolate linkers, ferrocene-containing ligands, and 
other π-conjugated molecules are commonly used to regulate framework geometry, pore dimensions, 
hydrophilicity, surface chemistry, and electronic structure [80]. In particular, extended π-conjugation, metal–
ligand charge transfer, and nonradiative relaxation pathways can enhance the response of MOFs to near-infrared 
light, MW irradiation, or other external energy inputs [81]. Therefore, MOF-based materials should not be regarded 
merely as passive drug carriers. Instead, they represent highly programmable organic-inorganic hybrid platforms in 
which metal-node selection, linker engineering, pore-structure regulation, and surface functionalization can be 
coordinated to achieve precise control over therapeutic, diagnostic, and energy-conversion functions. 

In MOF systems, structural features and material performance are intrinsically linked through the coordinated 
roles of metal nodes and organic linkers. Metal nodes act as secondary building units that define the framework 
topology, connectivity, and coordination environment, thereby shaping the overall structural robustness of the 
material [82]. Organic linkers provide the geometric and chemical scaffolds that determine pore size, channel 
architecture, pore-wall chemistry, and the spatial arrangement of active sites [83]. As a result, the properties of 
MOFs emerge from the integrated framework architecture rather than from the isolated characteristics of individual 
components. The chemical identity of the metal node is a major determinant of both structural stability and 
therapeutic functionality. Metal valence, coordination preference, Lewis acidity, redox activity, and magnetic 
behavior collectively influence framework integrity under physiological conditions and dictate whether the material 
can participate in catalytic therapy, redox modulation, magnetic resonance imaging, or MW sensitization [84]. This 
is particularly important for tumor hyperthermia, where the metal center may serve not only as a structural anchor 
but also as an active site for ROS generation, glutathione depletion, magnetic response, or energy dissipation. 
Organic linkers provide a second level of functional regulation by tailoring pore architecture, optical absorption, 
charge transfer, and surface chemistry [85]. Extended aromatic carboxylate linkers can enlarge pore apertures and 
increase accessible surface area, thereby improving the loading of chemotherapeutic agents, photosensitizers, or 
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microwave sensitizers [86]. Linkers bearing amino, imidazole, pyridine, or other functional groups can further 
modulate hydrophilicity, surface charge, and interactions with proteins, membranes, and tumor-associated 
biological interfaces [87]. Thus, organic linkers should not be regarded merely as structural bridges that maintain 
framework integrity; they are functional components that critically determine the optical responsiveness, 
interfacial behavior, and biological performance of MOFs. 

The defining feature of MOFs, distinguishing them from conventional nanomaterials, lies in the highly 
ordered porous lattices constructed through the cooperative design of metal nodes and organic ligands [88]. These 
crystalline frameworks exhibit long-range periodicity [89] and structural regularity [90], providing stable channels 
for the encapsulation and controlled release of therapeutic drugs [91], photosensitizers [92], or microwave-
responsive molecules [93]. Additionally, the interface between metal nodes and ligands generates polarization 
effects that facilitate the efficient conversion of external energy into heat [94], enabling localized hyperthermic 
effects in tumor tissues [95]. MOF lattices are assembled by linking metal ions or clusters via organic ligands into 
three-dimensional networks [96], yielding frameworks with high mechanical stability [97], high surface areas [98], 
and hierarchical porosity [99]. The extensive accessible surface area amplifies interactions with optical or 
electromagnetic fields, enhancing energy absorption efficiency [100]. Pore architecture represents another critical 
structural determinant linking MOF composition to hyperthermia performance. Pore sizes can be tuned 
continuously from micropores (<2 nm) [101] to mesopores (2–50 nm) [102] and beyond, controlling not only the 
loading efficiency of photothermal or MW sensitizers [103], but also the propagation and attenuation of 
electromagnetic waves within the material [104]. High surface area and accessible pore channels facilitate the 
incorporation of chemotherapeutic agents, photosensitizers, ionic liquids, gas donors, and immunomodulatory 
molecules, while enabling their release in response to pH, GSH, enzymes, light irradiation, or microwave 
stimulation. In MWH, the pore structure plays an additional role as a confined microenvironment for ions and 
polar molecules. The large internal surface areas and hierarchical channels increase multiple scattering and 
reflection of microwave energy within the material, while promoting high-frequency vibration, molecular 
collision, dipolar rotation, and polarization relaxation under the MW field [105]. These processes prolong the 
interaction between electromagnetic waves and the framework, thereby improving microwave-to-heat conversion 
efficiency [106]. Such hierarchical and porous structures are essential for hyperthermia applications, facilitating 
localized heat accumulation and sustained energy release within the TME [107]. Accordingly, MOF pores should 
not be regarded merely as passive reservoirs for drug storage. Instead, they constitute active structural domains 
that simultaneously support guest loading, stimulus-responsive release, energy deposition, and localized thermal-
field formation. By regulating pore size, pore geometry, and channel connectivity, the adsorption behavior, 
molecular recognition, and functional responsiveness of MOFs can be further optimized. 

Another critical structural attribute of MOFs is the diversity of interfacial electromagnetic behaviors. Unlike 
conventional photothermal or dielectric nanomaterials that rely primarily on a single loss mechanism, MOFs 
possess abundant metal–ligand interfaces [108], crystallographic boundaries [109], and defect sites [110]. These 
interfacial regions can support multiple energy dissipation pathways under alternating electromagnetic fields, 
including interfacial polarization [111], dipolar relaxation [112], free-carrier conduction [113], and localized 
current pathways [114]. The presence of transition-metal centers, polar linkers, and structural defects can markedly 
reshape the electromagnetic and catalytic properties of MOF-based materials. Transition-metal d orbitals can 
participate in electronic transitions [115] and enhanced polarizability [116], thereby strengthening the dielectric 
response of the framework. In addition, spatially heterogeneous charge distribution and localized charge 
accumulation promote dielectric dissipation, which facilitates the conversion of incident MW energy into heat. Defect 
structures, including missing linkers, metal vacancies, lattice mismatch, and heterometal incorporation, introduce 
additional electronic states and polarization centers that favor charge separation and energy dissipation [117]. These 
defect-mediated effects are highly relevant to hyperthermia, as they can enhance optical absorption and nonradiative 
relaxation in PTT, while increasing polarization loss, conductive loss, and interfacial loss in MWH [118]. In 
chemodynamic therapy (CDT), defect-rich frameworks may also expose more catalytically accessible metal sites, 
thereby improving H2O2 activation and ROS production [119]. Controlled defect engineering therefore provides 
an effective route to modulate thermal conversion, catalytic reactivity, and TME responsiveness. Nevertheless, the 
density and type of defects must be carefully regulated, as excessive structural disorder may weaken framework 
stability, accelerate metal-ion leakage, and increase potential biosafety risks. Beyond the crystalline framework, 
particle size, morphology, and surface chemistry further determine the biological behavior and therapeutic 
performance of MOF-based systems. Two-dimensional nanosheets, hollow structures, and core-shell architectures 
can improve heat generation and drug-release behavior by increasing accessible surface area, shortening diffusion 
pathways, and enhancing guest-loading efficiency [120]. Surface engineering through peptide conjugation, cell-
membrane coating, or targeting-ligand modification can improve colloidal stability during circulation, reduce 
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nonspecific protein adsorption, and enhance recognition of tumor cells or TME [121]. These considerations 
indicate that the functional behavior of MOFs is dictated by both their internal coordination architecture and 
external biointerfacial properties, which jointly shape energy-conversion efficiency, delivery performance, and 
therapeutic efficacy [122,123] (Figure 2). 

 

Figure 2. (a) MOF-Fe@C enhances microwave absorption through the combined effects of dielectric loss and 
magnetic loss from embedded magnetic nanoparticles [122], Copyright 2024, WILEY; (b) NCC-Se achieves 
optimized impedance matching via macroscale structural tuning, while microscale modifications within the material 
amplify attenuation properties [123], Copyright 2026, WILEY.  

The structural tunability of MOFs represents a key advantage for their application in tumor hyperthermia. By 
selection of metal nodes and organic ligands, the crystallographic framework [124], pore morphology [125], and 
surface functionality [126] can be precisely modulated, allowing the design of platforms optimized for specific 
hyperthermia modalities. Incorporation of polar ligands enhances dipolar responses under microwave irradiation [127], 
transition-metal doping increases ROS generation [128], and magnetic elements introduce additional magnetic 
loss pathways [129], enabling combined dielectric and magnetic energy conversion. Luo et al. reported Fe-doped 
Cu-based bimetallic MOF nanoparticles (FCM) synthesized via a hydrothermal method, serving as nanoscale 
sensitizers for MW ablation and microwave-activated CDT in hepatocellular carcinoma. Fe incorporation into the 
Cu-MOF framework increased the density of active metal sites and metal–ligand interfaces, enhancing polarization 
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relaxation, dielectric loss, and MW energy dissipation. The Fe-associated magnetic centers further contributed to 
magnetic losses, collectively improving MW absorption and thermal conversion efficiency. Under MW irradiation, 
the porous FCM framework restricted the motion of ions and polar molecules, promoting localized heat generation, 
while the Fe/Cu bimetallic sites facilitated GSH depletion and Fenton reactions, boosting hydroxyl radical 
production and enabling synergistic MWH and CDT (Figure 3a) [130]. Compared with conventional inorganic 
thermal conversion materials, MOFs possess a chemically complex framework that often contains controllable 
defect sites, including ligand vacancies [131], metal vacancies [132], and lattice mismatches [133]. These defects 
serve as hotspots for electromagnetic energy dissipation, increasing local energy density and enhancing heat 
generation [134,135]. As a result, MOFs with abundant defect sites exhibit superior energy conversion efficiency 
and more pronounced localized temperature elevation, underscoring their potential as highly effective platforms 
for tumor hyperthermia. 

