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This article systematically discusses the latest progress of metal—organic frameworks (MOFs) in the field of
cancer phototherapy. MOFs have overcome the limitations of conventional materials in structural design
and functional tunability, offering ultra-high specific surface area, high porosity, and customizable active
sites, which render them highly suitable as nanocarriers. In photodynamic therapy (PDT), MOFs can
significantly improve the efficiency of ROS generation by loading photosensitizers or directly as
photosensitive materials, and enhance tumour specificity by targeted modifications. In the field of

photothermal therapy (PTT), MOFs have shown excellent near-infrared light absorption and conversion
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that MOFs-mediated multimodal treatment strategies are increasingly mature. These innovations provide

DOI-10.1039/d5ra07701) an important theoretical basis and technical path for the development of high-efficiency and low-
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1. Introduction

Cancer is the second most common cause of death after
cardiovascular disease and poses a significant threat to human
well-being. The traditional treatments for cancer include
radiotherapy, surgery, and chemotherapy. Unfortunately, these
traditional treatment methods have shown many disadvan-
tages. For example, chemotherapy has the problem of drug
resistance, and the side effects of chemotherapy involve
multiple systems and organs. As an invasive treatment, surgical
treatment has some problems, such as surgical incisions.
Radiotherapy kills not only tumor cells, but also normal cells,
causing side effects. Chemotherapy, as the main treatment for
cancer, has a great impact on its side effects and long-term
sequelae." Chemotherapy drugs lack the ability to distinguish
between healthy cells and cancer cells, so they can also damage
normal cells during treatment, leading to many adverse side
effects in patients. In addition, most chemotherapeutic agents
have poor pharmacokinetic profiles and require high doses and
frequent administration to maintain therapeutic levels at the
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toxicity nano-phototherapy systems.

target site, both of which can increase adverse effects. Platinum-
based chemotherapy is common in cancers. Experiments have
shown that cisplatin causes changes in the endothelium of
blood vessels at low doses and affects the function of the heart
at high doses.” Therefore, compared with traditional treatment
methods, it is a major topic to explore a treatment method that
can not only improve the treatment efficiency but also produce
fewer side effects. In this context, phototherapy has attracted
attention as an alternative therapy with fewer side effects.
Phototherapy (PT) can be traced back to 1903, when Niels
Ryberg Finsen was awarded the Nobel Prize in Physiology or
Medicine for his use of light to treat lupus vulgaris, regarded as
the beginning of modern phototherapy.® PT is a minimally
invasive and highly selective treatment. In recent years, PT has
been widely used in the research of skin diseases and cancer
treatment, because it kills tumor cells while causing less
damage to normal tissues.* Phototherapy mainly includes
photodynamic therapy (PDT) and photothermal therapy (PTT).?
PDT is a minimally invasive therapy that relies on the effective
positioning of photosensitizers for light irradiation and precise
ablation of tumors.® In cancer treatment, after the enrichment
of photosensitizer at the tumor site, local laser irradiation of the
tumor site can selectively kill the tumor tissue and minimize the
collateral damage to the surrounding normal tissues, which
shows the great advantages of PDT in tumor treatment.” The
main mechanism of PDT is to produce a large amount of
Reactive Oxygen Species (ROS) to kill tumor cells.® PTT is also
a relatively new minimally invasive and efficient tumor treat-
ment method. It uses near-infrared light (NIR) and other light
sources to irradiate the photothermal converting agent (PTCA)
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in the tumor area.’ PTCA converts light energy into heat energy
to kill tumor cells, because cancer cells are more sensitive to
high temperature than normal cells.’ The advantages of PTCA
are short treatment time, high treatment efficiency, less side
effects, and less trauma. Although phototherapy has many
advantages, it still has disadvantages that cannot be ignored.
Due to the limited penetration ability of light in tissues, it can
only penetrate the skin or superficial tissues, so it is mainly
suitable for superficial or near-surface tumors." For deep
tumors or metastatic tumors, its therapeutic effect is limited. In
PDT treatment, severe pain and persistent photosensitivity
cause discomfort to patients.”” The photosensitizer in PDT
therapy not only needs to be protected from light, but also its
targeting and stability in vivo transportation need to be solved
urgently.” The efficacy of PDT is highly oxygen dependent, but
the tumor tissue is often in a hypoxic environment, and the
therapeutic effect of PDT may be greatly reduced in a hypoxic
environment.* In the treatment of PTT, PTCA also have the
problems of low delivery efficiency and poor targeting. More-
over, PTT therapy is difficult to accurately control the generation
and distribution of heat.” If the tumor treatment site is over-
heated, it will not only damage the surrounding normal cells,
but also lead to heat shock response, triggering the host anti-
tumor immunity, and some cells become heat tolerant, which
will also lead to the reduction of the therapeutic effect.'*”
PDT has been used in the clinical treatment of tumors for
more than 40 years, while PTT is generally used to enhance the
local photothermal effect, which has not been widely carried out
in clinical practice. Photosensitizers and PTCA play an impor-
tant role, but are limited by the defects of traditional drugs, they
are poor water solubility, poor photostability, and cannot be
efficiently transported to the tumor site in the patient's body to
play a phototherapeutic role.”* Especially, photosensitizers are
mostly hydrophobic molecules, easy to agglomerate into
macromolecules, and are not easy to be transported to the
lesion in vivo, so they cannot effectively play a tumor killing
effect. It is urgent to construct a suitable nano-targeted drug
delivery system to solve the above problems of traditional drugs.
Compared with traditional nanocarriers (liposomes, inorganic
nanoparticles, etc.), which have low drug loading, instability,
and side effects. Metal-organic Frameworks (MOFs), as a rela-
tively new porous crystal material, are porous hybrid materials
composed of metal ions/clusters and organic linkers. In addi-
tion, MOFs can coordinate themselves into two-dimensional or
three-dimensional network crystals.’* MOFs have unique
structural advantages in the construction of Nano Drug Delivery
(nano-DDS):* (i) their controllable size, shape and good
uniformity endow them with versatility; (ii) the large surface
area and high porosity increase the loading of biomolecules and
the encapsulation of various drugs; (iii) it has good biological
safety and minimizes side effects; (iv) the internal properties of
the surface are plastic, and its surface or interior can be
modified, such as by selecting specific joints and metal clusters,
choosing to change the surface area, morphology, hydrophi-
licity of the material, etc. These advantages not only avoid the
problems existing in traditional nanomaterials, but also solve
the defects of traditional phototherapy drugs. The metal ions
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can play a role in phototherapy, and the larger surface area to
volume ratio can improve the drug loading efficiency and
enhance the specific delivery (Fig. 1).

In this review, we discuss the mechanisms of PDT and PTT in
cancer treatment, focus on and detail the research and progress
of MOFs-mediated PDT, PTT, and their synergistic effect in
cancer treatment, discuss the good prospects of their applica-
tion in cancer treatment, and put forward a new prospect for the
development of their potential clinical applications.

2. Mechanism of PT in cancer
treatment
2.1 Mechanisms of PDT in cancer treatment

The three most important components in PDT are photosensi-
tizer, light, and oxygen. In cancer treatment, photosensitizers
are usually enriched in tumor tissues, and local irradiation of
the tumor site by laser can selectively kill tumor tissues and
minimize minor collateral damage to surrounding normal
tissues® (Table 1). The main mechanism of PDT is to produce
a large amount of ROS to kill tumor cells.”* There are two main
sources of ROS.*”” Type I reaction is that photosensitizers
directly interact with neighboring biomolecules in cancer cells
to produce free radical intermediates, and then interact with
oxygen (O,) to produce ROS, such as superoxide anion (O, ),
hydroxyl radical ("OH), hydrogen peroxide (H,O,), etc. Type I
reaction is the singlet oxygen (*O,) produced by the transfer of
photosensitizers electron energy to the ground molecular
oxygen.” Classical type II PDT has been extensively studied, and
'0, is believed to play an important role in PDT reactions.>*
Photosensitizers transfer the energy of photoexcitation to O, to
generate 'O,, which can cause oxidative damage to tumor cells.
It can oxidize biological macromolecules such as proteins,
lipids and nucleic acids to peroxide free radicals, which can
cause oxidative damage to tumor cells.* Superoxide anions

Fig. 1 Specific ways in which MOFs play a role in the phototherapy
process.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Photosensitizers that have been clinically approved or are currently in clinical trials

Product Bases Indications/uses Ref.
Photofrin® Hematoporphyrin Skin cancer, esophageal cancer, lung cancer etc. 29
Levulan® 5-Amino ketoglutaric acid Skin photodynamic therapy (basal cell carcinoma) 30
Metvix®/Hexvix® Protoporphyrin IX Photodynamic diagnosis of bladder cancer 31 and 32
Visudyne® Verteporfin Macular degeneration (photodynamic therapy) 33
Talaporfin (Laserphyrin) Chlorine derivatives Esophageal cancer, lung cancer 34
Temoporfin (Foscan) Phthalocyanines Head and neck cancer 35
Silicon phthalocyanine Phthalocyanine-4 Skin/subcutaneous tumor 36
Redaporfin Bacterial chlorine derivatives Skin cancer, breast cancer 37
Phthalocyanine Near-infrared dye (IR-700) Targeted photothermal/photodynamic (antibody 38
conjugated)

(0,7) and hydroxyl radicals ("OH) play a major role in type I
PDT. "OH is a kind of ROS with strong oxidizing capacity and
high activity, which can effectively kill tumor cells.?® "OH can be
produced by oxidoreductases in addition to Fenton and Fenton-
like reactions. O, " can react with biomacromolecules or
reducing substances in cells to regulate REDOX balance and
control the expression of related substances, which is widely
used in cancer treatment.”” Compared with type II PDT, the
research on type II PDT is less. Type I PDT has the problem of
hypoxia tolerance, while type II PDT shows high reactivity.”®
Therefore, in biomedicine, the two reactions are often
combined to produce reactive oxygen species.

The mechanism of PDT killing tumor cells is different, but
many scholars generally agree that: (1) ROS targeted delivery to
cancer cells promotes oxidative stress response, leading to the
activation of protein kinase pathway, transcription factor and
cytokine expression, and release of apoptosis-mediated factors,
leading to cell apoptosis or necrosis;*>*° (2) PDT can effectively
target tumor blood vessels and indirectly kill cancer cells by
destroying tumor vasculature and causing tumor ischemia;** (3)
the acute local and systemic inflammatory response induced by
PDT eventually stimulates the activation of T cells and generates
anti-tumor immune response, further inhibiting tumor growth
and recurrence.*” However, the efficacy of PDT still faces two
major challenges: one is the drug resistance of tumors, and the
other is the limited efficiency of ROS generation.** This is
mainly attributed to the poor solubility of photosensitizers in
solid tumors, their tendency to aggregate, and the depletion of
oxygen in the hypoxic microenvironment of tumors. To address
these issues, MOFs have shown great potential. The structure
and function of MOFs are highly tunable, and their highly
porous framework not only allows ROS to diffuse rapidly but
also effectively prevents the self-quenching phenomenon of
photosensitizers. These characteristics make MOFs have very
broad application prospects in enhancing the efficacy of PDT.**

2.2 Mechanisms of PTT in cancer treatment

PTT is a novel cancer treatment method that is simple to
operate and leads to quick recovery for patients. Its core lies in
the use of photothermal conversion agents (PTCA), which
convert light energy into heat energy under the irradiation of
external near-infrared light, precisely eliminating tumors. Near-

© 2025 The Author(s). Published by the Royal Society of Chemistry

infrared light is preferred as the light source for PTT due to its
excellent tissue penetration and three-dimensional selectivity*®
(Table 2).

