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Despite consecutive efforts devoted to the establishment of innovative therapeutics for cancer control,
cancer remains as a primary global public health concern. Achieving controlled release of anti-cancer
agents may add great value to the field of oncology that requires the involvement of nanotechnologies.
Metal organic frameworks (MOFs) hold great promise in this regard owing to their unique structural
properties. MOFs can act as superior candidates for drug delivery given their porous structure and large
loading area, and can be prepared into anti-cancer therapeutics by incorporating stimuli-sensitive
components into the ligands or nodes of the framework. By combing through chemical and physical
features of MOFs favorable for onco-therapeutic applications and current cancer treatment portfolios
taking advantages of these characteristics, this review classified MOFs feasible for establishing controlled
anti-cancer modalities into 6 categories, outlined the corresponding strategies currently available for
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1 Introduction

Cancer still remains as a core public health threat worldwide, with
609 820 death incidences estimated in the United States in 2023
according to the latest cancer statistics.' Despite consecutive
reports on innovative anti-cancer strategies such as immuno-
therapies, the cancer recovery rate has not undergone a rapid
increase as a result of unresolved clinical impediments such as
unavoidable adverse effects and limited treatment efficacy. These
issues could be, at least partially, resolved if the drug release
profile was under appropriate control, leading to an unmet need of
bringing in interdisciplinary technologies such as nanomaterials.

Nanomedicine has received significant research interest in
the field of oncology due to its structural and functional diversity,
among which metal organic frameworks (MOFs) are of particular
attractiveness. MOFs, composed of organic linkers and metal
nodes, represent a novel class of crystalline porous materials
featuring large porosity, an extremely high surface area (typically
ranging from 1000 to 10 000 m> g~ '), tunable pore size (typically
0-3 nm, up to 9.8 nm) and flexible functionality.>* With these
biologically favorable characteristics, MOFs have gained exten-
sive and increasing attention as versatile systems for many
medical applications during the past two decades such as drug
delivery*® and onco-therapeutic agents.'>'* Specifically, MOFs are
ideal vehicles for delivering various agents due to their
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design for improved or expanded clinical anti-cancer applications.

adsorption characteristics empowered by their unique metal-core
hybrid and precise porous structure. The cargoes can be loaded
via surface loading (i.e., coordination through -COOH, -HSO3, —
PO,, or adsorption through electrostatic interaction, hydrogen
bonding, m-m stacking, etc.), pore loading (e.g., metal nano-
particles, photosensitizer, photothermal agents, etc.), covalent
binding (e.g:, -CHO, -SH, -OH, -NH,, -Nj, etc.) and the
confinement effect (e.g., proteins, nucleic acids, nanoparticles
larger than the pores) (Fig. 1), and the cargo-loading ratio can be
determined by the properties of the agents to be loaded such as
the molecular weight, hydrophilicity and size."*™® The cargo
release profiles can be easily tuned by functionalizing or tailoring
MOF-based drug carriers.”*"*® In addition, MOFs can directly
serve as anti-cancer agents in response to external stimuli for
controlled therapeutics if the ligands of the framework were
incorporated with bioactive species such as metal-porphyrins,
photosensitizers, photothermal agents and acoustically sensi-
tizing agents, or the nodes of the framework were designed to be,
e.g., Fe for magnetic therapy'®**'** (Fig. 1).

Despite some already existing reviews on MOFs for cancer
treatment that have classified MOFs in distinct ways such as by
the delivery cargo,” structural components,* and synthetic
approach,” we focused on controlled onco-therapeutics relying
on MOFs, and classified MOFs into 6 categories, ie., pH-
glutathione = (GSH)-responsive, = magnetism-
responsive, light-responsive, temperature-responsive, and
ultrasound-responsive, following their mechanisms of action.
Accordingly, we discussed the therapeutic potential of these
MOFs in functioning as the drug nano-carrier targeting tumor
cells and/or the tumor microenvironment (TME) taking

responsive,
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advantages of the acidity and redox properties of the targets, as
well as in acting as anti-cancer agents sensitive to external
physical perturbations. Via combing through current cancer
treatment portfolios taking advantages of the unique structural
features of MOFs for controlled drug delivery and anti-cancer
effect, we raised questions on understudied topics that may
lead to the establishment of innovative anti-cancer modalities
possibly revolutionizing the current cancer treatment paradigm.