 

Figure 3. (a) Fe incorporation into a Cu-based MOF enhances both dielectric and magnetic losses, thereby 
improving microwave-to-heat conversion efficiency [130], Copyright 2024, RSC Publishing; (b) The incorporation of 
different divalent metal ions into an Fe-based MOF gives rise to distinct magnetothermal conversion behaviors [135], 
Copyright 2024, RSC Publishing. 

The intrinsic structural features of MOFs establish a robust foundation for their use in tumor hyperthermia. 
These structures enable efficient thermal conversion, precise modulation of heat distribution, and enhanced energy 
deposition, while providing defined spatial and chemical sites for synergistic drug delivery and ROS amplification. 
Such properties have been consistently demonstrated in preclinical studies, positioning MOFs as versatile and 
high-potential materials for advanced thermal cancer therapies. 

3. Classification of MOF-Based Materials 

The primary advantage of MOF-based compounds in tumor hyperthermia lies in their highly tunable organic–
inorganic hybrid structures. Based on the underlying mechanisms of thermal conversion and functional integration, 
MOFs for hyperthermia can be categorized into intrinsic MOFs, composite MOFs, and MOF-derived systems. 

3.1. Intrinsic MOFs 
Intrinsic MOFs are defined by their capacity to convert external energy into localized heat solely through 

their inherent chemical and crystallographic properties, without the need for exogenous photothermal or 
microwave sensitizers [136]. The fundamental mechanism relies on energy coupling and electron transfer between 
metal nodes and organic ligands [137]. High-valence metal centers provide not only structural stability under 
thermal or optical stimulation but also a well-defined coordination environment that facilitates efficient energy 
transfer across the framework [138]. In addition, the intrinsic porosity and large surface area of these MOFs 
promote uniform heat distribution within the material, enhancing the controllability of thermal effects while 
minimizing collateral damage to surrounding healthy tissues. Deng et al. synthesized ultrathin two-dimensional 
Zr-Fc MOF nanosheets for intrinsic PTT combined with CDT. The framework, composed of Zr–O clusters and 
ferrocene-dicarboxylate ligands, was not loaded with additional photothermal agents, the photothermal conversion 
was mediated by the electronic structure and coordination environment of MOFs. Zr-Fc MOF exhibited broadband 
absorption from 350–1350 nm and demonstrated efficient photothermal heating under 808 nm irradiation. The 
unique electronic properties of the ferrocene ligands, the metal–ligand coordination states, and the two-
dimensional nanosheet morphology collectively enhanced nonradiative energy dissipation, endowing the material 
with robust intrinsic photothermal performance (Figure 4a) [139]. Beyond photothermal effects, intrinsic MOFs 
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can also respond to MW or alternating magnetic fields, where electronic polarization and valence-state cycling 
between metal nodes and ligands facilitate energy absorption and conversion [140]. Feng et al. reported a one-pot 
hydrothermal synthesis of Cu-doped Zr-MOF as a MW sensitizer for liver cancer therapy combining MWH and 
microwave dynamic therapy (MWDT). Without additional MW absorbers, the microporous structure and flexible 
framework of MOFs confined ions, promoting high-frequency vibrations and inelastic collisions under MW 
irradiation. This spatial confinement enabled efficient microwave energy dissipation and localized thermal 
conversion. Experiments demonstrated that Cu–Zr MOF achieved superior heating compared with Zr-MOF, 
indicating the synergistic enhancement of microwave-to-heat conversion through Cu doping and MOF 
confinement (Figure 4b) [141]. 

 

Figure 4. (a) Zr-Fc MOF nanosheets leveraging intrinsic photothermal properties to mediate PTT [139], Copyright 
2020, ACS Publications; (b) Cu-Zr MOF utilizing microwave-responsive behavior to enhance MWH [141], 
Copyright 2023, Elsevier. 

3.2. Composite MOFs 

Composite MOFs enhance hyperthermia performance by incorporating exogenous functional agents within the 
pores or on the surfaces, achieving synergistic integration of energy conversion and therapeutic functionality [142]. 
Loading photothermal or microwave-sensitizing components within MOF channels not only increases absorption 
efficiency under optical or electromagnetic stimulation but also mitigates aggregation-induced performance loss 
and improves circulation stability and tumor-site retention [143]. Dinesh Kumar et al. developed a copper-doped 
ZIF-8 (Cu-ZIF-8) co-loaded with the photosensitizer ICG and the chemotherapeutic agent DOX, forming the IDCZ 
platform for combinational cancer therapy. Incorporation of ICG into the MOF channels not only enhanced near-
infrared light absorption but also prevented aggregation-induced photobleaching, resulting in robust and sustained 
photothermal conversion. Upon NIR irradiation, the IDCZ microneedle patch achieved a rapid temperature increase 
up to 56 °C within 5 min, demonstrating excellent photothermal stability across multiple irradiation cycles [144]. 
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Wang et al. developed a polydopamine-coated Fe-MOF-NH2@Pt@PDA nanoplatform (FPP) for multimodal 
synergistic cancer therapy. The Fe-MOF-NH2 framework was loaded with Pt nanoparticles, and PDA served as 
the primary photothermal agent. The coating of PDA significantly enhanced near-infrared (808 nm) absorption 
and ensured robust photothermal stability under repeated irradiation cycles. Upon NIR irradiation, FPP 
suspensions exhibited rapid temperature rises, with photothermal conversion efficiency reaching approximately 
35.9%, confirming strong photothermal performance [145]. Moreover, composite MOFs can co-deliver 
chemotherapeutic drugs, allowing thermal stimuli to trigger localized drug release alongside direct tumor ablation, 
thereby enabling a coordinated PTT–CT response. Jiang et al. employed ZIF-8 as a MOF scaffold to encapsulate 
CuS nanoparticles as photothermal agents and co-loaded quercetin (QT), followed by FA–BSA surface 
modification to construct the FA–BSA/CuS@ZIF-8-QT platform for combined PTT and CT. The introduction of 
CuS endowed the ZIF-8 framework with pronounced near-infrared absorption, as pristine ZIF-8 exhibited 
negligible absorption across 700–1100 nm, confirming that CuS was the primary contributor to the photothermal 
conversion. The MOF scaffold enabled efficient QT loading and pH-responsive release, while FA–BSA 
modification enhanced colloidal stability, tumor targeting, and cellular uptake, integrating photothermal 
conversion, drug delivery, pH-triggered release, and active targeting into a single composite platform, thus 
enhancing synergistic PTT–CT efficacy (Figure 5a) [146]. Similarly, Ma et al. utilized Fe-MIL88B-NH2 to host 
indocyanine green (ICG) via π–π stacking interactions, forming MOF@ICG nanocomposites for low-temperature 
PTT in combination with CDT and photodynamic therapy (PDT). MOF@ICG exhibited significantly enhanced 
near-infrared absorption over 700–900 nm and demonstrated effective, concentration and power-dependent 
temperature elevation under 808 nm irradiation, maintaining stability over multiple on/off laser cycles. 
Encapsulation of ICG within the MOF scaffold not only compensated for the limited intrinsic photothermal 
response of the original MOF but also allowed integration of NIR-induced photothermal conversion, ROS 
generation, and catalytic therapy within a single composite system (Figure 5b) [147]. Overall, composite MOFs 
provide a versatile platform that consolidates thermal energy conversion, controlled drug release, and ROS 
amplification, thereby improving both the efficacy and controllability of tumor hyperthermia. 