The therapeutic mechanism of PTT mainly stems from the
local thermal effect. When PTCA accumulates at the tumor site,
external irradiation can raise the local temperature to above 40 °©
C. This high-temperature environment directly damages the
cancerous tissue and enhances the sensitivity of the tumor to
radiotherapy or chemotherapy.**** At the cellular level, the high
temperature functions through the following pathways: on one
hand, it directly destroys key biomolecules such as nucleic
acids, liposomes, and proteins within the tumor cells; on the
other hand, it can induce the production of cell cycle arrest
proteins such as p53, further exacerbating the damage to these
biomolecules, and ultimately triggering tumor cell
apoptosis.**®” PTT can also activate anti-tumor immunity.
Thermal therapy prompts the release of antigens, pro-
inflammatory cytokines, and immunogenic substances from
dead tumor cells, thereby stimulating a specific immune
response and systematically eliminating the tumor.”® Addi-
tionally, the thermal effect can damage tumor vasculature,
resulting in reduced blood flow, thrombosis, and subsequent
hypoxia and nutrient deprivation, thereby indirectly inducing
tumor cell death.>

The key to the therapeutic effect of PTT is PTCA. The relative
main characteristic of PTCA is the photothermal conversion
efficiency.® PTCA is mainly divided into two categories: organic
and inorganic. Inorganic materials mainly include precious
metal materials (gold, silver, etc.), excessive metal sulfide
(copper sulfide, etc.), carbon-based materials (graphene, etc.),
and organic materials, including near-infrared fluorescent dyes
(ICG, IR-820, etc.) and polymers.®* So far, although the excited
inorganic materials have good photothermal conversion effi-
ciency and photostability, they all share a common drawback,
such as poor biosafety and biodegradability, inducing immune
response in vivo, and potential long-term toxicity, which have
hindered their clinical application. Organic materials are highly
biodegradable, less toxic, and structurally diverse. The efficacy
of PTT may be limited by insufficient tumor vasculature if PTCA
is used solely to enhance heat production. Due to their struc-
tural diversity and designability, MOFs materials can realize the
absorption and conversion of light at different wavelengths by
selecting different metal ions, organic ligands, or adjusting the

RSC Adv, 2025, 15, 50233-50256 | 50235
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Table 2 Common PTCA in PTT treatment
Classification Example Advantage Disadvantage Ref.
Noble metal nanoparticles AuNRs, AuNPs, silver, Strong surface plasmon High cost and long-term 46
platinum, palladium etc. resonance (LSPR), high biological safety concerns
photothermal conversion
efficiency, easy surface
functionalization
Carbon-based materials Graphene, graphene oxide, Large specific surface area, The material is prone to 47
carbon nanotubes, carbon wide light absorption range; aggregation and has poor
quantum dots, black some materials have long-term stability
phosphorus (BP) stronger absorption in the
NIR-II region
MXene family TizC,Ty, Nb,CT, etc. Possess metallic-like high The spectral absorption 48 and 49
conductivity and strong NIR range is limited, the
absorption, and preparation process is
photothermal efficiency can complex, the cost is high,
be enhanced through and the stability in an
interlayer regulation oxygen/water environment is
poor
MOFs derivatives Pt/PCN-224(Zn), PA@ZIF-8 Combining photothermal Metal ion toxicity, scale-up 50
etc. and photocatalytic dual challenges, and relatively
functions, can achieve low photothermal
photothermal catalysis in conversion efficiency
organic transformations
Small molecule dyes Indocyanine green (ICG), Absorption peaks located in Some dyes tend to aggregate 51
Prussian blue, BODIPY, the NIR-I region, structure in water and require carriers
phthalocyanine, porphyrin, can be adjusted to regulate or polymer encapsulation
quinoline etc. photothermal conversion
efficiency
Conjugated polymers/ Poly pyrrole (PPy), poly High photothermal Easy to aggregate, low water 52
nanoparticles aniline (PANI), poly conversion through non- solubility and poor
dopamine (PDA), radiative relaxation, good biodegradability
semiconductor polymers biocompatibility, and can be
(such as PPV, PDPP) directly synthesized into
nanoparticles or coatings
Natural pigments Melanin, heme derivatives, Natural sources, low toxicity Photothermal efficiency is 53

chlorophyll derivatives etc.

limited by molecular
structure

synthesis conditions.®* This property enables MOFs to be used
as efficient PTCA. Despite the great advantages of PTT therapy,
most of the current PTT therapies rely on non-degradable PTT
agents, which may bring potential long-term and chronic toxic
side effects to the organism. Therefore, the research on PTCA
with high biological safety and metabolic decomposition is of
great research value for further clinical research of
nanomedicine-based materials.

PTT also has some limitations,* such as: (i) the penetration
depth of light is limited, resulting in incomplete ablation of the
tumor; (ii) thermal damage to the surrounding normal tissues
during the treatment; (iii) PTT may induce heat shock response
and host anti-tumor immunity. Therefore, the use of mild
photothermal therapy to treat tumor diseases is a common
pursuit. Whether by regulating the expression of heat shock
proteins (HSP), the generation of ROS, or enhancing the
sensitivity of cells to mild temperature increases, PTT therapy is
more efficient and less damaging to normal tissues.** Cai et al.
used the MoS, core to produce a low temperature of 40-48 °C,
then modified it with DPA and loaded it with Fe>", then loaded
it with CPT-11, and finally modified it with PEG and iRGD to

50236 | RSC Adv, 2025, 15, 50233-50256

enhance the tumor specificity.® Finally, the MoS,/Fe@CPT-11-
PEG-iRGD nanoplatform was synthesized. Experiments
showed that NIR and tumor acidic conditions triggered the
release of CPT-11 and Fe?*. CPT-11 increased H,0, and reacted
with Fe®" to produce lipid ROS, destroy mitochondria, and
degrade HSP70/90 protein. The results showed that the
combination of chemotherapy, ferroptosis, and low-
temperature PTT exerted an excellent tumor-killing effect,
which provided an idea for the clinical application of low-
temperature photothermal therapy and opened up a potential
path for the combined treatment of tumors by multiple mech-
anisms. Due to the special characteristics of MOFs, including
high porosity, large surface area, large pore size, nanometer
size, biocompatibility, and biodegradability, they have great
potential in biomedical applications. In order to solve the above
problems, the nano-targeted drug delivery system constructed
by MOFs can change the basic characteristics and biological
activity of drugs, stay in the blood circulation for a longer time,
and ensure the controlled release of drugs in a specified space
and time. Compared with larger particles (1-10 pm), nano-scale
materials can be integrated into tissue systems to promote

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cellular drug uptake, achieve effective targeted drug delivery,
and ensure the effect at the target site.

3. MOFs and their classification
3.1 MOFs

MOFs is a class of hybrid porous materials composed of metal
ions connected with organic ligands through coordination
interaction.®® The development of MOFs has gone through
a long period of time and has been perfected step by step with
the idea of scientists. In 1965, Tomic first reported a new solid
material composed of carboxyl linkers and metal ions, and
explored the relationship between the thermal stability of
coordination polymers, the valence of metal ions and the
coordination sites on the linkers, which was regarded as the
prototype of MOFs.” In addition, Hoskins and Robson
proposed a porous low-density infinite 3D framework and
scaffold with high thermal and chemical stability based on the
chemistry knowledge of coordination polymers in 1990.%® All
these studies laid the foundation for the discovery of MOFs. In
1995, Omar Yaghi of the University of California, Berkeley
synthesized large-aperture 3D crystals [Cu(1)(4,4-Bipy);.s—
NOj;]-(H,0),.,5 and first proposed the term “MOFs”.*° In 1997,
Kitagawa in Japan first demonstrated the “porosity” of metal
complexes through gas adsorption experiments.” However, the
pore size and stability of the materials were limited, which also
limited the biomedical applications. In 1999, Yaghi and his
team reported a 3D open-skeleton MOF-5 (also known as
IRMOF-1), copper-based MOF with benzene tricarboxylate
linker.” Removing the guest molecules in the pore channel can
still keep the skeleton intact, and the pore size can be
controlled, which makes it widely used in gas adsorption,
catalysis, drug delivery, and other fields. Due to their unique
porous architecture, MOFs can efficiently encapsulate thera-
peutic agents within a short time frame, rendering them highly
promising candidates for drug delivery applications.” Taking
ZIF-8 as an example, the Zn>" ions and imidazole-based ligands
exhibit a propensity for protonation under acidic conditions,
which facilitates rapid structural disintegration and drug
release in the tumor microenvironment (pH = 6.5), thereby
significantly enhancing intracellular drug efficacy. By incorpo-
rating photoresponsive moieties—such as porphyrins or
photosensitive metal complexes—into the organic ligands or
metal nodes, light-responsive DDS can be engineered. Upon
light irradiation, these systems enable spatiotemporally
controlled drug release while simultaneously generating reac-
tive oxygen species for PDT. Notably, certain metal nodes—such
as Fe**, AI**, zr**, and Hf*"—exhibit inherently low biotoxicity.
When co-loaded with drugs at the nanoscale, the overall system
can maintain toxicity within a safe physiological range, further
broadening the biomedical applicability of MOFs.

With the progress of science and technology, scientists have
put MOFs in the application of nanomedicine. The first MOFs
material to enter the human clinical trial stage is RiMO-301,
developed by Wenbin Lin's team at the University of Chi-
cago.” RiMO-301 is composed of a proprietary X-ray absorbing
metal that can absorb X-ray photons and generate ROS,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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inducing ROS-mediated DNA damage in irradiated cancer cells,
thereby leading to tumor cell lysis.