2 MOF classification by mechanisms
of action

One of the key benefits of applying MOFs for cancer control is to
allow controlled release of anti-cancer agents under physical or
chemical stimuli such as pH, redox level, magnetic field, light,
heat and ultrasound, the outcome of which can be attributed to
the relatively weak coordination bonds formed between metal
ions and organic ligands within MOFs***” (Fig. 2).

2.1 pH-responsive MOFs

The dominant role of anaerobic fermentation reprograms the
metabolism of cancer cells towards abnormal lactate
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accumulation in the TME, known as one hallmark of cancers.?®
Besides, the pH of lysosomes and endosomes within tumor cells
are between 4.5 and 6.3.> Thus, pH-responsive MOFs may
release cargoes within tumor cells and their acidic TME milieu
for targeted therapeutics if the nano-framework could be
degraded under the acidic environment. This is perhaps the
simplest strategy for MOF-based therapeutic design for targeted
cancer control.

Drugs and ligands loaded onto MOFs generate covalent,*
ionic,** and hydrogen® bonds that are sensitive to pH.
Example bonds employed in MOF structural design include
ether,*® epoxy,* Schiff base,* and amide®® bonds, all of which
could be hydrolyzed in an acidic environment as a result of
charge reversal and electrostatic repulsion.*” For instance,
CAU-1, a porous hydrostable MOF, presented abundant -OH
and -NH, groups on the surface that was strongly and posi-
tively charged; CAU-1 exhibited excellent saturated adsorption
capacity of tinidazole (TNZ) (approximately 450 mg g )
attributable to the H-bond and electrostatic interactions, and
released TNZ molecules under simulated physiological
conditions that was controllable via adjusting pH of the
solution.*®
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Fig. 1 Structure of MOF and common strategies for loading MOFs with drugs and using MOFs as anti-cancer agents. (A) MOF structure. (B)
Common strategies for loading MOFs with anti-cancer drugs. There exist four common strategies, i.e., surface loading, pore loading, covalent
binding and confinement effect. In surface loading, drugs can be loaded via coordination and adsorption such as electrostatic interaction,
hydrogen bond or t—1t stacking; in pore loading, anti-cancer agents, gases or photosensitizers etc. can be encapsulated into the pores of MOFs;

in covalent binding, covalent binds can be formed via, e.g., -CHO, —=SH,

—OH, =NH,, —Ns; in confinement effect, anti-cancer agents with the size

larger than that of the pores can be incorporated. (C) Common strategies for using MOFs as anti-cancer agents. Anti-cancer agents can be

incorporated into MOFs as active ligands or active nodes.

Zeolite imidazolate framework (ZIF) is comprised of metal
ions (zinc or cobalt) and imidazolate linkers in tetrahedral
coordination surrounded by nitrogen atoms from the five-
membered imidazole ring serving as the bridging linker. ZIF
is advantageous over zeolites for drug design due to its more
flexibility for surface modification, higher porosity, larger
surface area, and higher stability.** Among members of the ZIF
family, ZIF-8 is commonly used to establish pH-sensitive drug
delivery systems due to its decomposability under the acidic
conditions.*®*' However, the conventional structure of ZIF-8
suffers from poor stability, low water solubility and short
blood circulation duration in vivo.*>** A plethora of studies have
devoted to resolve this problem. For example, by coating hya-
luronic acid (HA) on the surface of curcumin-carrying ZIF-8, Yu
et al. fabricated Cur@ZIF-8@HA that reduced curcumin release
from 32.4% to 30.6% at pH = 5.5 and further to 16.7% at pH =

© 2024 The Author(s). Published by the Royal Society of Chemistry

7.4 within 10 h as compared with Cur@ZIF-8, suggesting the
protective role of HA against early cargo leakage that may help
prolong the circulation time of the nanoparticle for minimized
side effects.**

Besides zinc-MOF, many other MOFs have been fabricated
into pH-responsive frameworks. For instance, Zhang et al.
proposed a syphilis mimetic TP0751-peptide decorated stem
cell membrane-coated copper-based MOF (TP-M-Cu-MOF) and
its use in delivering siRNAs for treating small cell lung cancers
metastasized to the brain; the pH sensitivity of this Cu-MOF
nanocomposite facilitated its endosomal disruption, and the
cell membrane coating enabled it with a good biocompatibility,
high blood-brain barrier transcytosis, and targeted brain tumor
cell uptake; the results showed that by encapsulating siATP7a,
this Cu-based MOF (siATP7a@TP-M-Cu-MOF) effectively
silenced the target gene and triggered cancer cell cuproptosis.*