 

Figure 5. (a) FA–BSA/CuS@ZIF-8-QT nanoplatform, in which the incorporation of CuS nanodots endows the 
MOF with enhanced photothermal conversion [146], Copyright 2018, ACS Publications; (b) Fe-MIL88B-NH2 
loaded with ICG, providing the MOF with effective near-infrared photothermal responsiveness [147], Copyright 
2024, RSC Publishing.  
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3.3. MOF-Derived Materials 

Although MOF-derived materials and composite MOFs may both comprise multiple functional constituents, 
they are distinguished by fundamentally different formation mechanisms and structural identities. Composite 
MOFs are typically built around a structurally intact MOF host, with functional agents, such as photothermal 
compounds, photosensitizers, therapeutic drugs, ionic liquids, or inorganic nanocomponents, introduced into the 
pores, immobilized on the surface, or incorporated within an outer shell. In these systems, the parent MOF 
framework is largely retained and mainly functions as a porous host, spatial confinement scaffold, protective 
matrix, and stimulus-responsive delivery platform. MOF-derived materials, in contrast, originate from the 
chemical or thermal transformation of a parent MOF precursor. Processes such as carbonization, oxidation, 
sulfidation, pyrolysis, and etching reconstruct the original framework at the compositional and structural levels, 
yielding porous carbon, metal oxides, metal sulfides, or metal/carbon hybrid architectures [148]. Jiang et al. 
reported a MOF-derived, oxygen-deficient titanium dioxide nanoparticle platform (MCTx NPs) designed for 
combined photothermal and photodynamic-enhanced immunotherapy. The nanoparticles were synthesized via 
solid-state pyrolysis of MIL-125, followed by deposition of MnO2 on the surface, creating a carbon matrix–TiO2–
MnO2 composite with abundant oxygen vacancies (OVs). The MOF-derived structure endowed MCTx NPs with 
a highly porous architecture, facilitating uniform MnO2 distribution and efficient NIR absorption. The introduction 
of OVs and the carbon matrix extended light absorption into the NIR-I/II region and improved electron–hole 
separation, resulting in enhanced ROS generation and a photothermal conversion efficiency of 37.9% under 808 
nm irradiation [149]. Yue et al. designed a carbonized MOF/MoS2 heterostructure (CMOF@MoS2) with abundant 
lattice defects to enhance PTT performance. The CMOF was obtained by high-temperature carbonization of ZIF-
8 nanoparticles, followed by in situ growth of MoS2 nanosheets, forming a core–shell heterostructure with strong 
interfacial interactions. The abundant defects in both CMOF and MoS2 layers reduced the electron diffusion barrier 
and facilitated rapid charge transfer across the interface. This built-in electric field at the CMOF@MoS2 
heterojunction promoted efficient separation of photo-excited electron–hole pairs under NIR irradiation, resulting 
in enhanced light-to-heat conversion efficiency. When integrated into a conductive hydrogel for self-powered 
sensing and on-demand PTT, CMOF@MoS2 exhibited a photothermal conversion efficiency of 49.5%, surpassing 
that of either CMOF or MoS2 alone, and demonstrated stable and repeatable heating over multiple cycles [150]. 
These derivatization processes can establish conductive or polarizable pathways within the material, promoting 
efficient conversion of external energy into heat and simultaneously improving ROS generation and the release of 
therapeutic drugs [151]. The classification of a material as MOF-derived should not be based simply on whether 
residual MOF components are present or whether the final product exhibits a composite-like architecture. The 
defining criterion is whether the functional phase is generated through in situ transformation of a MOF precursor, 
and whether the metal nodes, organic linkers, or pore framework of the parent MOF participate in the formation 
of the new functional structure. 

On this basis, MOF-derived materials can be further divided into fully derived and partially derived systems. 
Fully derived materials refer to products in which the parent MOF framework largely loses its original 
crystallographic identity during thermal treatment or chemical conversion and is transformed into new phases, 
such as porous carbon, metal oxides, or metal/carbon composites [152]. For instance, Li et al. transformed ZIF-8 
into hierarchical porous carbon nanoparticles (CNPs) via high-temperature carbonization at 900 °C, followed by 
hydrochloric acid etching to remove residual Zn and its oxides. This procedure not only disrupted the original 
MOF crystallinity to form graphitized and defect-rich carbon structures but also generated mesopores that 
increased specific surface area and improved pore structure. The resulting CNPs exhibited pronounced near-
infrared absorption and high photothermal conversion efficiency; when loaded with L-arginine as a nitric oxide 
donor and coated with red blood cell membranes, the CNP-NO@RBCs system enabled photoacoustic imaging-
guided synergistic PTT (Figure 6a) [153]. Partially derived materials, by contrast, are systems in which only 
selected metal nodes or surface regions of the parent MOF undergo in situ sulfidation, oxidation, or other chemical 
transformations to generate new functional phases, while certain features of the original MOF, such as 
morphology, pore architecture, or residual framework structure, are partially retained [154]. Geng et al. employed 
a partially in situ sulfidation strategy to convert porous Cu-MOF into CuS@Cu-MOF nanocomposites, which were 
subsequently PEGylated to yield CuS@Cu-MOF/PEG for photothermal and multimodal combination therapy. In 
this approach, CuS nanodots were formed within the MOF surface and pores while retaining the spindled 
morphology and porosity of the parent Cu-MOF. The incorporation of CuS markedly enhanced near-infrared 
absorption across 600–1100 nm, reflecting the contribution of CuS plasmonic effects. The composite preserved 
the drug-loading capability of the MOF, enabling doxorubicin encapsulation with accelerated release under acidic 
conditions, and facilitated Fenton-like ·OH generation through Cu catalysis, integrating PTT, CDT, CT, and 
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imaging guidance within a single MOF-derived platform (Figure 6b) [155]. These partially derived architectures 
represent a transitional category between composite MOFs and fully transformed MOF-derived materials. They 
preserve selected attributes of the parent framework, including guest-loading capacity and spatial confinement, 
while newly formed functional phases, such as metal sulfides, oxides, or related inorganic domains, provide 
enhanced photothermal conversion, MW responsiveness, or catalytic activity. In summary, MOF-derived materials 
offer a combination of structural robustness, improved thermal stability, and functional versatility. When further 
integrated with surface engineering strategies, they can enable targeted delivery and treatment-triggered drug 
release, making them attractive candidates for multimodal PTT and MWH against deep-seated tumors. 

 

Figure 6. MOF-derived photothermal platforms for cancer therapy. (a) CMOF@MoS2 heterojunction with defect 
engineering and enhanced interfacial interactions for improved photothermal performance [149], Copyright 2024, ACS 
Publications; (b) MnO2@C@TiO2−x-based system integrating PTT, PDT, ROS generation, and immune activation for 
synergistic tumor treatment [150], Copyright 2024, Elsevier. 
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The comparative analysis of intrinsic MOFs, composite MOFs, and MOF-derived materials reveals that their 
distinct structural architectures have direct implications for thermal conversion efficiency, biodegradation 
behavior, and therapeutic performance. Intrinsic MOFs generate photothermal or microwave-responsive effects 
primarily through the intrinsic electronic features of the framework, including metal–ligand charge transfer, linker 
conjugation, and interfacial polarization. Because their thermal response is derived from the framework itself 
rather than from incorporated exogenous sensitizers, intrinsic MOFs often provide a structurally well-defined 
platform with clear mechanistic origins. However, their energy-conversion efficiency may be limited by the 
inherent absorption capacity, charge-transfer efficiency, and energy dissipation pathways of the parent framework. 
Consequently, additional strategies, such as metal doping, linker engineering, defect modulation, or coupling with 
CDT, are frequently required to improve therapeutic efficacy [156]. Their biodegradation profiles are largely 
governed by coordination strength and TME responsiveness. High-valence metal frameworks, including Zr and 
Hf-based MOFs, generally exhibit greater structural stability but slower in vivo degradation, whereas transition-
metal MOFs may dissociate more readily under acidic conditions, facilitating drug or metal-ion release while also 
raising concerns regarding premature framework decomposition and metal-related toxicity. 

Composite MOFs, by contrast, achieve enhanced hyperthermia performance through the integration of 
exogenous functional components within an intact MOF host. Near-infrared absorbers such as CuS, ICG, and other 
photothermal agents can markedly improve optical absorption and photothermal conversion efficiency [157], 
whereas MW sensitizers such as ionic liquids can strengthen dielectric loss, ionic conduction, and microwave-to-
heat conversion [158]. In these systems, the porous framework and shell structure of MOFs provide spatial 
confinement, improve the dispersion and stability of the functional components, and facilitate their in vivo delivery. 
From a therapeutic perspective, the principal advantage of composite MOFs lies in their capacity for multimodal 
integration, enabling hyperthermia to be combined with CT, CDT, IT, or imaging-guided treatment within a single 
platform. Such integration can enhance tumor ablation and compensate for the limitations of monotherapy. 
Nevertheless, the increased compositional complexity of composite MOFs introduces additional challenges, 
including batch-to-batch reproducibility, precise control of drug loading, predictable release kinetics, and long-
term safety assessment. Their biodegradation behavior is also more heterogeneous, as framework disassembly, 
drug release, residual inorganic component clearance, and surface-coating metabolism may occur through different 
pathways and at different rates in vivo [159]. 

MOF-derived materials generally display stronger thermal stability, electrical conductivity, and energy-
dissipation capacity as a consequence of structural transformation. Carbonization, oxidation, sulfidation, pyrolysis, 
or related derivatization processes can generate porous carbon frameworks, metal oxides, metal sulfides, or 
metal/carbon hybrid structures with enhanced photothermal conversion, microwave absorption, or 
magnetothermal responsiveness. Porous carbon domains, defect-rich structures, and metal/carbon interfaces can 
promote near-infrared absorption, nonradiative relaxation, conductive loss, and interfacial polarization, while 
metal oxides and sulfides may further contribute catalytic activity, magnetic responsiveness, or plasmonic 
absorption. These features make MOF-derived materials particularly attractive for high-efficiency thermal 
conversion platforms, especially when strong photothermal stability or MW absorption is required. Their 
therapeutic efficacy can also be amplified by residual metal active sites, porous matrices, and defect-mediated 
catalytic centers, which support ROS generation, drug loading, and imaging guidance [160]. However, the 
enhanced structural robustness may also complicate biodegradation and clearance. Compared with parent MOFs 
that can undergo gradual dissociation in acidic tumor or lysosomal environments, carbonized frameworks, metal 
sulfides, and metal/carbon composites are often less readily degradable and may pose risks of long-term tissue 
retention, chronic inflammatory responses, or sustained metal-ion release [161]. Therefore, although MOF-derived 
materials offer notable advantages in thermal conversion performance, their translational potential depends on 
rigorous evaluation of long-term biosafety, degradation pathways, and in vivo metabolism. 