3.2 Classification of MOFs

MOFs is also a kind of porous material with a fast expansion
rate and a wide variety. More than 90 000 MOFs structure have
been reported so far.” Different MOFs is held together by fragile
coordination bonds between different connectors and metal
clusters, which not only determine their versatile structures and
characteristics, but also enhance biodegradability. Therefore,
selecting appropriate metal ions and organic ligands for
binding can ensure good stability and biodegrade ability of the
materials.” In terms of biosafety, the biocompatibility and
toxicity of synthetic MOFs had better be predictable.” Then the
toxicity of metal is particularly important, which mainly
depends on the type, oxidation state, and dose.” The median
lethal dose (LDs,) is commonly used to assess metal toxicity. In
addition, recommended metal clusters as materials for MOFs
are potassium, zinc, zirconia, and iron, with oral LDs, of 0.215,
0.35, 4.1, and 0.45 g kg, respectively.”®” There are many types
of MOFs, and the classification methods are varied. This article
focuses on the classification of MOFs according to the different
metal ions that compose them.

3.2.1 Cr-MOFs. Cr-MOFs have attracted attention because
of their better chemical stability. MIL-100(Cr) was first devel-
oped by the FeRey research group of the University of Versailles
in France.* It was first synthesized and reported in 2004. It is
a hypertetrahedron formed by the connection of Cr with the
organic ligand triphenyl acid (1,3,5-BTC) as a secondary struc-
tural unit, and its thermal stability can reach 270 °C. The initial
synthesis time of the MIL-100 framework is 96 hours, which
greatly hinders its practical application. Until 2005, Jhung et al.,
for the first time, began to synthesize MOFs by microwave
radiation method, and the synthesis was MIL-100(Cr), which
shortened the time from 96 h to 4 h and improved the synthesis
efficiency.® In the same year, MIL-101(Cr) was first reported by
Ferey et al., which is a kind of chromium phthalate MOFs.**
MIL-101(Cr) has excellent hydrothermal/chemical stability and
can maintain structural stability at 275 °C.** Another high-
connected chromium MOFs also has good chemical stability,
which can withstand extreme conditions from pH < 0 or pH >
14.** The good stability lays a good foundation for the biological
application of Cr-MOFs, but the toxicity of Cr is relatively high,
and its biological safety is not ideal (Fig. 2A).

3.2.2 Fe-MOFs. Fe-MOFs have great potential in the field of
nanomedicine due to their low toxicity, adjustable degrad-
ability, and structural versatility. MIL-53(Fe) is an early product
of Fe-MOFs, which is composed of Fe(ur) octahedra and terylene
acid or its derivatives. It has a highly ordered pore structure and
large surface area, making it a great potential in gas adsorption,
separation, and catalysis.’®** The initial generation of MOFs has
micropores (<2 nm), which seriously limit their drug loading
efficiency and affect their application in medical therapy.”> MIL-
100(Fe) and MIL-101(Fe) were successfully prepared by other
researchers on the basis of MIL-100(Cr) and MIL-101(Cr)
synthesized by Ferey's team through the replacement of metal

RSC Adv, 2025, 15, 50233-50256 | 50237


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra07701j

Open Access Article. Published on 16 December 2025. Downloaded on 4/1/2026 3:15:19 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Review

/A
VY ﬁ gf‘ié“
1O

Terephthallc acid MIL-53

\ FeCls

. : AN
Cu* BTC ion
“’ k MIL 100 KOO o
& < :> ) o "i X .0
v Cu?* H BTTA
N N :
@ c
¢ ¢ A A
= + @ - 2 ‘L W
(™ © (™ by

Zn(NOs): 2-methylimidazole

.

Fig. 2

(A) Synthesis of MIL-100(Cr)** and MIL-101(Cr).2* Panel (A) reproduced from ref. 53 with permission from John Wiley and Sons, copy 2004;

reproduced from ref. 85 with permission from Elsevier, copy 2022. (B) Synthesis of HKUST-1 (ref. 86) and FJI-H14.8” Reproduced under a Creative
Commons CC BY Attribution 4.0 International License.2¢#7 (C) Synthesis of MIL-53(Fe).®® Panel (C) reproduced from ref. 88 with permission from
Elsevier, copy 2022. (D) Synthesis of Zif-8.8° Panel (D) reproduced from ref. 89 with permission from John Wiley and Sons, copy 2022.

elements, showing good pore size and surface area. Fe-MOF is
actively used by scientists in the treatment of cancer. Studies
have found that Fe(u) can not only act as a catalyst for Fenton
reaction, which can convert H,O, to O, at the tumor site,
thereby regulating local hypoxia conditions; it can also be used
as a Ty,-weighted magnetic resonance imaging (MRI) contrast
agent, allowing the monitoring of tumor treatment response,
which has played a great role in the monitoring and treatment
of tumors® (Fig. 2C).

3.2.3 Zr-MOFs. MOFs are named based on where they were
found. Before 2008, stable boxes for other metals, such as Fe**
and Cr’" existed in the field of MOFs. UiO-66 was first reported
by Jasmina and her team at the University of Oslo in 2008.%* It is
composed of a zirconium ion (Zr) and a dicarboxylic acid
ligand. This kind of material is of great interest due to its
relatively simple preparation method and excellent water and
chemical stability. In 2011, Behrens' team introduced benzoic
acid/acetic acid as a modulator, which not only increased the
specific surface area of Zr-MOFs but also increased the degree of
crystallinity.®® Due to the excessive oxidation state of Zr(w) in Zr-
MOFs and the strong coordination bond between Zr(iv) and
carboxylate ligands in the vast majority of carboxylate Zr-MOFs,
they have unparalleled stability. Therefore, a large number of
Zr-MOFs are not only stable in organic solvents and water, but
also stable in the acidic environment of tumors.”>*® Due to the
advantages of good stability, low toxicity, and good biocom-
patibility, Zr-MOFs have shown good application prospects in
the fields of drug delivery, photodynamic therapy, and fluores-
cence sensing.”” They expect UiO-66 to have great potential in
drug delivery, bioimaging, and other fields.
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3.2.4 Cu-MOF. In 1995, Yaghi's team first proposed the
term “MOFs” and reported the first copper-based coordination
polymer [Cu(1)(4,4"-Bipy);.5-NOs]- (H,0),5, which was proved to
have non-permanent microporous channels and laid the foun-
dation for the structural design of Cu-MOFs.* In 1999, the Chui
team reported the synthesis of HKUST-1(also known as MOF-
199 or Cu;(BTC),) by the solvothermal method.?® The material
is mainly composed of copper clusters and organic ligands
connected to each other to form a high-crystallinity three-
dimensional porous network, which became a milestone for
Cu-MOFs. HKUST-1 was first generated by electrochemical
synthesis in 2005.° Compared with the traditional method, the
specific surface area of the materials obtained by this method is
increased. Copper is necessary for cancer growth and metas-
tasis, so it plays an important role in anti-tumor.'* Although
Cu-MOFs have shown great potential in medical applications,
their application in vivo still faces some challenges. For
example, traditional Cu-MOFs are easily hydrolyzed, have
instability, and copper ion toxicity problems. To solve this
problem, Liang et al. demonstrated the design and synthesis of
a Cu(u) MOFs (FIJ-H14) with a high density of active sites, and
verified its acid-base stability and high-temperature resis-
tance.*” Experiments showed that FIJ-H14 was not only very
stable in boiling water, but also very stable in acid and base
environments from pH = 2 to pH = 12 and at temperatures up
to 373 K (Fig. 2B).

3.2.5 Zn-MOFs. Zn-MOFs can be traced back to 1998, when
Yaghi's team reported the first Zn-MOFs, MOF-2."* In 1999,
Yaghi reported that MOF-5, a three-dimensional open MOFs
with a simple cubic structure, was constructed with an organic
ligand, terephthalic acid (BDC), and transition metal Zn.”* MOF-
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5 could be stable when solvent molecules were removed from
the pore and heated to 300 °C. ZIF-8 is a representative Zn-MOFs
material, which has made significant progress in the thera-
peutic application of cancer. Park's team first synthesized ZIF-8
by the solvothermal method in 2006.'°* Zif-8 is composed of zinc
ions linked with 2-methylimidazole (H-MeIM), and its large
pore size and excellent thermal stability were introduced by the
authors. ZIF-8 is a kind of material widely used in biomedical
applications, and the simplicity and safety of synthesis are
particularly important in the application of materials. In 2011,
Pan et al. proposed a new synthesis method to prepare ZIF-8 in
aqueous solution at room temperature.’® This method not only
shortens the synthesis time but also solves the problem of
solvent toxicity (Fig. 2D).

3.2.6 Hf-MOFs. Hf-MOFs possess unique chemical,
thermal and mechanical stability, making them the most stable
type of MOFs. Hf-MOFs were first reported in 2012. Scientists
synthesized UiO-66(Hf) based on UiO-66(Zr), while maintaining
the stability of the UiO-66 type MOFs. Generally speaking, by
replacing Zr with Hf under similar conditions, MOFs similar to
Zr-MOFs can be generated. Moreover, Hf-MOFs have higher
stability because the Hf-OH stronger Brgnsted acidic sites are
stronger than those in Zr SBUs. Due to their stability, scientists
have shown great enthusiasm for them, but the synthesis of Hf-
MOFs is limited by the traditional homogeneous solvent heat-
ing process, which limits its practical application. He et al.
accelerated the generation rate of UiO-66(Hf) by controlling the
hydrolysis and nucleation of metal salts in the presence of
acetic acid and water, thus paving the way for its practical
application.' The Hf-MOFs was first proposed by the Lin team
in 2014 in the research of PDT. It is used to load porphyrin
substances, and has shown significant effects in the treatment
of head and neck cancers.'*

4. Application of MOFs in tumour PT
4.1 Application of MOFs in PDT

PDT uses light to irradiate photosensitizers in the presence of
oxygen to damage or destroy living cells.”® Over the past
decades, numerous efforts have been made to address these
limitations of PDT, many of which are aimed at improving two
aspects of PDT: discovering or synthesizing more powerful
photosensitizers and improving the localization of photosen-
sitizers in tumors.'” Allahloubi et al. endowed the photosensi-
tizer with targeting ability to myeloma cells and achieved
therapeutic effect.'®® The article showed that the photosensi-
tizer reduced the survival rate of myeloma cells to 25% under
laser irradiation. Zinc phthalocyanine is known for its high
monomer oxygen generation in physiological media, mainly by
exploiting the diamagnetism of zinc ions. MOFs are porous
hybrid materials that are self-assembled by metal ions and
organic ligands.'® If the diamagnetic properties of metal ions
are combined with the porosity of MOFs, it is possible to
construct a nano-targeting system that can not only load
chemotherapy drugs, but also perform the PDT function of
MOFs.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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In order to realize the very active role of MOFs in PDT, there
are generally the following three methods: (i) in the most
commonly used method, the photosensitizer is directly loaded
into the pore size of MOFs through physical reaction, but this
method has certain limitations. The loaded photosensitizer
must be smaller than the pore size of MOFs, and this simple
loading can easily lead to the leakage of photosensitizer during
the delivery process; (ii) the photosensitizer can be chemically
modified by combining with the surface active sites of MOFs,
such as amino and carboxyl groups. However, not all MOFs have
corresponding sites, which is not universal; (iii) functional
molecules with photosensitizing properties are used as organic
ligands or metal ions for the synthesis of MOFs, but this makes
the synthesis step more complicated. Among them, the use of
photosensitive functional molecules as part of the synthesis of
MOFs is the most unique aspect of MOFs in the aspect of drug
delivery. In the process of PDT, there is no release, and due to
the highly porous structure of MOFs, ROS can quickly diffuse
out of MOFs and play a direct and efficient PDT effect."*® In the
following, we will introduce the application of MOFs in photo-
dynamic therapy according to the above three methods.