RSC Adv, 2024, 14,12817-12828 | 12819
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Fig.2 Classification of MOFs for cancer treatment based on their mechanisms of action and current therapeutic modalities sensitive to external
stimuli. Most MOFs for controllable cancer treatment act as drug delivery vehicle and/or anti-cancer agent. Molecules with anti-cancer roles
such as chemotherapies, gases, peptides or nucleic acids can be loaded into MOFs that decompose (A) in cancer cells or (B) in the TME to release
its cargoes in a pH- or GSH-responsive manner, which is also named chemodynamic therapy or gas therapy. Bio-reactive species such as (C)
magnetic nanoparticles, (D) photosensitizers, (E) photothermal agents, and (F) acoustically sensitizing agents can be loaded or incorporated into
MOFs that take on actions in response to external physical stimuli such as magnetism, light, heat, and sound.

Wang et al. synthesized a cationic polymer (MV-PAH) and used
it to modify a newly designed pH-responsive Fe-MOF nano-
reactor (DOX@Fe-MOF@PEM); in this design, the poly-
electrolyte multilayer (PEM) disassembled in the acidic TME to
release doxorubicin (DOX) and MV-PAH, which improved the
anticancer effect of DOX by generating hydrogen peroxide
(H»0,) and catalyzing it to hypertoxic hydroxyl radical ("OH) in
the presence of intracellular Fe*>* (Fenton-like reaction).*® Yang
et al. proposed the use of a chitosan-coated Zn/Co-MOF as the
carrier of DOX and modified it with arginine-glycine-aspartic
acid functionalized gold nanoparticles (namely Zn-Co
ZIF@DOX-CS-Au-RGD,  abbreviated as ZD-CAR) for

12820 | RSC Adv, 2024, 14, 12817-12828

photothermal (PTT) in treating liver cancers; this nano-
composite was cleaved in the acidic TME to release DOX and
Co®" on accurate recognition of the tumor loci by RGD; while
Co>" catalyzed the conversion of H,0, to oxygen resulting in
alleviated tumor hypoxia, DOX induced cancer cell apoptosis,
and Au nanoparticles converted light energy to heat under 808
near-infrared (NIR) irradiation towards enhanced tumor cell
killing.*

2.2 GSH-responsive MOFs

Cancer cells typically have a higher redox level than their
healthy peers and are thus more sensitive to oxidative

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ra00375f

Open Access Article. Published on 19 April 2024. Downloaded on 2/9/2026 7:35:30 PM.

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

(cc)

Review

perturbation-triggered cell death. GSH is one of the most potent
anti-oxidant in cells, elevated level of which is typically associ-
ated with high cancer malignancy, tumor progression and drug
resistance.*® MOFs degradable under GSH or sensitive to high
levels of GSH can be used for treating advanced cancer cells. For
example, by loading the O,-producing prodrug (platinum®'-
diazido complex) into Cu®" carboxylate-based MOF (MOF-199)
followed by encapsulating it with TBD (an aggregation
induced-emission photosensitizer)-conjugated polyethylene
glycol, Wang et al. fabricated TBD-Pt(iv)@MOF-199, where MOF-
199 efficiently consumed intracellular GSH and released Pt(IV)
that generated O, on light irradiation, resulting in synergistic
image-aided photo-chemo therapy with desirable anti-cancer
efficacies yet mitigated side effects.*” Similarly, a Mn-based
multi-targeted GSH-sensitive drug delivery system was devel-
oped to reverse cisplatin (CDDP) resistance in ovarian cancers.
In this nano-carrier, Mn-based MOFs containing niraparib
(Nira) and CDDP alongside transferrin (Tf) conjugated to the
surface (i.e., Tf-Mn-MOF@Nira@CDDP), was developed, which
released Nira and CDDP in response to GSH; and Nira syner-
gized with CDDP in inducing cancer cell apoptosis that was not
achieved by using CDDP alone.® Some efforts have been
devoted to establish MOFs with dual sensitivities to both pH
and GSH. For instance, an Zr-MOF functionalized with
acetaldehyde-modified-cystine (AMC) was formed (Zr-MOF/
AMC) that successfully released methotrexate for treating
cancers under both acidic and/or high GSH conditions; the
mechanism was attributed to the hydrolyzation and broken of
the —-C=N- bonds of AMC under the acidic condition, and the
cleavage of AMC disulfide bonds (-S-S-) when encountering
thiols in GSH.>

2.3 Magnetism-responsive MOFs

Although acidic intra- and extra-cellular environments and high
redox sensitivity of transformed cells offer us some natural
properties for cancer targeting, pH- and GSH-responsive MOFs
may fail in some real clinical cases due to the highly personal-
ized features of these internal factors.* Physical external factors
such as magnetic field, light, heat and ultrasound may avoid
these problems as they are non-invasive, simple-to-use, and
easy-to-control.