In summary, the classification of MOF-based materials for tumor hyperthermia is fundamentally guided by 
their mode of thermal activation and functional integration rather than by the specific type of metal node. Intrinsic 
MOFs exploit their native crystal and electronic structure to directly convert external energy into localized heat. 
Composite MOFs leverage the incorporation of exogenous agents to synergistically amplify thermal effects 
alongside drug release or ROS generation. MOF-derived materials achieve enhanced thermal stability and 
responsiveness through structural transformations such as carbonization, sulfidation, or oxidation. Framing the 
classification around functional mechanisms clarifies the performance differences among MOF platforms and 
provides actionable principles for designing and optimizing hyperthermia nanomaterials. 
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4. Applications of MOF-Based Materials in Tumor Hyperthermia 

Depending on the type of external energy and the underlying heat-generation mechanism, MOF-based 
materials have been explored primarily in PTT and MWH. This section focuses on how structural design and 
functional integration in MOFs enhance energy conversion efficiency, improve tumor-specific accumulation, and 
elevate the overall therapeutic outcome. 

4.1. PTT 

PTT is a minimally invasive approach that converts absorbed light into heat to induce localized hyperthermia. 
In recent years, MOF-based materials have attracted considerable attention for PTT applications [162]. The 
therapeutic principle relies on near-infrared light (NIR) absorption, followed by non-radiative relaxation, to 
generate controlled heating at the tumor site. The resulting thermal stress can disrupt protein folding, compromise 
membrane integrity, impair mitochondrial function, and damage DNA, ultimately triggering apoptosis or necrosis 
in cancer cells [163]. MOFs offer significant advantages in this context due to their highly tunable lattice structures, 
porous structures, and programmable metal nodes and organic linkers, which collectively enhance photothermal 
conversion efficiency, thermal stability, and tumor targeting. Moreover, the porous structure facilitates uniform 
heat distribution within both the material and surrounding tumor tissue, improving the precision and safety of 
hyperthermia-based interventions. 

Intrinsic photothermal MOFs harness the interplay between metal nodes and organic ligands to mediate 
energy transfer and electronic excitation [164]. This intrinsic mechanism affords a minimalist yet highly efficient 
thermal response, establishing a robust foundation for PTT while providing a versatile scaffold for integration with 
additional therapeutic modalities. Wang et al. developed core-shell Prussian Blue@MIL-100(Fe) dual-MOF 
nanoparticles designed for synergistic chemo-photothermal cancer therapy. The inner Prussian Blue (PB) 
nanocubes acted as the primary photothermal agent due to their strong and broad absorption in the NIR region, 
while the outer MIL-100(Fe) shell provided high surface area and mesoporous channels for efficient drug loading 
and pH-responsive release of artemisinin (ART). Upon 808 nm laser irradiation, the d-MOFs demonstrated rapid 
and concentration-dependent temperature elevation, confirming efficient photothermal conversion [165]. Zhang 
et al. developed spindle-like Janus nanomotors (Pt/FePc@Mn-MOF) integrating Mn-MOF, FePc nanozymes, and 
Pt nanoparticles for CT imaging-guided synergistic PTT-CDT. The Mn-MOF served as a porous backbone for 
loading FePc, which acts as both a photothermal agent and a catalyst for ROS generation. Pt nanoparticles were 
selectively grown on one side of the FePc@Mn-MOF to form an asymmetric Janus structure, enabling dual-source 
propulsion under H2O2 and NIR light, thereby enhancing tumor penetration and intracellular uptake. The 
nanomotors exhibited broad NIR absorption and high photothermal conversion efficiency. The incorporation of 
FePc within the Mn-MOF pores not only facilitated effective NIR light absorption but also enhanced local thermal 
gradients to induce self-thermophoretic motion, amplifying PTT effects. The Janus architecture, combined with 
dual chemical/NIR propulsion, significantly increased tumor accumulation and tissue penetration, promoting 
almost complete apoptosis and thermal ablation of cancer cells in vitro [166]. Composite photothermal MOFs 
achieve enhanced thermal conversion by incorporating exogenous functional entities within their pores or on their 
surfaces, enabling synergistic integration of photothermal effects with chemotherapeutic or photosensitizing 
agents [167]. Confined loading of photothermal or MW sensitizers improves energy absorption efficiency, 
prevents aggregation-induced activity loss or photobleaching, and improves circulation stability and tumor-site 
retention. Simultaneous incorporation of chemotherapeutic agents enables heat-triggered drug release, thereby 
promoting synergistic effects in PTT–CT or PTT–CDT. Wang et al. developed a core–shell CuS@Fe-MOF 
nanoplatform for MRI-guided PTT–CT. Hexagonal CuS nanosheets served as the photothermal core, around 
which an Fe-MOF shell was grown in situ via co-precipitation and assembly. DOX was loaded into the shell, and 
a lipid layer was applied to enhance aqueous dispersibility. The CuS core exhibited strong NIR absorption, with 
localized surface plasmon resonance providing efficient photothermal conversion. The Fe-MOF shell afforded pH-
responsive drug release and T2-weighted MRI functionality, integrating photothermal conversion, responsive CT, 
and imaging guidance within a single platform (Figure 7a) [168]. Wei et al. designed a degradable core–shell MOF 
nanoplatform (PAZDH), for photothermally enhanced CT–CDT. A ZIF-8 core served as a pH-responsive MOF, 
loading green-synthesized Bio-Ag nanoparticles, and was coated with polydopamine (PDA) to enable NIR 
photothermal conversion. Doxorubicin was loaded via π–π interactions, and hyaluronic acid modification 
facilitated CD44-mediated tumor targeting. The PDA layer markedly increased NIR absorption, producing 
concentration-dependent heating under 808 nm irradiation. Photothermal heating also accelerated ZIF-8 degradation 
and DOX release, while enhancing Bio-Ag-mediated Fenton-like reactions, thereby integrating thermal conversion, 
stimulus-responsive drugs delivery, CT, and CDT within a single intelligent system (Figure 7b) [169]. Zhu et al. 
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developed a MOF-based photothermal cascade nanoplatform (PUPG) to improve photothermal efficacy and 
overcome tumor thermotolerance. Pt nanoparticles were synthesized in situ within UiO-66-NH2 pores, exploiting 
plasmonic resonance for efficient and stable NIR photothermal conversion. The MOF confinement mitigated Pt 
aggregation and thermal deformation, enhancing photothermal stability. Surface-grafted thermoresponsive 
PNIPAAm, loaded with the HSP90 inhibitor geldanamycin (GA), underwent conformational change under 
irradiation, triggering on-demand GA release to block HSP90-mediated thermal protection pathways, thus 
amplifying photothermal efficacy. This design demonstrated that MOFs can function both as photothermal carriers 
and as platforms for synchronized thermal conversion, heat-triggered release, and thermotolerance inhibition 
(Figure 7c) [170]. MOF-derived materials, generated via carbonization, oxidation, or pyrolysis, yield porous carbon, 
metal oxides, or metal–carbon composites with enhanced light absorption and thermal stability [171]. Surface 
modification further enables targeted delivery, integrating chemotherapeutic or immunomodulatory payloads with 
photothermal functionality, providing a robust platform for controlled mild PTT of deep-seated tumors. 

 