The first report of MOFs PDT appeared in 2014, when Lin's
group first reported a Hf porphyrin MOFs, DBP-Hf, as an
efficient photosensitizer for PDT in drug-resistant head and
neck cancer'"' (Fig. 3A). DBP-Hf was synthesized in di-
methylformamide (DMF) by the solvothermal method using
Hf'" as a metal ion and 5,15-bis(p-benzoic acid)porphyrin
(H,DBP) as an organic ligand. Among them, DBP molecules are
separated by metal nodes to avoid aggregation and quenching,
and the coordination of DBP molecules with Hf promotes
energy transfer, thereby promoting the production of ROS.'*?
Experiments show that DBP-Hf is at least twice as efficient as
H,DBP in producing '0,. Not only that, DBP-HF shows a nano-
sheet morphology with a diameter of about 100 nm and
a thickness of about 10 nm, which facilitates 'O, diffusion. In
the in vivo experiment, DBP-Hf treatment reduced tumor
volume by 50-fold in half of the mice and completely eradicated
tumors in the other half of the mice; free H,DBP had no
significant effect. Based on the powder X-ray diffraction (PXRD)
pattern, DBP-Hf was considered to be a UIO-type MOFs struc-
ture, but it was later redesignated as a new HF-MOFs structure
with Hf;, cluster secondary building units (SBUs)."** Although
DBP-Hf is effective, there is still room for optimization of its
photophysical properties. Subsequently, in 2015, Lin's group
reported the first chlorine-based MOFs."™* The scientists used
H,DBC as a bridging ligand and Hf*" as a metal ion to synthe-
size DBC-Hf, and demonstrated its application in cancer PDT.
Compared to DBP-Hf reported by this group, DBC-Hf not only
retains all the properties of DBP-Hf (crystal stable structure,
prevention of self-quenching, 'O, generation efficiency is three
times that of DBP-Hf), and the distance between adjacent (111)
layers (d;14) is 2.2 nm, thinner nanoplates are more conducive
to 'O, diffusion, it is also characterized by significantly
enhanced photophysical properties. For example, DBC-Hf
extends the absorption wavelength range closer to the near-
infrared region (600-900 nm), enhancing tissue penetration;
the extinction coefficient of DBC-Hf is 11 times higher than that
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Fig. 3 (A) Synthesis process of DBP-Hf and the pathway of its PDT effect. The experimental results showed that DBP-Hf treatment had
a significant reduction in tumor volume in half of the mice.** Panel (A) reproduced from ref. 111 with permission from American Chemical Society,
copy 2014. (B) Schematic diagram of PCN@D/ZIF used in PDT/chemotherapy combination therapy. As shown, treatment of MCF-7 cancer cells
with PCN@D/ZIF(+) produced 80.1% cytotoxicity, which was much higher than that produced by cells treated with PCN@D/ZIF(45.3%) or
PCN@ZIF(+) (56.6%). When cells were treated with PCN@ZIF(+) or PCN@D/ZIF alone, the tumor inhibition rate was 47.9% and 38.9%, respec-
tively. However, when cells were treated with PCN@D/ZIF(+), the best anti-tumor inhibition effect (66.5%) was obtained. The results showed that
PCN@D/ZIF had good anti-tumor properties under light irradiation in vivo and in vivo.**¢ Panel (B) reproduced from ref. 116 with permission from
Elsevier, copy 2023. (C) The constructed UMOF-TiO, exerted both type | and type Il PDT processes.*” Panel (C) reproduced from ref. 117 with
permission from American Chemical Society, copy 2020. (D) Schematic diagram of MOF-2 and mechanism of PDT. As shown in the figure, MOF-
2 can efficiently adsorb glutathione (GSH), thereby reducing its level and increasing ROS production, and the photodynamic therapy effect is
further enhanced after 650 nm laser irradiation.*® Panel (D) reproduced from ref. 118 with permission from John Wiley and Sons, copy 2018.

of DBP-Hf, which greatly improves the light trapping efficiency.
The coordination between DBC and Hf'' resulted in an
enhanced inter-system crossover (ISC), resulting in a 200-fold
decrease in fluorescence intensity and more energy being used
for 'O, generation rather than heat dissipation. Lin et al.
provided a good idea for the application of MOFs in PDT and

50240 | RSC Adv, 2025, 15, 50233-50256

laid a good foundation for the follow-up. With the deepening of
research, we found that the accurate role of materials in the
tumor site is the key to our pursuit of precision cancer treat-
ment. To date, no relevant nanomedicines have been success-
fully translated into clinical practice, mostly due to the poor
targeting of the materials or the complex manufacturing
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process. In order to improve the precise delivery of materials at
the tumor site, Ma et al. demonstrated for the first time that
H,S-activated hybrid metal MOFs, {Cu,(ZnTcpp)-H,0}, (desig-
nated NP-1), can be activated by hydrogen sulfide (H,S) in the
specific tumor microenvironment to effectively kill tumor
cells"> NP-1 uses zinc metalized 5,10,15,20-tetra-(4-formate
phenyl)porphyrin (ZnTcpp) as the ligand and copper (Cu**) as
the node. The main mechanism of action of the material in the
blood circulation, Cu®>" quenched the fluorescence of ZnTcpp
through coordination and inhibited its photosensitive activity.
When the material was in tumor cells, due to the rich hydrogen
sulfide (H,S) in the specific microenvironment of the tumor,
Cu?' reacts with H,S and dissociates from the framework. To
restore the luminescence and photosensitivity function of
ZnTcpp. Structurally, Zn>" occupies the porphyrin center, and
NP-1 also has a two-dimensional (2D) layer network structure.
These parallel layers interlock with each other and are further
stacked into a 3D supramolecular structure through weak
interactions. The 3D supramolecular structure provides 85.7%
photosensitizer loading, far beyond the loading capacity of
single metal MOFs. For therapeutic use, the activated ZnTcpp is
irradiated with near-infrared light (600 nm) to transfer energy to
the surrounding oxygen to efficiently generate highly oxidative
'0,. Since H,S is only enriched in the tumor microenvironment,
NP-1 activation, and 'O, release are highly targeted, reducing
damage to normal tissues. This study provides a novel H,S-
responsive photosensitizer platform for cancer precision
therapy. The development of well-defined hybrid MOF for MOF-
on-MOF growth has attracted much attention. Studies have
shown that the MOF-on-MOF in hybrid MOFs can play a role in
chemotherapy and photodynamic therapy. MOF-on-MOF in
hybrid MOFs refers to the in situ growth of a second MOF with
different composition or structure on the existing MOF crystal
nucleus, forming hierarchical heterogeneous structures such as
core-shell, hollow multi-shell, and core-satellite. This enables
the realization of multiple properties that a single MOF cannot
possess simultaneously. Liu et al. reported a zeolite imidazole
ester skeleton (ZIF-8) that encapsulates DOX on the surface of
Zr-based porphyrin MOFs'*® (Fig. 3B). PCN@D/ZIF not only can
grow ZIF-8 without any modification of PCN-224, but also the
layer thickness of ZIF-8 can be controlled. PCN@D/ZIF releases
DOX from ZIF-degradation in the acidic environment of the
tumor, and porphyrin MOF produces a large amount of singlet
oxygen under light, which has a tumor-killing effect.

In 2019, Lin et al. reported the synthesis of a novel MOFs, Ti-
TBP, and introduced its application in type I PDT."** The MOFs
are synthesized by Ti-oxo chain SBUs and photosensitizing
5,10,15,20-tetra(p-benzoato)porphyrin  (TBP) ligands, for
hypoxia-tolerant type I PDT. It was found that Ti-TBP not only
produces singlet oxygen under light, but also transfers electrons
from the excited TBP to the SBUs of Ti*" groups to generate
superoxide, hydrogen peroxide, and hydroxyl radicals, resulting
in ROS generation. At the same time, TBP"* can also trigger
oxidative stress by oxidizing glutathione (GSSG) to glutathione
disulfide. The four different ROS-producing abilities enable Ti-
TBP-mediated PDT to achieve a tumor regression rate of over
98% and a cure rate of 60%, which plays a huge role in the
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treatment of tumors. Since a single PDT mode (such as using
only type II PDT) has limited efficacy in hypoxic tumors, while
type I PDT can still function under hypoxic conditions,
combining the two mechanisms can complement each other
and improve the therapeutic effect.” It has been proposed that
by combining type I and type II PDT, multi-mode synergistic
treatment can be achieved to overcome the limitations of
a single treatment mode." In 2020, Dong et al. synthesized
UCNP (lanthanide-doped upconversion nanoparticles) and
meso-four(4-carboxyphenyl)methylene (TCPP)-MOF to form
a heterodimeric UMOF, and further coated with ultra-small
TiO, nanoparticles into UMOF-TiO, to achieve 980 nm near-
infrared (NIR) laser-triggered type I and type II PDT'V
(Fig. 3C). Without further tedious chemical modification, the
UMOF-TiO, nanocomposites exhibit high stability, excellent
biocompatibility, and water dispersion due to the MOFS-based
support and hydrothermal treatment. Through 980 nm laser
rays, with deep biological tissue penetration and minimal
photodamage, UCNPs were able to emit UV and visible light to
stimulate TiO, and MOFs, respectively, effectively producing
different kinds of highly cytotoxic ROS to induce apoptosis of
cancer cells in vitro and in vivo. UMOF-TiO, showed significant
tumor volume reduction and prolonged survival time in
a mouse model without obvious systemic toxicity, indicating its
promising application as a photodynamic agent. Because type I
PDT shows hypoxia tolerance and type II PDT shows high
responsiveness, scientists have creatively combined type I and
type II PDT to achieve multimodal PDT treatment, which has
far-reaching significance for the biomedical application of PDT.
Moreover, subsequent research can also realize the combina-
tion of type I and type II PDT by developing novel photosensi-
tizers (such as covalent organic framework COFs, organic small
molecule photosensitizers, etc.) to improve the therapeutic
effect.