Magnetism-responsive MOFs represent one solution to these
aforementioned issues taking advantages of external stimuli.*®
By transforming the magnetic field's external energy into the
mechanical force effect, magnetic heating effect, and magnetic
resonance signal amplification, magnetic nanoparticles (MNPs)
including magnetic-responsive MOFs can manipulate various
cell functionalities such as cell death, adhesion, migration and
differentiation.> If MOFs were encapsulated with anti-cancer
agents, they may function as both drug vehicles and MNPs
towards synergized anti-cancer effect. For example, by conju-
gating Fe;0, MNPs with MIL-88B-NH, MOF structures using
optimized synthetic media (which contains acetic acid as
a modulating agent and F127 co-polymer as a stabilizing agent),
Attia et al. successfully produced a well-controlled hybrid
magnetic nanocomposite; by loading carmustine and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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mertansine, two drugs against glioblastoma, into the pores of
this MOF nanocomposite, they achieved significant cancer cell
toxicity yet limited side effects.>

2.4 Light-responsive MOFs

Light-responsive MOFs can be fabricated by encapsulating
photosensitizers to the porous structures of MOFs, which take
on actions by transforming external light energies into internal
chemical or thermal energies, leading to the collapse of MOF
structures, the ignite of photodynamic (PDT) or PTT effects, and
their possible synergies.*”

Among the varied light sources, near-infrared II (NIR-II),
with the wavelength range being 1000-1700 nm, has been
extensively used for inducing MOF structure decomposition
given its superior biocompatibility and desirable penetration in-
depth.”® For example, by fabricating an NIR-II-photothermal
palladium nanosheet core and a porphyrin-palladium MOF
shell together (Pd-MOF) and loading it with large amount of
PdCO (carbon monoxide with singleton palladium), Yao et al.
created PA@PdCO-MOF that released CO after NIR-II photo-
activation and killed cancer cells through synergizing CO-based
cell cytotoxicity with PTT.”” Besides NIR-II, other light sources
such as ultraviolet light have also been used for inducing MOF
collapse which, although has excellent penetration in-depth
and MOF destabilization efficacy, are clinically irrelevant
given their devastating cell toxicity. To overcome this issue,
a recent study reported a MOF design responsive to green light
stimulation. Specifically, a UiO-AZB-F framework containing
4,4'-(diazene-1,2-diyl)bis(3,5-difluorobenzoic acid) (AZB-F) as
the linker (the core element responsive to green light induction)
and fluorinated azobenzene as part of the backbone, was
designed, which demonstrated controlled cargo release and low
cell toxicity.>?

2.5 Temperature-responsive MOFs

Temperature-responsive MOFs can be constructed by incorpo-
rating temperature-sensitive materials into the porous frame-
work of MOFs that take on actions in response to the change of
temperature.

Though functioning similarly with light-responsive MOFs,
little effort has been devoted to apply temperature-responsive
MOFs to fight against cancers. Current studies in this field are
largely limited to, e.g., enzyme immobilization, water capture,
and biocatalysis. Specifically, Qiao et al, modified the MOF
structure with a temperature-sensitive polymer poly(N-
isopropyl-acrylamide) (PNIPAM) through the linker dime-
thylvinyloxazolinone ~ (VDMA), and immobilized this
temperature-sensitive MOF on the P(NIPAM-co-VDMA) chains
to form polymer-MOF@enzymes-based nano-reactors. By
inducing the confinement effect and forming a soft nest at
a high temperature, this MOF provides a tailorable space for
immobilizing enzymes such as glucose oxidase, horseradish
peroxidase, trypsin, cytochrome ¢, and glutaminase.® Also
using PNIPAM as the temperature-sensitizer, Karmakar et al.
reported an in situ polymerization strategy that exhibited an
unprecedented temperature-controlled water capture and

RSC Adv, 2024, 14,12817-12828 | 12821
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release by incorporating PNIPAM into the cavity of a meso-
porous MOF, MIL-101(Cr).”® Chen et al. fabricated a tempera-
ture-responsive MOF, i.e., dimethylammonium zinc formate
([(CH3)NH,][Zn(HCOO);], DMZnF), and used it as a homoge-
neous catalyst to produce hydrogen from dehydrogenation of
N,N-dimethylformamide and H,O at 120 °C.*