Figure 7. Representative MOF-based photothermal platforms designed for imaging guidance, chemotherapy 
sensitization, chemodynamic amplification, and thermoresistance suppression. (a) CuS@Fe-MOF combines a CuS 
photothermal core with a Fe-MOF shell for DOX loading, acid-responsive release, and MRI-guided PTT [168], 
Copyright 2020, Elsevier; (b) PAZDH integrates PDA-mediated photothermal heating with DOX delivery and Bio-
Ag-catalyzed chemodynamic activity for enhanced combination therapy [169], Copyright 2025, Elsevier; (c) PUPG 
stabilizes Pt nanoparticles within UiO-66-NH2 and couples NIR-triggered heating with thermoresponsive GA release 
to inhibit HSP90-associated thermoresistance [170], Copyright 2022, WILEY. 
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MOF-based platforms for PTT offer not only efficient heat generation but also the potential for synergistic 
integration with other therapeutic modalities. The synergistic effect of MOF-based PTT arises from an integrated 
therapeutic cascade rather than from local hyperthermia alone. In this process, heat generation is mechanistically 
coupled with ROS amplification, stimuli-responsive drug release, TME remodeling, and immune activation [172]. 
Local temperature elevation can accelerate Fe, Cu, or Mn-mediated Fenton and Fenton-like reactions, thereby 
promoting the conversion of endogenous H2O2 into highly reactive ·OH. Meanwhile, metal ions released from 
MOF frameworks can deplete intracellular GSH and impair GPX4-related antioxidant defense, reducing the 
capacity of tumor cells to neutralize oxidative stress. Therefore, when PTT is combined with CDT or PDT, the 
thermal effect not only produces direct cytotoxic injury but also amplifies oxidative damage by enhancing ROS 
generation, weakening antioxidant buffering, and promoting lipid peroxidation [173]. Photothermal heating also 
provides a spatiotemporal trigger for synchronized drug release and therapeutic activation. Compared with 
conventional drug delivery, heat-triggered release allows therapeutic agents to be liberated preferentially within 
the heated tumor region, thereby increasing local drug exposure while limiting systemic toxicity. The heat-induced 
increases in cell membrane permeability and tumor vascular permeability can further facilitate drug penetration 
and intracellular accumulation [174]. In addition, MOF-mediated PTT can contribute to antitumor immune 
regulation through the induction of immunogenic cell death. Moderate thermal injury and ROS accumulation can 
promote the exposure or release of damage-associated molecular patterns, including calreticulin exposure, ATP 
secretion, HMGB1 release, and HSP expression. These signals enhance dendritic-cell antigen uptake and 
presentation, thereby facilitating T-cell priming and immune-cell infiltration into tumor tissue [175]. This 
mechanism is particularly relevant for mild PTT, where heat alone may be insufficient to eradicate tumor cells and 
may instead induce HSP70/HSP90-associated thermotolerance. By incorporating ROS amplification, HSP 
inhibition, GSH depletion, or immune activation into MOF-based platforms, sublethal thermal stress can be 
converted into stronger oxidative damage and antitumor immune responses, thereby improving local tumor control 
and reducing the risk of recurrence and metastasis [176]. Wu et al. employed MIL-100(Fe) as a host to encapsulate 
the plant-derived photosensitizer hypocrellin B (HB), further functionalizing the platform with either hyaluronic 
acid (HA) or RGD peptide to produce MHB-HA and MHB-RGD nanosystems for targeted multimodal 
phototherapy. The porous structure of MOFs enabled high loading efficiency of HB, while HA and RGD 
modification enhanced selective targeting toward CD44-overexpressing tumor cells and αvβ3 integrin-positive 
cells, respectively. HB conferred strong photothermal conversion, maintaining stability over repeated heating–
cooling cycles. Concurrently, HB-generated 1O2 under irradiation facilitated PDT, and MIL-100(Fe)-released 
Fe3+/Fe2+ in the acidic TME catalyzed Fenton reactions to produce ·OH for CDT. This design demonstrated the 
capacity of MOFs to integrate PTT, PDT, CDT, and targeted delivery within a single platform, thereby maximizing 
tumor cell killing efficiency (Figure 8a) [177]. Li et al. introduced NIR phthalocyanine dye (Cy) into ZIF-8 through 
a one-step encapsulation process, constructing Cy@ZIF-8 nanoparticles for NIR imaging-guided PTT. The porous 
MOF framework improved Cy solubility, photostability, and cellular uptake, while pH-responsive degradation 
enabled accelerated NIR dye release in the acidic tumor microenvironment. Cy@ZIF-8 exhibited robust NIR 
fluorescence, allowing in vivo tracking of tumor accumulation and precise temporal control of photothermal 
activation. Encapsulation within ZIF-8 mitigated the limitations of free organic photothermal agents, including 
low stability, poor solubility, and rapid clearance, while simultaneously integrating photothermal conversion, 
stimulus-responsive release, and imaging functionality within a single MOF platform (Figure 8b) [178]. In 
strategies targeting ferroptosis or cuproptosis, hyperthermia can further amplify lipid peroxidation, while MOF-
released metal ions catalyze ROS generation, producing synergistic enhancement between thermal stress and cell 
death pathways. Wang et al. developed a copper-doped MOF nanoplatform (DCZP), for GSH-depletion-enhanced 
combinatorial therapy, integrating CT, PTT, and CDT. The Cu-doped ZIF-8 served as a pH-responsive carrier for 
DOX, while the PDA coating endowed NIR photothermal conversion capability. In acidic tumor 
microenvironments, DCZP degraded to release DOX and Cu2+, with Cu2+ reduced by intracellular GSH to Cu+, 
thereby depleting GSH and disrupting redox homeostasis. Cu+ catalyzed H2O2 via Fenton-like reactions to produce 
·OH, while local photothermal heating accelerated both DOX release and ROS generation, achieving amplified 
tumor cell damage (Figure 8c) [179]. 

Overall, the application of MOF-based materials in PTT exemplifies a high degree of coordination among 
structural design, energy conversion, functional integration, and combinatorial treatment. Rational design of 
intrinsic, composite, and MOF-derived systems enables efficient local heating, ROS generation, controlled drug 
release, and imaging-guided monitoring, providing a robust material foundation for mild hyperthermia and 
multimodal therapeutic strategies. 
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Figure 8. MOF-based photothermal platforms integrating light-responsive components with targeted delivery, 
tumor-responsive release, catalytic therapy, chemotherapy, and imaging guidance. (a) MHB-HA/RGD couples 
hypocrellin B-mediated PTT/PDT with Fe-catalyzed CDT in a targeted MIL-100(Fe) system [177], Copyright 
2025, Elsevier; (b) Cy@ZIF-8 improves cyanine dye delivery and stability for NIR imaging-guided PTT [178], 
Copyright 2018, Royal Society of Chemistry; (c) DOX@Cu2+/ZIF-8@PDA combines PDA-mediated heating with 
DOX release, GSH depletion, and Cu-driven CDT [179], Copyright 2022, Elsevier.  

4.2. MWH 

MWH employs electromagnetic waves to generate localized heating within tumor tissues, leveraging the 
thermal effects of microwaves to achieve spatially precise ablation and cytotoxicity [180]. Compared with other 
energy modalities, MW offer superior tissue penetration and reduced dependence on local water content, enabling 
effective heat delivery to deep-seated tumors and maintaining thermal stability in hydrated tissues [181]. The 
hierarchical porosity and high surface area of MOFs enhance multiple reflections and scattering of MW energy 
within the material, increasing local energy deposition. Simultaneously, interfacial polarization between metal 
nodes and organic ligands facilitates efficient conversion of MW energy into heat via combined dielectric and 
magnetic losses, resulting in controllable local hyperthermia [182]. 

Owing to the high surface area and precisely controllable porosity, MOFs provide an effective framework 
for confining endogenous ions present in the TME or incorporating exogenous ionic species, such as ionic liquids, 
within the internal pore space [183]. Compared with conventional ionic MW sensitizers, the porous structure of 
MOFs restricts ion mobility, preventing diffusion into surrounding healthy tissues, which minimizes off-target 
toxicity while enhancing ion utilization and thermal conversion efficiency. Qin et al. employed an in situ doping 
strategy to construct Mn-doped Ti-based MOF nanosheets (Mn-Ti MOFs@PEG) for MRI-guided MWH combined 
with MWDT. The Ti-based framework, featuring hierarchical porosity and high surface area, promoted high-
frequency collisions of confined ions under MW irradiation, resulting in efficient conversion of electromagnetic 
energy into localized heat. Mn incorporation introduced structural defects and reduced the bandgap of Ti-MOF, 
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facilitating electron–hole separation and 1O2 generation at low-power MW irradiation, thereby amplifying MWDT. 
In addition, Mn-doped MOFs exhibited T1-weighted MRI contrast, enabling visualization of intratumoral 
accumulation and guiding subsequent MW treatment, highlighting the potential of Mn-Ti MOFs for imaging-
guided MWH and MWDT (Figure 9a) [184]. The coordination of metal nodes or clusters with organic ligands 
imparts MOFs with distinctive dielectric and magnetic properties, allowing efficient MW absorption via combined 
dielectric and magnetic losses [185]. Electronic transitions in metal centers, together with charge transfer between 
ligands and metal ions, generate polarization centers that undergo electronic, ionic, and interfacial polarization 
under alternating MW fields, dissipating energy as heat through relaxation processes [186]. For MOFs containing 
magnetic ions such as Fe or Mn, domain reorientation, natural resonance, and eddy current phenomena contribute 
to hysteresis and magnetic losses, further converting electromagnetic energy into heat [187]. Fu et al. synthesized 
Mn-ZrMOF NCs via a one-step hydrothermal method for synergistic MWH and MWDT. Under MW exposure, 
these nanocubes confined ions within the pores, promoting inelastic collisions between ions and the flexible MOF 
framework, which efficiently converts MW energy into localized heat. Mn doping additionally provided 
peroxidase-like catalytic activity, enabling H2O2-mediated ·OH generation and enhancing the therapeutic efficacy 
of MWDT. In vivo experiments confirmed that Mn-ZrMOF NCs combined with MW irradiation significantly 
increased intratumoral temperature and, through the synergy of thermal and ROS-mediated cytotoxicity, 
suppressed tumor growth (Figure 9b) [188]. Wang et al. developed a TME-responsive nanoregulator CMALRH, 
designed to enhance MDT through a multi-pronged ROS amplification strategy. The CoMnMOF framework acted 
as a MW sensitizer, leveraging its porous structure to confine metal ions and polar molecules, thereby enhancing 
local heating under MW irradiation. The platform also incorporated a GSH-responsive mechanism, in which 
disulfide bonds reacted with overexpressed GSH in tumor cells, facilitating GSH depletion and promoting 
intracellular ROS accumulation. Simultaneously, the release of Co2+ and Mn2+ ions catalyzed the decomposition 
of H2O2 to O2, alleviating tumor hypoxia and further amplifying ROS generation. The loaded Apatinib additionally 
inhibited VEGF expression, providing a combined effect of hypoxia relief, antioxidant depletion, and ROS 
amplification [189]. Precise tuning of metal nodes, ligand structures, and pore structure allows MOFs to modulate 
dielectric and magnetic loss pathways, thereby maximizing MW energy dissipation and thermal conversion 
efficiency, which in turn enhances the performance of MOF-based MWH platforms. 