It is well known that the generation efficiency and level of
ROS play a very important role in PDT. Chen et al. constructed
HA-DQ®@MOF nanocarriers to achieve stable co-delivery of DTC
and Cu®" and effectively prevent their contact, thereby avoiding
the premature formation of potentially toxic Cu(DTC),
complexes during in vivo circulation. This system utilizes the
overexpressed ROS in the tumor microenvironment to trigger
a dual activation mechanism: on one hand, it specifically
cleaves HA-DQ to release DTC, immediately chelating Cu** to
form highly active Cu(DTC), to exert chemotherapy effects; on
the other hand, it promotes the dissociation of MOF to release
Zn-TCPP to restore the PDT activity. This cascading activation
not only achieves a precise transformation from a low-toxic
prodrug to a high-toxic treatment, but also significantly
enhances the tumor-killing efficacy through the synergistic
effect of Cu(DTC), chemotherapy and Zn-TCPP PDT."*?
However, GSH, as an oxidant widely present in the human body,
can reduce the concentration of intracellular ROS, especially
cancer cells usually produce higher levels of GSH to adapt to
high oxidative stress and protect themselves."** Therefore, it has
become an urgent hope for scientists to synthesize a material
that can produce ROS and reduce the level of GSH in cells. In
2018, Zhang et al. synthesized a MOF-2 based on Cu 1 as the
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active center for PDT"*® (Fig. 3D). Experiments show that MOF-2
can produce a large amount of ROS when absorbed by tumor
cells under light irradiation. At the same time, intracellular GSH
was significantly reduced. This not only increased ROS
concentration and accelerated cell apoptosis, thereby
enhancing the effect of PDT (Fig. 3D). This experiment provides
strong evidence for MOFs as promising new candidates for PDT
and anti-cancer drugs. In 2021, Sun et al. decorated Cu-based
MOFs HKUST-1 onto the surface of Ag NP to form Ag@HKU
and further decorated with hyaluronic acid (HA) to construct
a GSH-activated nanoplatform (Ag@HKU-HA)."** GSH in the
tumor microenvironment reduces Cu®>* to Cu', triggering
HKUST-1 degradation, exposing Ag NPs, and promoting their
oxidation to Ag'. The obtained nano-delivery system not only
avoids premature Ag leakage in the blood circulation, but also
realizes the precise release of Ag at the tumor site. Moreover, Ag
NPs were oxidized to toxic Ag' in the tumor environment, and
Ag' induced cell death through mitochondrial damage and
apoptosis. The generated Cu” can catalyze endogenous H,0, to
highly toxic "OH through a Fenton-like reaction, which opens
up a broad idea for the use of PTT therapy and PDT therapy for
synergistic treatment. Improving the hypoxic microenviron-
ment can enhance the therapeutic effect of tumors and maxi-
mize the effect of the nano-drug delivery system. Chen et al.
developed Ce6@HGMOF nanoparticles composed of a photo-
sensitizer (Ce6), a glucose oxidase (GOX), a chemotherapeutic
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drug (HCPT), and an iron-based organic framework (MOF) to
exert anti-tumor effects in a compound mode*** (Fig. 4). In this
nano-drug delivery system, GOX uses “starvation therapy” to
consume glucose, starve the tumor cells, and produce gluconic
acid and hydrogen peroxide. At the same time, Ce6@HGMOF
can exert the catalytic activity of a nano-enzyme to generate
oxygen, thereby improving the hypoxic microenvironment of
the tumor. The improvement of the hypoxic environment in
tumor tissue can help to slow down the growth of tumor blood
vessels and improve the microenvironment of drug resistance
to a certain extent. Moreover, it can enhance the therapeutic
effect of PDT and enhance the oxidative stress response caused
by ROS in tumors. In order to reduce the GSH of tumor cells,
Ce6@HGMOF also plays an important role in it, and it can also
induce ferroptosis of tumor cells through the Fenton reaction
with H,0,. Ce6@HGMOF not only kills tumor cells at the level
of PDT alone, but also plays a synergistic role in ferroptosis and
starvation therapy. This innovative synergistic strategy not only
plays a role in photodynamic therapy but also improves the
tumor microenvironment and enhances the therapeutic effect
of chemotherapy drugs and photodynamic therapy, which is
a relatively new anti-tumor paradigm.

4.2 Application of MOFs in PTT

PTT therapy uses PTCA to absorb laser light of a certain wave-
length, and rapidly convert the absorbed light energy into heat
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energy to kill cancer cells through the generated heat. Since PTT
can be precisely targeted with the help of laser and can only
irradiate the cancer area without affecting normal tissues, PTT
has good selectivity and low invasiveness.**®

MOFs play a very active role in PTT, generally in the following
three ways: the first is that MOFs themselves play a photo-
thermal conversion performance as PTCA for PTT treatment.
Due to their structural diversity and design ability, MOFs
materials can realize the absorption and conversion of light at
different wavelengths by selecting different metal ions, organic
ligands, or adjusting synthesis conditions. This characteristic
makes MOFs can be used as an efficient PTCA to convert the
absorbed light energy into heat energy, thereby killing cancer
cells. The second is that PTCA is involved in the surface modi-
fication of MOFs. In order to improve the photothermal
conversion efficiency of MOFs, scientists usually optimize their
structure. For example, by introducing metal ions with high
photothermal conversion efficiency (such as noble metals,
combined polymer coatings, etc.), the photothermal perfor-
mance of MOFs can be significantly improved. The third is the
incorporation of PTCA into the porous structure of MOFs to
exert PTT treatment. Moreover, MOFs can be retained in the
target site for a long time, thereby improving the bioavailability
of drugs. Next, we will specifically introduce the application of
MOFs in PTT therapy according to the above three methods.

Porphyrins are macromolecular heterocyclic compounds
composed of porphyrin (C,oH;4N,)."”” Porphyrins and
porphyrin derivatives have excellent photophysical and
electrochemical properties. In biomedical applications, they
have effective biological properties, such as biocompatibility,
effective clearance, longer residence time in tumors, fewer side
effects, and imitation of various biological functions. However,
they have some disadvantages, such as instability under phys-
iological conditions, easy self-quenching, etc."*® The application
of porphyrins in phototherapy is limited. To overcome these
problems, porphyrin-based MOFs have been developed by
introducing porphyrin molecules into MOFs or using porphyrin
as an organic linker, based on the fact that MOFs are composed
of metal ions/SBUs and organic connectors.”***** Porphyrin-
based MOFs overcome the limitations of porphyrins.”*' In
2018, Zhang and his team synthesized a novel zirconia-iron—-
porphyrin MOFs (Zr-FeP MOFs) nanoparticle using a simple
one-pot method**? (Fig. 5A-C). Experiments show that under
near-infrared (NIR) laser irradiation, Zr-FeP MOFs nano-
particles not only can produce a large number of ROS, but also
exhibit significant photothermal effects, with a photothermal
conversion rate as high as 33.7%. Moreover, siRNA/Zr-FeP
MOFs loaded with heat shock protein 70 siRNA significantly
inhibited tumor growth both in vivo and in vitro. In terms of
imaging, it also has the characteristics of photothermal
imaging, CT imaging, and photoacoustic imaging, which can be
applied to tumor diagnosis. siRNA/Zr-FeP MOFs integrate
photothermal, photodynamic and imaging diagnosis, which
shows the broad prospects of nanomaterials in biomedical
applications. NIR photothermal materials convert the absorbed
NIR light into thermal energy by inhibiting the radiative tran-
sition.”® Perylene imides are fluorescent dyes with excellent
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Fig. 5 (A) Diagnostic and therapeutic process diagram of siRNA/Zr—
FeP MOF. (B and C) Schematic representation of cell viability and
confocal laser scanning microscopy images after different treatments.
The results showed that the siRNA/Zr—FeP MOF treatment group had
the most efficient anti-tumor ability, with a cell death rate as high as
87.5%. The Zr—FeP MOF showed a good anti-tumor ability even after
laser irradiation. The introduction of siRNA effectively inhibited the
expression of Hsp70, which is considered to be a key factor in thermal
resistance, and further increased the anti-tumor effect.**? Panel (A—C)
reproduced from ref. 132 with permission from John Wiley and Sons,
copy 2018. (D) Synthesis process of Zr—PDI. (E) Related experiments
demonstrated good photothermal properties of Zr—PDI. As shown in
the figure, the photothermal conversion efficiency and photothermal
stability of Zr—PDI are superior.®* Reproduced under a Creative
Commons CC BY Attribution 4.0 International License.***

light, thermal and chemical stability, and their anion free
radicals have strong near-infrared absorption characteristics.
However, the anion free radicals are easily oxidized in the air
and affect their use. So it is of great significance to find a way to
stabilize anion-free radicals in the air. In 2019, Yin et al. used
carboxylic acid-perylene imide (P-2COOH) to form 3D MOF
(zr-PDI) by solvothermal reaction with ZrCl, in di-
methylformamide. Zr-PDI is the first 3D perylene imide (PDI)
MOF, which not only shows high stability and high porosity, but
also the 3D porous network formed by Zr-PDI can be used as
a cage to trap electron donors, such as organic amines, it
provides an extremely stable anion radical (Zr-PDI' ") in situ
through photoinduced electron transfer (PET), while Zr-PDI" ™~
has a strong near-infrared absorption characteristic and can
rapidly heat up under 808 nm near-infrared laser irradiation***
(Fig. 5D and E). Under 808 nm laser irradiation, the temperature
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of Zr-PDI"™ powder reached 160 °C within 10 seconds, and the
temperature of Zr-PDI"~ film immobilized on quartz glass rose
over 89 °C within 200 seconds, showing an extremely high
photothermal conversion efficiency (52.3%). This indicates that
Zr-PDI'~ powder is a material with excellent photothermal
conversion efficiency and stability, which is expected to become
a promising therapeutic agent in photothermal therapy if it can
be realized for biomedical applications. In 2020, Deng et al.
developed ultra-thin (16.4 nm thick) ferrocene-based MOF (Zr-
Fc MOF) nanosheets for synergistic PTT and Fenton reaction-
based chemokinetic (CDT) therapy to cure cancer without
additional drugs*** (Fig. 6). The Zr-Fc MOF nanosheets not only
exhibited a good photothermal conversion efficiency (53%) but
also acted as an effective Fenton catalyst to promote the
conversion of H,0, to hydroxyl ("OH). This multi-therapeutic
approach to synthesize a therapeutic platform for MOFs may
open a new era in the research of MOF-based collaborative
therapeutic platforms for cancer.