2.6 Ultrasound-responsive MOFs

A single MOF has limited ultrasound sensitivity as a result of
rapid recombination of electron holes between its structures.
The responsiveness of MOFs can be effectively improved by
adding another semiconductor structure to form an interface
effect, which can substantially improve the sonocatalytic
performance of the nanocomposite by guiding electron transfer
and energy change. This would lead to reduced energy required
for oxygen activation, and oxygen attracted at an excited state in
response to ultrasound by gaining more electrons could rapidly
produce a large amount of reactive oxygen species (ROS) to kill
cancer cells.*"*

Ultrasound-responsive MOFs can be fabricated by incorpo-
rating acoustically sensitizing agents to MOFs. Pan et al
proposed a MOF-derived double-layer hollow manganese sili-
cate nanoparticles (DHMS) capable of generating ROS under
ultrasound irradiation, where the presence of Mn in DHMS was
the key for increased ROS yield.** Another study established
a defect-rich Ti-based MOF (namely D-MOF(Ti)) capable of
increasing ROS generation as compared with TiO, (a commonly
used sonosensitizer) taking advantages of its narrow bandgap
for improved ultrasound-triggered electron-hole separation; in
addition, D-MOF(Ti) exhibited the Fenton-like activity to enable
chemodynamic therapy due to the existence of Ti** ions; thus,
D-MOF(Ti) simultaneously induced the Fenton-like reaction
and ROS-triggered cell toxicity towards synergized onco-
therapeutic outcome and, importantly, was cleared out of the
body after completion of the treatment without showing any off-
target effect.®

Despite these aforementioned successes, massive ROS
generation and development of sonosensitizer systems including
the straightforward sound-sensitive devices remain challenging.

3 MOF-based therapeutics

3.1 MOF-enabled cell-targeting therapies

Targeted therapy refers to the use of drugs to precisely identify
and attack certain types of cancer cells. As MOFs can help
achieve controlled cargo release under, e.g., acidic or hypoxia
conditions, they can be used for targeted therapy once loaded
with drugs for, e.g., chemotherapeutics. In addition, MOFs can
help reduce the possible off-target effects of existing targeted
therapies and immunotherapies by adding another layer of
cancer-associated information, ie., distinct acidic or redox
levels from normal cells. Thus, with the aid of MOFs, the
concept of targeted therapy can be easily extended to other
treatment regimens such as chemotherapies and immuno-
therapies for improved therapeutic outcomes with reduced
adverse effects.

12822 | RSC Adv,, 2024, 14, 12817-12828
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MOFs carrying various chemotherapeutics such as dihy-
droanemisinine (DHA),** DOX,'”** 5-fluorouracil (5-FU),"”*
paclitaxel,®® CDDP,** and oridonin,” have been consecutively
reported for cancer treatment with improved therapeutic effi-
cacies. For instance, Yan et al. encapsulated DHA in a pH-
sensitive ZIF-8-based MOF (DHA@ZIF), and demonstrated its
superiority over free DHA in many anti-cancer indexes using
ovarian cancer as the tumor model.*® Ling et al. loaded DOX and
5-FU on the surface of upconversion nanoparticles (UCMOFs)
through the reactions of Schiff bases and electrostatic adsorp-
tion that showed enhanced cytotoxicity over UCMOFs@DOX
and UCMOFs@5-FU under acidic conditions, indicating
a successful pH-controlled release of both agents in tumor cells
by this nanocomposite.’”” A more complicated example con-
structed polydopamine (PDA)-cloaked pH-responsive Fe-based
MOFs loaded with p-arginine, glucose oxidase (GOX) and tira-
pazamine (TPZ). In this design, GOX catalyzed the conversion of
glucose and O, into "OH and gluconic acid, which blocked the
nutrient supply of cancer cells and generated additional cyto-
toxic “OH; MOFs collapsed in the acidic environment to release
TPZ and Fe*' that reacted with H,0, towards elevated ROS
production and cell killing; and the PDA coating was used to
graft folate bovine serum albumin for improved tumor site
targeting.”

Some MOF-enabled targeted therapies are also immuno-
therapeutics if the cells targeted were from the immune system.
For instance, Li et al. proposed a MOF-based lactate-catalyzed
chemodynamic approach to activate the genome editing of
signal-regulatory protein alpha (SIRPa«) for polarizing TAMs
towards the anti-cancer state. In this system, lactate oxidase
(LOX) and clustered regularly interspaced short palindromic
repeat-mediated SIRPa genome-editing plasmids were wrapped
together in a pH-sensitive MOF; on acidic pyruvate activation as
a result of LOX-catalyzed lactate oxidation, the genome-editing
tool was released to block SIRPa signaling that synergized with
lactate exhaustion towards promoted TAM M1 polarization.”