 

Figure 9. Mn-doped MOF platforms for microwave-responsive thermal and radical-based tumor therapy. (a) Mn-Ti 
MOFs@PEG combine microwave-triggered heating, 1O2 production, and T1 MRI guidance through Mn-regulated Ti-
MOF nanosheets [184], Copyright 2023, Elsevier; (b) Mn-ZrMOF NCs promote MW energy dissipation and Mn-
assisted ·OH generation for synergistic MWH and MDT [188], Copyright 2017, ACS Publications. 

The porous structure of MOFs enables efficient sequestration of endogenous ions within the TME or 
encapsulation of exogenous ionic species within confined pore networks. Confinement within nanoscale channels 
enhances the collision frequency of ions or polar molecules, thereby facilitating the efficient conversion of MW 
energy into localized heat [190]. Li et al. developed a MOF@COF nanocapsule, BMCAP, for combinatorial 
MWH, MWDT, and anti-angiogenic treatment of colorectal cancer. The platform employed a Bi–Mn porphyrinic 
MOF core in which Bi3+, Mn2+, and TCPP constituted the microwave-responsive unit. Under MW irradiation, the 
porous structure enabled ion confinement that amplifies local heating, while Mn active sites and the porphyrin 
framework facilitated electron–hole separation and 1O2 generation for MWDT. A COF shell stabilizes the 
nanocapsule, enhanced MW sensitization, promoted ROS production, and allowed π–π-mediated loading of the 
anti-angiogenic agent apatinib. Consequently, MW exposure triggered simultaneous localized heating, ROS 
generation, and drugs release, achieving synergistic tumor inhibition through combined MWH, MWDT, and 
VEGF downregulation (Figure 10a) [191]. The tunable metal nodes and ligand frameworks of MOFs endow them 
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with versatile physicochemical and magnetic properties. Zhou et al. reported a mitochondria-targeted ZrMOF-
PEG-TPP@DOX platform for enhanced MWH. The high surface area and rich microporosity of the ZrMOF 
nanocubes promoted high-frequency collisions of surrounding ions under MW irradiation, facilitating efficient 
conversion of electromagnetic energy into localized heat. The system achieved temperatures of approximately 
54.5 °C in DMEM without the need for exogenous ionic liquids. PEGylation improved colloidal stability, while 
TPP functionalization enabled mitochondrial targeting, and DOX loading provided combinatorial CT. Enrichment 
of the nanoplatform within mitochondria enhanced intracellular utilization of the MW sensitizer, increased local 
thermal deposition, and improved therapeutic efficacy, representing a rational design for deep-tumor MWH 
(Figure 10b) [192]. Compared with conventional inorganic microwave-responsive agents, MOFs may offer 
superior biocompatibility due to their organic ligands and degradability under acidic or enzymatic conditions, 
allowing safe clearance of degradation products and mitigating long-term toxicity [193]. Surface functionalization 
further enhances biocompatibility, in vivo stability, and tumor-targeting capability, facilitating clinical 
applicability [194]. MOFs can also co-load chemotherapeutics, immunomodulators, or photosensitizers, enabling 
synergistic integration of MWH with other therapeutic modalities [195]. Additionally, some MOF platforms 
possess intrinsic imaging capabilities, allowing real-time visualization of nanoparticle distribution and treatment 
monitoring, thereby supporting precision-guided MWH [196]. Chen et al. demonstrated a logic-gated theranostic 
platform, APGS NCs, which co-encapsulates HAuCl4, the phase-change material 1-tetradecanol, and Gd-MOF 
within dendritic mesoporous SiO2 nanoparticles. The inclusion of Gd-MOF significantly enhanced microwave-
induced heating, while the dendritic pore structure accommodated abundant ions, promoting high-frequency 
motion and collisions under MW fields to achieve efficient energy dissipation and localized thermal conversion. 
MW irradiation combined with high intracellular GSH triggered in situ reduction of HAuCl4 to fluorescent Au 
clusters, translating thermal damage into an imaging signal. This approach highlighted the capacity of MOF-based 
platforms to integrate MW energy conversion with stimulus-responsive imaging, providing a framework for real-
time monitoring and feedback in precision MWH (Figure 10c) [197]. 

MWH can also be exploited to regulate drug release from MOF-based delivery systems. Owing to the 
superior tissue penetration of MW, this modality is particularly suitable for localized heating of deep-seated 
tumors, enabling chemotherapeutic agents confined within MOF pores to be released in synchrony with MW 
irradiation. Microwave-induced local heating can accelerate framework loosening, increase shell permeability, or 
trigger the melting of phase-change components, thereby aligning drug liberation with the thermal treatment [198]. 
In addition, the elevated temperature can improve tumor blood perfusion and enhance cellular membrane 
permeability, facilitating drug diffusion and intracellular uptake. Zhao et al. developed a Gd/Eu bimetallic MOF 
nanoplatform (GEMT) for combinatorial MWH and hypoxia-activated CT in breast cancer. The platform 
employed Gd3+ and Eu3+ as metal nodes to construct GdEuMOF (GEM) via a solvothermal approach, subsequently 
loading the hypoxia-activated prodrug tirapazamine (TPZ). GEM exhibited efficient MW sensitization, with the 
porous architecture enabling ion confinement that amplified local energy dissipation and elevates tumor 
temperature. Microwave-induced perturbation of blood flow and microthrombosis established an initial hypoxic 
state, while Eu2+ release under weakly acidic conditions further consumes residual oxygen, generating a secondary 
hypoxic environment. This two-stage hypoxia amplification facilitates TPZ reduction and activation, producing 
highly cytotoxic radicals and enhancing CT efficacy, thereby achieving synergistic tumor inhibition through 
coordinated MW sensitization, hypoxia modulation, and prodrug activation (Figure 11a) [199]. Transition-metal 
nodes within MOFs can catalyze the generation of ROS, including ·OH and 1O2, under MW irradiation. These 
ROS act synergistically with thermal effects, damaging cellular membranes, proteins, and DNA, thereby 
enhancing apoptosis [200]. Ma et al. reported a biomimetic microwave-sensitized platform (SNAP/MOF@HCM) 
for enhanced hepatocellular carcinoma ablation. The system comprised a ZIF-8 core loaded with the NO donor 
SNAP, which was coated with a hybrid membrane derived from tumor cells and cancer-associated fibroblasts 
(CAFs). The high surface area and porosity of ZIF-8 concentrated ions within the channels, which promoted high-
frequency motion and inelastic collisions under MW irradiation, resulting in efficient local heat generation with 
good thermal stability. The hybrid membrane provided dual targeting toward tumor cells and CAFs, which 
improved intratumoral accumulation and cellular uptake. MW and GSH co-stimulation triggered NO release from 
SNAP, which suppressed CAF activation, reduced collagen and fibronectin deposition, and mitigated the dense 
extracellular matrix barrier, thereby enhancing intratumoral heat conduction and nanoparticle penetration. 
Concurrently, Zn2+ released from ZIF-8 induced Fenton-like reactions generating ·OH, which, together with NO, 
amplified oxidative damage, induced apoptosis, and promoted immunogenic cell death, ultimately improving the 
efficacy of MWH (Figure 11b) [201]. Under mild hyperthermia conditions, MOF platforms can simultaneously 
coordinate drug release and MW sensitization, integrating thermal effects, ROS production, CT, and immune 
activation [202]. Zhao et al. constructed a lanthanide-based EuMOF@ZIF/AP-PEG (EZAP) nanocomposite for 
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combinatorial MWH, CT, and fluorescence imaging in hepatocellular carcinoma. EuMOF served as the 
microwave-sensitizing and fluorescent core, and a ZIF shell enhanced stability under physiological conditions 
while providing increased drug-loading capacity for apatinib. PEGylation further improved systemic circulation. In 
vivo studies demonstrated that EZAP, combined with MW exposure, significantly increased intratumoral temperature 
and, through synergistic MWH and apatinib CT, achieved a tumor inhibition rate of 98.5%. The platform thus 
exemplified the integration of MW sensitization, targeted drug delivery, and imaging-guided therapy within a single 
MOF-based system, providing a representative strategy for precision MWH (Figure 11c) [203]. Guo et al. developed 
a metal-organic framework nanoamplifier (GCZMT) for MW thermal-immunotherapy, exemplifying the use of 
MOFs to enhance microwave-induced thermal conversion and therapeutic efficacy. In this design, the ZrMOF-NH2 
framework encapsulated both the NO donor CSNO and the HSP70 activator teprenone (GGA), while the channels 
were blocked with a temperature-responsive L-menthol (LM) switch and functionalized with a mitochondria-
targeting ligand (TPP). Upon MW irradiation, the temperature rise triggered LM melting, releasing CSNO and GGA. 
CSNO decomposition produced NO in mitochondria, causing mitochondrial damage and oxidative stress, while GGA 
and NO synergistically upregulated HSP70 expression. This programmed HSP70 upregulation enhanced cytotoxic 
CD4+ and CD8+ T cell responses, combining thermal ablation with immune activation [204]. 