Nowadays, many metallic materials, such as Au, Ag, and Pt,
have been used in PTT research. Due to its easy surface modi-
fication and unique optical and electronic properties, gold
nanomaterials have been widely used in the regulation of
photothermal effects.”*® Therefore, scientists often modify Au
NPS into various structures or combine them with other struc-
tures, expecting to achieve a more effective effect. In 2017, Zeng
et al. constructed a core-shell gold nanorod@MOFs (AuNR@-
MOFs). The scientists chose AuNR as seed crystals, and then Zr-
based porphyrin MOFs were grown on the AuNR surface, and
finally loaded with chemotherapy drug camptothecin (CPT) to
achieve cancer treatment®’ (Fig. 7A-C). AUNR@MOFs@CPT, as
a multifunctional therapeutic nanoplatform for tumor
photodynamic/thermal/chemical combined therapy, has shown
excellent tumor treatment ability. The results showed that the
photothermal conversion efficiency of the unloaded AuNR@-
MOFs solution was 20.6% by 808 nm laser irradiation in vitro,
and the CPT loading still maintained strong photothermal

F¢(COOH),
Acetic acid
150°C, 12 h

Fenton reaction:

Zr-Fc MOF nanosheet

Zr-Fe'' + HyOy —= Zr-Fc" + OH + OH ™
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responsiveness. Under the laser illumination of 660 nm, the
MOFs shell produced a large number of ROS, and a large
amount of singlet oxygen (‘O,) was detected. In addition,
808 nm laser irradiation accelerates the release of CPT from the
MOFs pore. In vivo, dual light irradiation (660 nm PDT + 808 nm
PTT) showed a tumor inhibition rate of 83% and a more than
90% reduction in tumor volume compared with the control
group, without significant toxicity. AUNR@MOFs@CPT showed
significant anticancer properties both in vivo and in vitro. Not
coincidentally, in 2024, Nejad et al. decorated Au-NPs on the
surface of MOFs (PCN-22) by a one-pot method. The experi-
mental detection found that PCN-224/Au-NPs showed signifi-
cant anticancer activity against tumor cells and good
biocompatibility with normal cells, and the synthesis method of
this method is simpler and greener.” In order to reduce the
adverse reactions of patients, monoclonal antibodies (mAbs),
peptides, oligosaccharides, small molecules, and aptamers are
often linked to nanomaterials to improve the targeting of
drugs.™ In 2021, Chien et al. synthesized MCP-1/GNR@MIL-
100(Fe).** Since CTAB on the surface of gold nanorod is highly
cytotoxic, 11-mercaptoundecanoic acid (MUA) was used to form
a self-assembled monolayer to reduce the toxicity of the mate-
rial. To enhance the biocompatibility of the material, MIL-
100(Fe) was coated on the outside of the gold nanorod. To
enhance the targeting property of the material, we coated MIL-
100(Fe) on the surface of the nanorods with MCP-1 peptide, and
then used the tumor homing ability of macrophages to achieve
active targeting to accumulate the material at the tumor site.
Finally, GNR was induced by NIR 808 nm laser irradiation to kill
tumor cells. The results showed that the loading of MCP-1
reached 5.52%, and the migration rate of macrophages was
increased after modification, and the endocytosis of the mate-
rial by macrophages was increased, which greatly strengthened
the targeting ability of the material. To solve the problem of
uneven distribution of traditional nanocarriers by penetrating
the hypoxic region of the tumor mediated by macrophages. In
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Fig. 6 Schematic diagram of the synthesis of Zr—Fc MOF and its photothermal effect, reproduced from ref. 135 with permission from American

Chemical Society, copy 2020.
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(A) Structural diagram and mechanism of action of AUNR@MOFs@CPT. (B) AUNR@MOFs schematic diagram of transmission electron

microscopy. (C) How AUNR@MOFs@CPT acts in vivo.*3” Panel (A—C) reproduced from ref. 137 with permission from John Wiley and Sons, copy

2017.

this experiment, macrophages can penetrate the vascular
barrier to reach the hypoxic region of tumors, and the con-
structed nanodrug delivery system has stronger targeting and
uptake ability, which enables the gold nanorods to play
a stronger photothermal effect, all of which provide more
perspectives for the design of multifunctional nanomaterials
for biomedical applications.

In addition, it is also one of the common strategies to exhibit
a strong absorption coefficient and excellent photostability by
combining polymer coatings such as polyaniline (PAN)
compared to the widely used inorganic gold, carbon-based near-
infrared photothermal agents (PTA), and organic dyes. In 2016,
Jing et al. constructed hybrids, namely UiO-66@PAN, from
nanoscale MOFs UiO-66 and nano-absorbable polymers
(PAN)."* Experiments showed that mice injected with UiO-
66@PAN maintained local tumor temperature at 42 to 45 °C
for 10 minutes under laser irradiation (808 nm, 0.7 W cm™?)
during 10 days of treatment. Notably, the ablated tumors turned
into black scars in situ. After 10 days of treatment, tumors
completely regressed in mice treated with UiO-66@PAN and
NIR irradiation, while tumors in the control or UiO-66@PAN
only groups were significantly larger in size. The calculated
tumor suppression efficiency was about 93%. Experiments have

© 2025 The Author(s). Published by the Royal Society of Chemistry

shown that UiO-66@PAN has suitable size, good water disper-
sion, strong near-infrared absorption, high photostability and
photothermal conversion efficiency. Moreover, UiO-66@PAN is
effective for PTT-based cancer therapy in vitro and in vivo. In
2017, Xie et al. synthesized UIO-66@CYP with bioimaging and
PTT activity by polymerizing a NIR dye cyanine-containing
polymer (CyP) via Passerini reaction on the basis of a Zr-based
MOFs (UiO-66)**> (Fig. 8A). In vitro and in vivo experiments
have proved that UiO-66@CyP is very effective for PTT-based
cancer therapy. The synthesis of polymer-MOF hybrids opens
up prospects for the production of a variety of similarly struc-
tured nanostructures.

The new indocyanine green (IR-820) has similar properties
and structure to indocyanine green (ICG). Compared with ICG,
IR-820 is more stable and has good biocompatibility. As nano-
materials with a high specific surface area, MOFs can encap-
sulate the photosensitizer molecules in the framework, which
can effectively reduce the self-aggregation and self-quenching of
common photosensitizers, and improve their water solubility to
maximize the utilization of photosensitizers. In 2024, Huang
et al. loaded DOX and IR-820 onto MIL-101(Fe) by a physical
adsorption method with a polymeric dopamine coating on the
surface to prevent drug leakage.*** The PDA is covalently linked
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Fig. 8 (A) Synthesis process and mechanism of action of UiO-66@CyP.**? Panel (A) reproduced from ref. 142 with permission from American
Chemical Society, copy 2017. (B) Schematic of the preparation of IMOFH and the synergistic effect of the anti-tumor ability of IMOFH in
combination with mild PTT.** Panel (B) reproduced from ref. 143 with permission from Royal Society of Chemistry, copy 2022.

to the -NH, group provided by the synthetic polymer NH,-PEG-
OCHS3;/F3 for targeted drug delivery. ID@MIL-PPF3 had a good
drug loading rate (27.7%) and photothermal conversion effi-
ciency (28.89%). Studies have shown that ID@MIL-PPF3 can
produce a large amount of ROS and heat after laser irradiation,
achieve the synergistic effect of photothermal/photodynamic/
chemical dynamic therapy, and has good tumor targeting and
stability, which is a potential cancer therapeutic agent. In the
research on tumor therapy, T cells are inevitably mentioned.
Studies have shown that T cells can kill tumor cells, but they
have the disadvantages of immunosuppression and a lack of
targeting. Nowadays, the use of immunotherapy to treat cancer
is becoming more and more possible. Due to the immune
escape mechanism of cancer cells, the application of immu-
notherapy can play a strong role in anti-tumor cells. MOFs can
be used as a delivery system to deliver proteins and other
substances in immunotherapy. Or they can be used as a part of
immunotherapy.'*® Lan et al. reported a metal-organic frame-
work material named Fe-TBP as a new type of nano-light
sensitizer. It can overcome the hypoxic condition of tumors
and make photodynamic therapy effective, thereby initiating
cancer immunotherapy for non-inflammatory tumors.**® Yang
et al. first prepared mesoporous organosilicon dioxide nano-
particles (MON) and then Fe** loaded MON (MOF), and finally
modified with HA and loaded with ICG to obtain IMOFH'
(Fig. 8B). In the acidic environment of tumors, Fe*" is released
and mediates oxidative cell death, which cooperates with ICG's
mild PTT effect to facilitate the release of tumor-related anti-
gens, thereby enhancing immunogenicity. In vivo experiments
further showed that mild PTT promoted IMOFH-mediated DC
maturation and CD8" T cell infiltration. This is an innovative
immunotherapy approach for TNBC tumors that combines the
catalytic oxidation damage of tumor cells by nano-drugs with
mild photothermal therapy, laying a solid foundation for the
combination of various treatment methods using MOFs in the
future.

50246 | RSC Adv, 2025, 15, 50233-50256

4.3 Synergistic therapy of PDT and PTT mediated by MOFs

Nowadays, the focus of cancer treatment has shifted from
cytotoxic non-specific chemotherapy to molecular targeted and
rationally designed therapies, which have shown higher efficacy
and fewer side effects.'”” Traditional chemotherapy has the
disadvantages of lack of targeting ability, systemic toxicity and
side effects. Moreover, most anticancer drugs are poorly soluble
in water. With the continuous progress of research, scientists
are no longer satisfied with a single treatment method, they
combine various treatment methods, hoping to play a greater
role in anti-tumor effect, and can reduce the side effects. The
construction of nano-targeted drug delivery system can not only
target high-dose chemotherapy to the target area, but also
preserve healthy tissues, overcoming the limitations of tradi-
tional chemotherapy.