3.2 MOF-enabled TME-targeting therapies

The TME has been considered with critical roles in cancer
initiation and progression and been attracted lots of attention
in the design of onco-therapies. Due to the hypoxic condition of
the TME, efforts have been made to take advantages of the
decomposition feature of some MOFs under high GSH levels for
rewiring ‘cold’ tumors to the ‘hot’ state. For example, by
encapsulating the immunosuppressive enzyme indoleamine
2,3-dioxygenase inhibitor BMS-986205 and NO donor s-
nitrosothiol groups (SNAP) using a GSH-sensitive MOF, Du
et al. obtained BMS-SNAP-MOF that collapsed in response to
GSH, leading to the release of BMS-986205 and abundant NO
production; this synergistically resulted in increased CD8" T cell
infiltration and a decreased level of T regulatory cells.”

If Fe-based MOFs were used for targeting the TME, they are
likely to be called chemodynamic therapy (CDT). The anti-
tumor effect of CDT is largely dependent on the TME-
responsive Fenton or Fenton-like reactions that produce ‘OH
from H,0,. MOF-aided CDT outweighs traditional CDT in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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producing higher levels of H,O, for improved efficacies. For
instance, Rao et al. fabricated BSO&OXA@MOF-LR, using which
they significantly improved the survival rate of 4T1 tumor
xenograft mice. In this design, the chemotherapeutic drug
oxaliplatin (OXA) and buthionine sulfoxide amine (BSO)
capable of blocking GSH biosynthesis were loaded to a Fe-based
MOF coated with lipid bilayer (L) and edited RGD (R). While
BSO blocked GSH biosynthesis and OXA took on its anti-cancer
role, the L and R coating enhanced the tumor homing accuracy
of these nanoparticles.” As another good example, Gong et al.
proposed the use of B-lapachone (B-Lap), a substrate of quinone
oxidoreductase 1 (NQO1), in treating NAD(P)H: NQO1™&"CAT'*™
endometrial cancers. In this strategy, along with the absence of
NADH, NQO1 catalyzed B-Lap to produce excess H,0, that was
converted to highly active ‘OH by RGD-functionalized nMIL-100
(i.e., a Fe-based MOF sensitive to redox fluctuation) towards the
trigger of oxidative stress and death of NQO1™&" cancer cells.”
In another study, Li et al. created an GSH-sensitive Fe-based
MOF nanoreactor (DHA@MIL-101) and used it to load DHA
that was effectively accumulated in the TME to rewire TAMs
towards the anti-cancer M1 state.'® Also, another team devel-
oped an iron-doped folic acid (FA) modified ZIF-8 and loaded it
with GOX, r-Arginine (1-Arg), and DOX to obtain GLDFe/Z-FA,
which induced tumor starvation by consuming glucoses and
converting endogenous H,0, to "OH for CDT.”®

If encapsulated agents in MOFs were replaced with gas
signaling molecules such O,, H,S, NO, and CO, they are given
a new name, gas therapy.”” High concentration (uM to mM) of
NO and H,S have strong cytotoxicity and CO fights against
cancer cells due to its ability to reverse drug resistance and
increase the chemo-sensitivity of cancer cells.”®”® Gas molecules
are superior to chemical agents in being easily exhaled out of
the body due to their smaller size, more effective diffuse ability
across cell membranes and the blood-brain barrier, and less
likelihood of being accumulated in the body and causing
toxicity. However, gas molecules must be delivered under strict
supervision and control given their short life spans, high
dependence on concentration, and site specificity,*** where
MOFs may act as an ideal nano-carrier. By loading a biocom-
patible NO donor and 1-Arg to a Fe-based MOF, i.e., (PCN)-223-
Fe, Ji et al. fabricated 1-Arg@PCN-223-Fe that sustainingly
released r-Arg to react with Fe-porphyrin in PCN-223-Fe for
sufficient NO generation and drug resistance reversal at the
expense of "OH present in the TME.** In addition, peroxynitrite
(ONOO"), a highly active molecule with a significant anti-cancer
cytotoxicity, can be produced during the interactions between
NO and superoxide free radicals. Xia et al. developed a GSH-
responsive NO-generating nanosystem to boost ROS produc-
tion through GSH depletion and hypoxia relief. Specifically, they
wrapped nicorandil (Nic) into the porphyrinic MOF nano-
particles, and coated it with HA through electrostatical
adsorption to target cells over-expressing CD44 and prevent Nic
leakage. In this nano-system, Nic reacted with GSH to produce
NO towards improved O, supply and sufficient ROS production,
the generated NO reacted with "OH to produce highly reactive
ONOO™ that together with the residual "OH and NO killed
cancer cells.®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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3.3 MOF-based magnetic therapies