 

Figure 10. MOF-based MWH platforms integrating microwave sensitization with anti-recurrence therapy, 
mitochondrial targeting, and treatment-feedback imaging. (a) BMCAP couples MOF@COF-assisted MW heating 
with microwave-induced 1O2 generation and apatinib delivery for anti-angiogenic tumor suppression [191], 
Copyright 2022, Elsevier; (b) ZrMOF-PEG-TPP@DOX directs MW sensitizers toward mitochondria to enhance 
heat susceptibility and improve microwave-mediated tumor ablation [192], Copyright 2018, RSC Publishing.; (c) 
APGS NCs combine Gd-MOF-mediated MW heating with MW/GSH-activated fluorescence, enabling real-time 
visualization of the thermal treatment process [197], Copyright 2023, Elsevier. 
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Figure 11. MOF-enabled MW therapeutic platforms combining energy sensitization with hypoxia modulation, 
stromal remodeling, CT, and fluorescence-guided intervention. (a) GEMT enhances MWH and activates CT 
through sequential hypoxia amplification mediated by Gd/Eu-MOF [199], Copyright 2024, Elsevier; (b) 
SNAP/MOF@HCM improves MW ablation by coupling NO-assisted stromal remodeling with oxidative/nitrosative 
stress and immune activation [201], Copyright 2026, Elsevier; (c) EZAP integrates EuMOF-mediated MW 
sensitization with apatinib delivery and fluorescence imaging for image-guided MWH-CT [203], Copyright 2022, 
Spring Nature. 

Compared with PTT, the synergistic mechanisms of MOF-mediated MWH are more closely associated with 
deep-tissue energy deposition, enhanced dielectric or magnetic dissipation, and microwave-amplified ROS 
generation. Under MW irradiation, metal nodes, polar linkers, defect sites, and loaded ions within MOF 
frameworks can contribute to dipolar rotation, ionic conduction, interfacial polarization, and magnetic loss, thereby 
converting MW energy into localized heat [205]. This process not only elevates the temperature within the tumor 
region but also promotes metal-node-mediated catalytic reactions. In addition, microwave-induced thermal stress 
can disrupt mitochondrial membrane potential and cellular redox homeostasis, allowing catalytically generated 
ROS to synergize with endogenous oxidative stress. This convergence of oxidative insults can intensify DNA 
damage, lipid peroxidation, and apoptotic cell death [206]. From an immunomodulatory perspective, MOF-based 
MWH also holds potential for inducing immunogenic cell death and remodeling the tumor immune 
microenvironment [207]. Compared with surface-limited PTT, MWH is better suited for deep-seated solid tumors, 
where in situ antigen release may convert tumor tissue into an endogenous source of tumor-associated antigens. 

Overall, MOF-based materials have emerged as highly promising microwave-sensitizing agents due to their 
tunable porous architectures, abundant active sites, biocompatibility, and capacity for multifunctional integration. 
Through the synergistic effects of ion confinement and electromagnetic energy dissipation, these platforms enhanced 
the precision and efficacy of MWH, offering novel strategies to address challenges in clinical MWH applications. 
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4.3. Enhanced Performance of MOF Platforms over Conventional Agents 

Although MOF-based materials have demonstrated considerable potential for multifunctional integration in 
tumor hyperthermia, their advantages and limitations can be more clearly defined when evaluated against 
conventional thermal nanoplatforms. Representative photothermal nanomaterials include gold nanorods, black 
phosphorus, indocyanine green, and copper sulfides [208]. These materials typically exhibit strong near-infrared 
absorption and efficient photothermal conversion, enabling rapid local temperature elevation. Nevertheless, many 
conventional photothermal agents remain functionally limited, with restricted drug-loading capacity and limited 
capability for stimulus-responsive therapeutic integration. In addition, some systems are associated with in vivo retention, 
insufficient photostability, aggregation-induced quenching, or incompletely defined metabolic pathways [209]. 
Therefore, although these materials are highly effective for single-mode photothermal conversion, the construction 
of multimodal therapeutic platforms often requires additional carriers, surface engineering, or auxiliary functional 
components. By contrast, the major strength of MOF-based photothermal platforms lies in the structural 
programmability and functional integration capacity. MOFs can generate photothermal effects through metal 
nodes, π-conjugated linkers, defect sites, or MOF-derived carbon structures, while their ordered pore networks 
provide accessible compartments for chemotherapeutic agents, photosensitizers, or thermoresistance inhibitors. 
These drugs can be released in response to tumor-associated or externally applied triggers, including acidic pH, 
GSH, enzymes, and heat. Compared with conventional photothermal agents, MOFs are therefore better suited for 
integrating PTT with CT, CDT, and immune modulation within a single material platform. In addition, the 
confinement effect of MOF pores can improve the dispersion of photosensitizers or photothermal agents, reducing 
dye aggregation, photobleaching, and nanoparticle clustering, thereby improving therapeutic stability and 
controllability. However, the photothermal performance of MOFs is highly dependent on framework composition 
and post-synthetic engineering. Some intrinsic MOFs exhibit limited near-infrared absorption and therefore require 
linker engineering, metal doping, exogenous photothermal-agent incorporation, or derivatization to achieve 
sufficient photothermal efficacy. 

In MWH, conventional microwave-responsive materials mainly include metal oxides, ferrites, and selected 
semiconductor nanomaterials. These materials can convert MW energy into heat through dielectric loss, magnetic 
loss, ionic conduction, or interfacial polarization, thereby offering advantages for deep-tissue tumor treatment [210]. 
Nevertheless, conventional MW sensitizers often suffer from poor dispersibility, heterogeneous thermal-field 
distribution, limited tumor selectivity, and insufficient capability for synchronized drug delivery [211]. Although 
some inorganic materials exhibit strong microwave absorption, the relatively limited surface-engineering capacity 
often restricts them to a narrow range of therapeutic functions. MOF-based MWH platforms provide distinct 
advantages in both microwave-responsive mechanisms and combination-therapy design. Their porous frameworks 
can confine the motion of ions, water molecules, and polar species, promoting high-frequency vibration, dipolar 
rotation, and polarization relaxation under MW irradiation, thereby enhancing localized energy deposition. In 
addition, metal nodes, metal-linker interfaces, crystallographic defects, and multimetallic architectures can 
introduce interfacial polarization, conductive loss, or magnetic loss, further improving microwave-to-heat 
conversion. The ordered pore structure of MOFs also enables the incorporation of chemotherapeutic agents, 
immunomodulators, or MW sensitizers, allowing microwave-induced heating to be coupled with drug release, 
ROS generation, and immune activation. Thus, compared with conventional microwave-responsive materials, 
MOFs are not merely MW energy transducers but multifunctional reaction platforms for deep-tumor combination 
therapy. However, the MW absorption capacity and thermal robustness are not necessarily superior to those of 
specifically engineered ferrites, carbon-based absorbers, or dielectric ceramics. Under high-power or prolonged 
MW exposure, framework stability, metal-ion release, and in vivo degradation behavior remain critical issues that 
require systematic evaluation. 

Overall, conventional photothermal and microwave-responsive nanomaterials often show clear advantages 
in single-mode energy conversion because of their relatively simple structures and direct thermal-response 
mechanisms. In contrast, the primary strength of MOFs lies in their programmable framework chemistry, porous 
drug-loading capacity, catalytically active metal nodes, surface modifiability, and capacity for multimodal 
diagnostic and therapeutic integration. MOFs therefore should not be regarded solely as high-efficiency thermal 
transducers, but rather as versatile platforms for constructing integrated therapeutic systems. 

5. Challenges and Perspectives 

Despite the exceptional thermal responsiveness, multifunctional integration potential, and structural 
tunability of MOFs in PTT and MWH, the clinical translation remains constrained by multiple factors. Achieving 
precise thermal control in deep-seated tumors continues to limit treatment efficacy. Tumor heterogeneity and 
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dynamic blood perfusion result in spatially uneven energy deposition from MW or NIR irradiation, potentially 
causing subtherapeutic heating in target regions or excessive thermal exposure in adjacent normal tissues, thereby 
compromising safety and efficacy. Furthermore, tumor cells can develop adaptive thermotolerance over the course 
of treatment, including upregulation of heat shock proteins, enhancement of antioxidant defenses, and 
microenvironmental buffering, which may attenuate the effectiveness of monomodal hyperthermia. Consequently, 
single-mode thermal therapy alone is insufficient to achieve optimal antitumor outcomes, and integration with CT, 
PDT, or MWDT is necessary to realize synergistic therapeutic amplification. 