PDT and PTT therapies are limited by the complexity and
hypoxia surrounding the tumor tissue in practical applications.
In order to overcome the limitation of hypoxia, Liang et al.
prepared nanoparticles FI@FM5 composed of ICG and Fe-MOF-
5, which showed good optical effects.*®* Experiments show that
Fe-MOF-5 not only has the best nano-enzyme activity, which can
promote the decomposition of hydrogen peroxide and improve
the hypoxic environment of tumors, but also has excellent
photothermal conversion efficiency, which can produce ROS
under the irradiation of 808 nm laser to play a role in PDT. The
improvement of tumor hypoxia environment can increase the
therapeutic effect of PDT and PTT, forming a virtuous circle. It
provides new ideas for the application of MOFs as important
carrier materials in the field of phototherapy by constructing
a relatively stable nano-targeted drug delivery system and
actively seeking to improve the tumor hypoxic microenviron-
ment. Lin et al. added the function of targeted fluorescence
imaging on the basis of regulating tumor hypoxic microenvi-
ronment**® (Fig. 9). ICG-PFH/MOF/DNA-Dox has the MOF as
the core, loaded with ICG and perfluorohexane (PFH), and
finally double-stranded nucleic acid (dsDNA) as the shell, which
encodes ATP aptamer and AS1411 aptamer and is anchored by
doxorubicin (Dox). ICG-PFH/MOF/DNA-Dox can not only

© 2025 The Author(s). Published by the Royal Society of Chemistry
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identify tumor cells to actively target and release Dox for
chemotherapy, but also exert PTT and PDT effects under laser
irradiation. In particular, the loaded PFH can be used as an O,
supply agent to alleviate the hypoxic environment of tumors.
This therapeutic platform that not only relives the hypoxic
environment, but also combines the therapeutic effect of tumor
treatment is surprising and worthy of subsequent reference.
Due to its effectiveness in promoting various catalytic reactions,
Wang et al. shifted their attention to single-atom catalysts
(SACs) by synthesizing a MOF P-MOF rich in porphyrin-like
monatomic Fe(m) centers.”® Based on the abundance of
single-atom Fe(ur) centers, P-MOF materials showed excellent
performance in regulating the hypoxic tumor microenviron-
ment of mouse HeLa cell tumors, while also demonstrating
their good performance as photoacoustic imaging (PAI)
reagents; the narrow band gap energy (1.31 eV) of P-MOF can
strongly absorb NIR photons, thereby causing a non-radiative
transition, thereby converting the incident light into heat and
playing a role in tumor PTT. In addition, under NIR irradiation,
a slight change in the central spin state of monatomic Fe(u) in
P-MOF converts coordinated triplet oxygen (*0,) to singlet
oxygen ('0,), thereby benefiting PDT. The experimental results
show that P-MOF plays a good role in PDT, PTT and tumor
photoacoustic imaging (PAI), and the experiment also proves
that single catalyst has great potential as a therapeutic platform
for the construction of MOFs.

Since drug therapy is hampered by adverse off-target effects
and uncontrolled release of therapeutic drugs, many efforts
have been made to ameliorate this problem. In 2021, Cai et al.
synthesized a nano-targeted drug delivery system Au@MOF-FA
by using gold nanorods as the core, growing MOFs shells on

© 2025 The Author(s). Published by the Royal Society of Chemistry

the outer side, and finally surface modified with folic acid***
(Fig. 10A and B). It is well known that Au can exert PTT effect,
and the porphyrin ligand in the MOF shell can produce ROS
under light conditions, thereby exerting PDT effect. Not only
that, the metal node Fe;O(OAc)s(H,0);" cluster of the MOF can
decompose H,0, and produce oxygen to improve the hypoxic
environment of tumors and enhance the dual effect of PDT/PTT
treatment. In addition, the folic acid modified on Au@MOF
surface can make the nano-drug delivery system accumulate at
the tumor site and increase the drug targeting. In 2022, Liu et al.
first used 2-methylimidazole and zinc nitrate to generate MOFs
material ZIF-8, then reacted with 2-methylimidazole, zinc
nitrate and DOX to generate DOX/Z nanomaterials, and then
adsorbed photothermal material ICG by electrostatic adsorp-
tion on the surface. Finally, FA-PEG was modified on the
surface of DOX/Z-ICG by coordination to form DOX/Z-ICG-FA
targeted nanodrug delivery system. In the synthesized DOX/Z-
ICG-FA, ZIF-88 will degrade in the acidic condition of the
tumor, releasing DOX to play the role of chemotherapy, ICG
plays the photothermal properties, and FA plays the targeting
property. The nano-systems can be taken up by tumor cells
through the endocytosis mediated by FA receptors, thereby
reducing the toxic side effects of the drugs.**> In 2024, GAO et al.
loaded the near-infrared dye IR-780 and the chemotherapy drug
Dox together onto the MOFs material ZIF-8. Due to the bone
marrow homing and homotypic targeting properties of the cell
membrane of multiple myeloma, the cell membrane of multiple
myeloma was encapsulated on the surface, forming a nano-
targeted delivery system D/INPs@CM'* (Fig. 10C). By exam-
ining the cellular uptake behavior of RAW264.7 and multiple
myeloma cells against D/INPs@CM, the authors demonstrated
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(A) Au@MOEF-FA Schematic diagram of the combined effect. (B) Schematic diagram of the temperature of the tumor site after illumi-

nation after different grouping, as shown in the figure, FA plays an excellent targeting role, so that Au@MOF-FA accumulates in the tumor site.**
Panel (A) and (B) reproduced from ref. 151 with permission from Royal Society of Chemistry, copy 2021. (C) Preparation process and specific

application mechanism of D/INPs@CM.*** Reproduced under a Creative

that the system had immune escape ability, reduced macro-
phage phagocytosis, prolonged circulation time and homolo-
gous targeting ability. By loading two drugs, IR-780 and Dox, the
system not only exerted the effect of chemotherapy, but also
played the role of PDT and PTT. In the authors' experiments, the
ROS level irradiated by NIR light was higher and the proportion
of dead cells in the staining of live and dead cells was greater. In
vivo experiments, the authors intravenously injected D/
INPs@CM and D/INPs into mouse controls to demonstrate
the targeting of multiple myeloma cell membranes to tumor
sites. The above practice exploits the characteristics of high
porosity, large surface area, and good biocompatibility of MOFs,
making them ideal carrier for targeted drug delivery. Secondly,
more efficient tumor-killing ability is achieved by introducing
the synergistic effect of PTT, PDT and chemotherapy. Finally,
targeted modification (such as folic acid modification) and bio-
simulation can improve the targeting of drugs and reduce side

50248 | RSC Adv, 2025, 15, 50233-50256
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effects. The constructed nano-targeted drug delivery system can
change the basic characteristics and biological activity of drugs,
stay in the blood circulation for a longer time, and ensure the
controlled release of drugs at a specified space and time.
Compared with 1-10 pm particles, nano-scale materials can be
integrated into the tissue system to promote cellular drug
uptake, achieve effective targeted drug delivery, and ensure that
the drug is effective at the target site.”***® The innovation of
materials is also a great effort for MOFs in tumor therapy. Deng
et al. focused their attention on a unique porphyrin derivative,
formaldehyde, which has been proven to have extraordinary
potential for phototherapy applications. Deng was the first to
report the unique phosphorus corrole-based MOFs, Cor(P)-Hf,
with a (3,18)-connected general topology, which is constructed
by Cs-symmetric dicarboxylic acid ester 3 linkers, 10-
fluorophenyl-5,15-diphenylphosphoric acid corrosive agent
(Cor(P)) and a peculiar D3,-symmetric 18-connected Hf;,-0x0

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cluster, and possesses stability.**® Not only that, they also mixed
Cor(Fe) or Cor(Cu) as secondary functional connectors based on
the mixed coro ligand MOFs Cor(P)/Cor(Cu)-Hf and Cor(P)/
Cor(Fe)-Hf were constructed by simple “one-pot” solvothermal
method, respectively. Furthermore, experiments show that
Cor(P)/Cor(Fe)-Hf can play a good synergistic treatment
method of PDT, PTT and CDT under laser irradiation in both in
vivo and in vitro experiments. Such a simpler and more
extendable experimental method and the innovation of experi-
mental materials with good properties in phototherapy will
continue to contribute to the establishment of anti-cancer nano
platforms for MOFs.

Nowadays, the nano-targeted drug delivery system built by
scientists no longer only meets the diagnosis or treatment of
diseases, but combines the purpose of diagnosis and treatment
to form a more promising system platform. In 2017, Liu et al.
synthesized template NMOPs containing Mn>* and IR825 and
then mixed them with Hf*" to obtain core-shell and codoped
Mn/HF-IR825 NMOPs."” In the nano-targeted drug delivery
system, each substance has its own function. For example,
Mn**, high Z element Hf*" and ligand IR825 are used as MRI
contrast agents, CT signal enhancement and radiation sensi-
tivity enhancement, and photothermal agent, respectively, to
play a role in tumor diagnosis and treatment. The MOFs
composite materials with imaging function created by the
authors not only provide high MRI active substances for
imaging purposes, but also provide the porosity of MOFs, which
provides a good storage capacity for the delivery of therapeutic
drug molecules, so that the diagnosis and treatment of diseases
are combined, and it opens up a good prospect for the subse-
quent biomedical development. It is worth noting that the
ability of MOFs to receive near-infrared (NIR) light absorption is
also very important when used as drugs. Li et al. synthesized
ultra-thin Cu-4(4-carboxyphenyl)porphyrin (Cu-TCPP) MOF
nanosheets by a simple solvothermal method.**® The experi-
ments show that the ultra-thin Cu-TCPP MOF nanosheets not
only have a strong NIR absorption ability, but also have good
photothermal properties and can produce singlet oxygen, which
plays an efficient role in the realization of PDT and PTT
combined therapy. Moreover, ultra-thin Cu-TCPP MOF nano-
sheets also have excellent performance in titanium-weighted
magnetic resonance (MR) imaging due to the unpaired 3d
electrons of copper. Li et al. constructed promising nano-
platforms that combine phototherapy with imaging to realize
a novel synthetic pathway for nanodrug delivery systems. In
parallel, Cheng et al. proposed an all-in-one nano-targeted drug
delivery system with tri-modality imaging-guided synergistic
PTT/PDT/CDT** (Fig. 11A-E). In Cheng et al, heating on the
basis of a mixed metallic Cu/Zn-MOF resulted in a hollow
porous structure with coexisting Cu™?* to achieve ICG loading,
and the subsequent heating treatment was used to integrate
Mn*" and MnO, in the presence of manganese(n) acetylaceto-
nate. Under the irradiation of laser, ICG can not only display
photothermal imaging and fluorescence imaging, but also play
the role of PTT and PDT. Mn**/Cu" react with H,0, in a pseudo-
Fenton-like reaction, generating cytotoxic ‘OH to enhance CDT,
while the decomposed oxygen can improve the oxygen demand

© 2025 The Author(s). Published by the Royal Society of Chemistry
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of ICG-mediated PDT. Cu®>/MnO, scavenges glutathione to
improve ROS based therapies, while the Mn>* formed are able to
“turn on” magnetic resonance imaging. The biosafety profile of
ICG is known to be excellent. This drug-free synergistic anti-
tumor strategy not only achieves high therapeutic efficacy in
normal tissues but also achieves low side effects for patients
receiving the drug. Therefore, this multi-metal MOF plays an
active role in the subsequent construction of a nano-drug
delivery system platform with a combination of multiple
methods, which not only improves the efficacy of tumor
therapy, but also reduces the side effects of patient treatment
and increases the happiness of patients.

Scientists often combine PTT, PDT, and chemotherapy,
which can enhance the therapeutic effect of tumors through the
complementation of multiple mechanisms. With the progress
of nanomedicine and precision medicine, more and more
combined targeted nano-drug delivery systems have appeared
in front of patients. This multimodal strategy is expected to
become an innovative treatment scheme for tumors, which
opens up a very broad prospect for the diagnosis and treatment
of tumor diseases.