MOF-based magnetic therapy, here, refers to a therapy where
tumor killing is achieved by incorporating MNPs into MOFs and
exposing magnetism-responsive MOFs to an appropriate alter-
nating magnetic field (AMF) taking advantages of the magneto-
thermia effect.®* Specifically, an AMF was able to remotely
actuate the magneto-hyperthermia effects by increasing the
temperature up to over 43 °C, mainly attributing to the
magnetic energy released from Brown and Néel relaxation.® As
transformed cells are featured with disorganized vascular
network, they suffer from decreased convective cooling rate as
a result of reduced blood flow than their healthy peers, leading
to hampered ability in dissipating additional heat. This gives us
the opportunity to kill cancer cells taking advantages of the
differential sensitivity of transformed cells to heat that can be
created and controlled via imposing a magnetic field. Metals
used for MNPs design, once incorporated into MOFs, can be
applied for MOF-based magnetic therapies, which include, e.g.,
Fe, Mn, Mg, Ni, and their oxides. For example, Xiang, et al.
fabricated a MOF-derived porous Fe;0,@C nanocomposite and
used it to load DOX; the resultant Fe;0,@C-PVP@DOX signifi-
cantly decreased the tumor volume from 2.5 folds of the initio
volume to 0.44 and reduced the tumor weight from 0.49 g to
0.10 g without obvious damage to the normal tissues and organs
in vivo thanks to the combined anti-cancer effect of magnetic-
triggered hyperthermia and chemotherapy.®®

In addition, magnetic nanoparticles have been extensively
used for drug delivery due to their attractive properties such as
polarization under a robust magnetic force, high coercivity, and
non-toxicity, among others.*” For instance, a Fe-based MOF,
namely MIL-100(Fe), was used as the framework to fabricate
a magnetic and porous nanocarrier (namely MIL-100 (Fe)
@Fe;0,@8Si0,) for delivering celecoxib into HeLa cells.®®

MOF-based magnetic therapies can be coupled with tumor
imaging for diagnosis and/or monitoring with the aid of
magnetic resonance imaging (MRI). For example, by coating
a single hexagonal NaYF,:Yy,Er rare-earth-doped upconversion
nanoparticle (UCNP) core with an amino-functionalized Fe
carboxylate MOF shell, i.e., MIL-101-NH,, Li et al. obtained the
nanocomposite UCNP@Fe-MIL-101-NH, that was capable of
combining the NIR optical property of the Fe core and the T2
MRI property of the MOF shell for high-resolution targeted
luminescence imaging as demonstrated both in vitro and in
vivo.*

3.4 MOF-based photodynamic therapies

PDT refers to a minimally invasive treatment modality using
photosensitizers that, after being excited by light at a specific
wavelength, reacts with O, to generate ROS in the targeted loci
for cell killing. Due to the localization of photosensitizers in the
tumor lesions and precise light irradiation, PDT has a greater
specificity against transformed cells than canonical approaches
such as chemotherapies.

Photosensitizers can be either loaded on MOFs through pore
loading or be incorporated into the ligands of MOFs. For
instance, by loading a porphyrin-derived bridging ligand into
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the cavities of a UiO-66 (Hf) MOF, Lu et al. obtained a Hf-
porphyrin MOF that acted as an effective photosensitizer for
PDT against head and neck cancers with reduced likelihood of
gaining aggregation and self-quenching due to MOF-enabled
particle isolation.”® On the other hand, by incorporating the
pre-designed ligand, ie., carboxyl-functionalized diiodo-
substituted BODIPYs, into the ligand structure of a UiO-66
MOF through solvent-assisted ligand exchange, Wang et al.
obtained a BODIPY-immobilized zirconium-based MOF with
desirable biocompatibility and sufficient singlet oxygen (*O,)
generation for cancer cell killing.”