Comprehensive characterization of MOF-based compounds is essential to assess the structural stability, 
degradation behavior, and long-term biocompatibility in vivo. Although MOFs undergo controlled disassembly 
under acidic or enzymatic conditions, the precise metabolic and excretion pathways remain insufficiently 
understood, raising concerns regarding potential tissue accumulation and chronic toxicity. Effective delivery to 
deep-seated tumors is further constrained by clearance through the mononuclear phagocyte system, necessitating 
optimization of surface engineering strategies, such as PEGylation, peptide conjugation, or biomimetic membrane 
coatings, to enhance circulation stability and active tumor targeting. In MWH, the efficiency of thermal 
sensitization is governed by a combination of ion confinement within MOF pores and dielectric and magnetic loss 
mechanisms. However, precise tuning of metal composition, ligand architecture, and pore dimensions to 
coordinate local thermal deposition with ROS generation remains a significant challenge. Integration of 
computational modeling, real-time thermal mapping, and imaging guidance may facilitate rational optimization of 
material structures and irradiation parameters, enabling highly controlled and spatially precise energy delivery. 
The therapeutic outcome of tumor hyperthermia is highly dependent on the local temperature range. Insufficient 
heating may fail to induce effective tumor-cell injury, whereas excessive temperature elevation can damage 
adjacent normal tissues, trigger inflammatory responses, or even cause irreversible necrosis [212]. Therefore, the 
design of MOF-based hyperthermia platforms should not focus exclusively on photothermal conversion efficiency 
or MW absorption capacity. Equal attention should be given to the dynamic regulation of heat generation, heat 
diffusion, and thermal dissipation. Precise thermal regulation requires optimization at both the material and 
treatment-protocol levels. At the material level, the thermal response of MOFs can be tuned by modulating metal 
nodes, linker structures, pore dimensions, and surface chemistry, allowing more predictable temperature elevation 
under defined light power or MW intensity [213]. Thermoresponsive polymers and phase-change materials can 
also be incorporated into MOF systems, enabling conformational changes, drug release, or heat-dissipation 
regulation once a predefined temperature threshold is reached. Such designs may provide a degree of adaptive 
thermal control [214]. In addition, external energy parameters, including power density, irradiation duration, and 
treatment area, require precise adjustment. Future studies should move beyond fixed-power and fixed-time 
treatment protocols and instead establish individualized thermal dose regimens based on tumor size, depth, blood 
perfusion, and intratumoral material accumulation. Real-time thermal monitoring is equally critical for improving 
the safety and controllability of hyperthermia. Many preclinical studies currently rely on infrared thermal imaging 
to monitor tumor surface temperature, but this approach cannot accurately capture intratumoral temperature or 
spatial thermal gradients in deep tissues. For clinical translation, more accurate thermometric strategies are 
required, including magnetic resonance thermometry, ultrasound thermometry, photoacoustic imaging, and 
implantable microscale temperature sensors [215]. MOFs are particularly attractive in this context because imaging 
components can be integrated into their framework or porous structure. For example, Mn, Gd, or Fe-based nodes, 
temperature-sensitive dyes, photoacoustic probes, or magnetic resonance-responsive components can be 
incorporated to enable temperature feedback and spatial localization during treatment. 

Despite extensive exploration of multifunctional integration and combination therapy, clinical translation of 
MOF-based platforms continues to be limited by factors such as reproducibility across batches, scalable synthesis, 
predictable in vivo drug release kinetics, and compatibility with established therapeutic modalities. Future efforts 
should therefore prioritize systematic approaches to rational material design, precise thermal field modulation, 
optimization of multimodal therapy strategies, and rigorous long-term safety evaluation. By aligning structural, 
functional, and in vivo performance parameters, MOFs can be advanced into safe, effective, and controllable 
hyperthermia platforms suitable for minimally invasive cancer treatment. For clinical translation, MOF-based 
hyperthermia platforms must be evaluated not only as high-performance nanomaterials, but also as clinically 
deployable therapeutic systems. Their design should be matched to the intended treatment scenario. Because near-
infrared irradiation has limited tissue penetration, photothermal MOF platforms are more appropriate for 
superficial tumors, surgically exposed lesions, or lesions accessible by fiber-optic delivery [216]. Microwave-
responsive MOFs, by contrast, are more relevant to deep-seated solid tumors owing to the greater penetration of 
MW energy, although selective tumor accumulation, spatially confined energy deposition, and protection of 
adjacent normal tissues remain essential requirements [217]. Therefore, in vitro thermal conversion efficiency 
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alone is insufficient to define translational value. Tumor type, anatomical location, administration route, and 
compatibility with existing clinical heating devices should be considered from the early stage of material design. 
Manufacturing scalability and quality control represent equally important translational constraints. Many reported 
MOF-based hyperthermia systems depend on multistep synthesis, sequential drug loading, surface 
functionalization, or complex multicomponent assembly. For clinical development, platforms with well-defined 
composition, simplified synthesis, controllable structural parameters, and reproducible batch quality are likely to 
be more viable than highly complex systems built through excessive functional integration. A more standardized 
translational evaluation framework is also needed. Differences in power density, irradiation duration, administered 
dose, and tumor model currently limit direct comparison across studies. Future work should adopt more consistent 
animal models, harmonized thermal parameters, clinically relevant controls, and long-term outcome measures to 
improve reproducibility and clinical interpretability. Future development should therefore move away from 
indiscriminate functional stacking and toward clinically driven platform design, prioritizing clear composition, 
scalable manufacturing, validated safety, and compatibility with established hyperthermia equipment. 

In addition, biosafety and in vivo metabolic behavior remain critical issues for the clinical translation of MOF-
based hyperthermia platforms. These systems are typically composed of metal nodes, organic linkers, therapeutic 
drugs, and surface-modification layers, and may undergo circulation, tumor accumulation, cellular uptake, 
degradation, and excretion after administration. Accordingly, short-term cytotoxicity assays and H&E staining of 
major organs are insufficient to establish a comprehensive safety profile. Metal-ion release represents one of the 
major potential sources of toxicity. High-valence metal MOFs based on Zr, Ti, or Hf generally exhibit favorable 
structural stability, but excessive stability may prolong in vivo retention. Transition-metal MOFs containing Fe, 
Cu, or Mn can enhance Fenton-like reactions, GSH depletion, magnetic responsiveness, or MW sensitization, yet 
the released metal ions may induce nonspecific oxidative stress, inflammatory responses, or organ toxicity. A 
balance must therefore be established between therapeutic activity and metal-release safety, together with 
systematic assessment of dose-dependent toxicity for different metal nodes. The degradation pathways and long-
term mechanisms of MOF-based materials also require further clarification. Premature degradation in the 
bloodstream may lead to drug leakage and off-target tissue injury, whereas excessive structural persistence may 
result in prolonged accumulation in organs such as the liver, spleen, or lung. These concerns are amplified for 
MOF-derived carbonaceous materials, metal sulfides, and metal/carbon hybrids, for which degradation, clearance, 
and residual retention may follow more complex pathways. Their in vivo fate should therefore be established 
through longitudinal biodistribution studies, elemental mapping and quantification, fecal and urinary clearance 
analysis, and comprehensive organ-function assessment. Immunological safety represents another critical 
dimension of translational evaluation. Following systemic administration, protein corona formation may reshape 
biodistribution, macrophage recognition, and complement activation [218]. Although cell-membrane camouflage, 
hyaluronic acid modification, and peptide conjugation can improve circulation persistence and tumor selectivity, 
these surface-engineering strategies may also introduce additional immunological variables, including anti-PEG 
responses, residual membrane-associated antigens, and immune activation after repeated dosing [219]. 
Accordingly, hemocompatibility, macrophage polarization, and complement activation should be incorporated 
into standardized safety-assessment frameworks. 

Collectively, the tunable porosity, high density of metal–ligand interfaces, and versatile functionalization 
capabilities of MOFs provide a robust foundation for tumor hyperthermia applications. Nonetheless, ensuring 
precise energy deposition, effective integration with combinatorial therapies, targeted delivery, and comprehensive 
biocompatibility assessment is imperative to realize the full clinical potential of MOF-based hyperthermia systems. 

6. Conclusions 

Characterized by highly tunable three-dimensional porous structures, well-defined metal-organic interfaces, 
and versatile surface functionalization capabilities, MOFs have emerged as highly promising platforms for 
photothermal and microwave-mediated tumor hyperthermia. Intrinsic, composite, and derived MOFs can be 
rationally designed to meet the requirements of basic thermal responsiveness, functional integration, and 
multimodal combination therapy. Through precise modulation of pore dimensions, metal node composition, and 
ligand structures, these materials can achieve efficient local temperature elevation, targeted delivery to deep-seated 
tumors, and controlled therapeutic payload release. In PTT, MOFs can efficiently absorb near-infrared light via π-
conjugated ligands and metal nodes, converting it into heat through non-radiative relaxation processes, while their 
porous structures facilitate uniform thermal distribution within the tumor microenvironment. In MWH, the 
conversion of microwave energy into heat is mediated by ion confinement effects and dielectric or magnetic loss 
mechanisms, which can additionally induce ROS generation and enable controlled drug release, thereby promoting 
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synergistic outcomes when combined with CT, PDT, or CDT. Surface functionalization further enhances tumor-
targeting efficiency and in vivo stability, providing a robust foundation for the potential clinical translation of 
MOF-based hyperthermia platforms. 

Future research should prioritize structural optimization, refinement of multimodal combination strategies, 
enhancement of deep-tissue targeting, and mitigation of tumor thermal resistance, in parallel with comprehensive 
evaluation of biocompatibility and biodegradability. By integrating rational material design with precise 
therapeutic strategies, MOFs have the potential to serve as highly efficient, controllable, and safe platforms for 
minimally invasive tumor hyperthermia, thereby providing a solid foundation for the development of clinically 
translatable, precision oncology interventions. 
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