5. Combining the MOFs response
mode with PDT and PTT

The targeted nanodrug delivery system can release the encap-
sulated drug when it receives a certain stimulus, which can
induce drug release at the expected site in a controlled manner,
providing a good idea for the development of new drug prepa-
rations. Carrier MOFs can respond to any change in environ-
mental conditions or signals by inducing changes in their
chemical composition or physical structure to form a triggered
response moiety.'® The stimuli received by trigger-responsive
MOFs can generally be divided into two broad categories:
internal stimuli and external stimuli.'**'** Internal stimuli
depend on various physicochemical properties of the trigger
site, including changes in intercellular pH, temperature, oxygen
content, and REDOX potential.'® The external stimuli
(magnetic field, electric current, light and heat) are used to
achieve the control and accurate regulation of drug release in
the nanodrug delivery system (Fig. 12). One of the most widely
used types MOFs in cancer treatment research is pH-responsive
MOFs.'"** Due to the high proliferation and glycolytic stimula-
tion of cancer cells, the pH value of the tumor microenviron-
ment (TME) is acidic, and the intracellular changes are more
significant. It is well known that the construction of dual-drug
loaded nano-targeted delivery system is a complicated matter.
Wu et al. cleverly took advantage of the feature that MOFs can
be covalently linked with drugs, and prepared CMMOP by using
Cu(n) and drug “Sawtooth” antibacterial inhibitor A4 (CA4) and
mitoxantrone (MIT) as precursors.'®® Cu(u) was used as a bridge
to connect and coordinate with the dual drug, and the total drug
load of the constructed nano-targeted delivery system could
reach 89%. At the same time, the coordination between Cu(u)
and drug is very stable under normal physiological pH. At pH
7.4, 37 °C, CMMOPs only released 6.4% of CA4 and 10.2% of
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(A) Schematic diagram of ICG@Mn/Cu/Zn-MOF@MnO, synthesis and its mechanism for combined diagnosis and treatment. (B) In vivo

magnetic resonance imaging images of tumor bearing mice after intravenous injection of ICG@Mn/Cu/Zn-MOF@MnO,. (C) Tumor growth
curves after treatment in different groups. (D) Mean tumor weight after treatment in different groups. (E) Changes in body weight of mice. The
mice were divided into: (1) normal saline group, (2) single laser group, (3) ICG + laser group, (4) hollow Cu/Zn-MOF group, (5) Mn/Cu/Zn-MOF@
MnO, group, (6) ICG@Mn/Cu/Zn-MOF@MnO, + laser group. As shown in figure (B), ICG@Mn/Cu/Zn-MOF@MnO, showed good disease
diagnosis ability. As shown in (C-E), ICG@Mn/Cu/Zn-MOF@MnO, has high tumor killing ability.*** Panel (A—E) reproduced from ref. 159 with

permission from John Wiley and Sons, copy 2021.

MIT for 48 h, but at pH 5.0, the cumulative release percentage of
CA4 and MIT increased to 90.2% and 93.2%, respectively, and
the burst release of both drugs was very sharp. This demon-
strated the advantage of its easy cleavage in the acidic tumor
microenvironment. The results show that CMMOPs exhibit
excellent anti-tumor effects in vitro and in vivo, with high drug

50250 | RSC Adv, 2025, 15, 50233-50256

loading and pH responsiveness, and have great prospects in the
targeted therapy of tumors. Similar to the pH response, the
scientists transferred the stimulation conditions to ions in the
human body. Ion-responsive MOFs are able to undergo struc-
tural or chemical changes when stimulated by specific ions,
such as phosphate ions. Wang et al. constructed a nanodrug

© 2025 The Author(s). Published by the Royal Society of Chemistry
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delivery system with high stability and phosphate stimulation
response.’®® The authors loaded cisplatin into the porous
ZrMOFs and coated the surface with a cross-linked PAC poly-
mer. After phosphate stimulation, the ZrMOFs etch, acceler-
ating the release of the drug trapped in the ZrMOF-PAC
nanoparticles. Therefore, Zr-based MOF is very sensitive to
phosphate buffered saline. The polymeric coating of ZrMOFs
enables ion-responsive MOFs to be both stable and physiolog-
ically stable for drug delivery. The temperature-responsive tar-
geted drug delivery system can cause changes in physical and
chemical properties according to the stimulation of ambient
temperature to achieve controlled drug release. In general, this
effect is achieved by ambient temperature modification and
mainly depends on the supramolecular interaction between
MOFs and other materials. Chen et al. encapsulated CP1@1
based on the polymers polyacrylamide (PAM) and polypyrrole
(PPy) to form a smart nanodrug delivery system.'®” PAM-PPy can
convert near-infrared (NIR) light energy into heat energy, and
through the stimulation of temperature, achieve drug release.
Compared with the explosive release, the release rate of PAM-
PPy@CP1@1 regulated by temperature is more stable, so that
the drug effect can be better played. This can be used as
a reference for the construction of nano-drug delivery system for
photothermal and photodynamic therapy. In the external
stimulation, the triggering condition that deserves attention is
the magnetic field. Due to their high magnetic behavior,
magnetically responsive nanomaterials have been applied to
construct nano-targeted delivery systems, and have played
a positive role in magnetic resonance imaging (MRI), magnetic
thermal therapy (MHT), magnetically responsive drug delivery,
etc., which have great potential in anti-tumor.’® Magnetic
nanomaterials (MNM) include nano-scale Fe-based magnetic
metal dopants or alloys, such as Fe, Co, Ni, Mn, Gd, magnetic
metal oxides and transition metal iron ore. Magnetically guided
anticancer targeted drug delivery is a unique strategy to
concentrate magnetic nano-targeted delivery systems at the
tumor site through magnetic force to improve the therapeutic
effect. Cao et al. constructed MOFS-based magnetic microrobot
population (MMRS).**® MMRS driven by magnetic fields play an

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

important role in anti-tumor cells due to their precise control,
good targeting and biological system compatibility. For the
construction of MMRS, the authors chose the one-pot method
to prepare magnetically inductive Fe@ZIF-8 nanoparticles with
high loading of the anti-tumor drug Dox. The results showed
that MMRS had a high drug loading capacity with a loading
efficiency of 68.73%. In addition, MMRS also had good swarm
configuration transformation: under the action of different
magnetic fields, MMRS could show chained, vortex and oval
swarms, and the movement direction of the swarms could be
flexibly controlled by adjusting the yaw angle of the corre-
sponding magnetic field. The vortex-like MMRSs can move
along a predetermined trajectory, showing excellent control and
adaptability. The construction of MMRS opens up a new way for
accurate and non-invasive targeted drug delivery. Photosensi-
tizers or PTCA have problems such as poor stability, transport
efficiency, insufficient release, and breaking through the
cellular microenvironment to reach tumor cells. Therefore, the
construction of responsive MOFs materials can better solve the
above problems, and the nano-sized drug delivery system can
better transport in vivo.

6. Challenges and application
prospects of MOFs in the treatment of
tumor diseases

Due to their unique structural plasticity, MOFs have become
one of the most promising material platforms in the field of
PDT/PTT. Compared with some organic and inorganic mate-
rials, MOFs can be easily modified into nano-targeted delivery
systems. The coating materials can simply be adsorbed from the
aqueous medium to the surface of the MOF, resulting in high
yield and good stability.””® MOFs effectively solve the bottle-
necks of traditional phototherapy drugs such as poor stability in
vivo, easy quenching, damage to normal tissues, and limitation
of hypoxia microenvironment. At the same time, MOFs support
multimodal image-guided personalized treatment. By precisely
regulating the pore size and surface functionalization of MOFs,
the specific response of MOFs to different tumor microenvi-
ronments can be realized. For example, according to the
hypoxic characteristics of tumor tissue, the design of MOFs with
oxygen release function can significantly improve the thera-
peutic effect of PDT. Secondly, the integration of multimodal
imaging and treatment is a key trend in the future development.
The high specific surface area and structural plasticity of MOFs
provide an ideal platform for loading a variety of functional
molecules. By integrating fluorescence imaging, magnetic
resonance imaging, and photoacoustic imaging, MOFs can not
only achieve accurate tumor localization, but also monitor the
treatment effect in real time.”* This strategy of integrated
diagnosis and treatment is expected to greatly improve the
accuracy and safety of treatment. In addition, the exploration of
combined treatment mode is also the focus of future research.
MOFs can be loaded with photosensitizers and photothermal
agents, and synergetic with chemotherapeutic drugs or immu-
nomodulators. For example, the combined application of
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MOFs-mediated PDT/PTT and immune checkpoint inhibitors
may significantly inhibit tumor recurrence and metastasis by
activating anti-tumor immune responses. This multi-
mechanism synergistic treatment mode will bring new break-
throughs in tumor treatment.

Nano-targeted DDS constructed by MOFs have been applied
from PTT or PDT therapy alone to combined application, but
their clinical application still faces many challenges. Nowadays,
the application of MOFs drugs is cautious and cautious. Most of
the metals used in MOFs synthesis are non-degradable, so the
well-known toxic metals such as lead, arsenic, chromium and
cadmium will cause inevitable damage to the body of patients.
Therefore, the proper selection of metal ions is very important
for the construction of nano-targeted delivery system. Moreover,
some solvents used to synthesize MOFs may remain in their
pores. During the experiment, we can only use drying, freeze-
drying and other methods to remove the solvents as much as
possible, but certain side effects do occur when applied to
patients. This requires us to choose the appropriate MOFs to
improve the efficacy and safety of conventional disease thera-
pies. At present, the synthesis process of MOFs is complex and
costly, which limits its large-scale application. Future research
should focus on the development of green and efficient
synthesis methods, while strengthening the biocompatibility
and long-term safety assessment of MOFs.

Future studies need to explore the safety, stability, targeting
and clinical transformation of MOFs to promote the wide
application of MOFs in tumor therapy.'”> Further optimization
is needed for the large-scale production and clinical translation
of MOFs. Through standardized production processes and
rigorous toxicological studies, MOFs are expected to move from
the laboratory to the clinic and become an important tool for
cancer treatment. With the development of biomedicine, the
preparation of safer, more effective and less side effects of
MOFs nano-targeted delivery system will have a broad prospect.

7. Conclusion

MOFs, as a novel class of porous crystalline materials charac-
terized by structural diversity and functional tunability, are
emerging as a pivotal advancement in the field of cancer pho-
totherapy, offering innovative solutions to the limitations in
therapeutic efficacy and safety associated with conventional
approaches. Their application in PDT, PTT and combined
therapeutic modalities provides a substantial theoretical foun-
dation and technical pathway for the development of efficient
and low-toxicity nano-targeted DDS. With ongoing optimization
of synthetic methodologies, enhanced biological safety profiles,
and refined strategies for multimodal synergy, MOF-mediated
phototherapy holds considerable promise for translation from
laboratory research to clinical application, thereby enabling
transformative progress in cancer treatment and positioning
itself as a highly promising therapeutic strategy in the era of
precision medicine.
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