MOF-based PDT can also synergize with other treatment
modalities for enhanced therapeutic. For example, combing
PDT with CDT through MOF has shown great therapeutic
potential.”” Yang et al developed lanthanide-doped nano-
particles (LDNPs) coated with Fe/Mn bimetal-doped ZIF-8 (i.e.,
LDNPs@Fe/Mn-ZIF-8) for NIR-II imaging-guided synergistic
PDT/CDT. The LDNPs were synthesized by functionalizing
aYb**/Ce*"-doped active shell on the NaErF4:Tm core to achieve
dual-mode red upconversion and NIR-II downconversion
emission in response to NIR irradiation. The dual doping of
Fe*"/Mn** considerably decreased the bandgap of the ZIF-8
photosensitizer, leading to the expansion of ZIF-8 excitation
spectrum to the visible light region. In addition, Fe**/Mn*" ions
produced -OH via the Fenton/Fenton-like reactions to amplify
the cell killing effect of PDT once released in the TME on MOF
degradation.*

3.5 MOF-based photothermal therapies

PTT is a cancer treatment approach capable of inducing cancer
cell death by heat generated in the tumor tissue on NIR light
exposure.®® A variety of photothermal nanomaterials have been
embedded into organic ligands for improved anti-cancer
performance that can be classified into three main categories
according to their chemical compositions and structures, ie.,
metal-doped MOFs, organic-doped MOFs, and polymer-coated
MOFs.

Metal-doped MOFs refer to MOFs formed by doping with
metal nanoparticles. Photothermal agents (PTAs) with core-
shell nanostructures can be loaded on MOFs in this manner.
The surface of these hybrids can be easily edited to endow the
PTA/MOF with diversified functionalities such as chemo-
photothermal therapy and controlled drug release. For
example, AUNP@ZIF-8 has been used for PTT to resolve the
issue of gold nanoparticle (AuNP) aggregation in cancer treat-
ment in vivo. Tang et al. improved the photothermal effect of
AuNP®@ZIF-8 under NIR irradiation by modifying the surface
structure of AuNPs for enhanced stability that allowed them to
be heated up to 54 °C in 5 min under the 808 nm NIR laser.*

Organic-doped MOFs are comprised of organic compounds
and MOFs, the connection of which is primarily mediated by
polymers through covalent or coordination bonds. While metal
ions represent the core for reactions, organic compounds
provide the space framework of MOF. One type of MOF
belonging to this class is ultrathin Cu-TCPP MOF nanosheet
that were reported to have a better photothermal conversion
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rate than solid photothermal materials due to a larger surface
area and faster conversion rate.®® Nanosheets of this kind
include, e.g., graphene oxide, black phosphorus, germanium,
boron, metal oxides, and transition metal sulfides.”®*® It has
been reported that Cu-based nanosheets exhibited NIR light
absorption properties under 808 nm laser irradiation and
possessed ultra-thin structures, allowing them with a broad
spectrum and strong light absorption intensity for converting
laser energy into heat.

Polymer-coated MOFs refer to MOFs coated by photothermal
polymers. Polypyrrole (PPy) and PDA are versatile coating
materials commonly used for MOF surface modification for PTT
given their strong and wide NIR absorption range. Lin et al.
reported a PPy-coated Fe-soc-MOF that showed a stronger
absorption than Fe-soc-MOF under NIR 808 nm irradiation, and
the absorption intensity increased with the increase of Fe-soc-
MOF@PPy concentration.®” Besides, MOFs including, e.g., ZIF-
8, MIL-101, and UIO-66, once functionalized with PDA, have
been reported to be successfully used for PTT.*®

There also exist strategies to improve PTT via innovative
hybridizations. For instance, it has been proposed that photo-
thermal bacterium (PTB) possessed superior photothermal
properties under NIR irradiation; by hybridizing ZIF-90 encap-
sulating photosensitizer methylene blue (ZIF-90/MB) on the
surface of living PTB, Chen et al. observed enhanced PTT as
a result of the accurate release of MB by ZIF-90/MB at mito-
chondria and the production of 10, under NIR illumination.2®

3.6 MOF-based sonodynamic therapies

Sonodynamic therapy (SDT) is a sonosensitizer-mediated tech-
nology under ultrasound irradiation developed on the basis of
PDT.*” Ultrasound has an extraordinary capacity to penetrate
into the target spots with minimal damages to the surrounding
healthy tissues.'*>*** While high-intensity ultrasonic irradiation
functions similar to PDT that can completely ablate tumors by
causing hyperthermia, low-intensity ultrasound irradiation can
generate non-thermal biological impact on cells.’® The most
prevailing theory attributes the sonodynamic effect to ROS
generation, where 'O, was considered to be responsible for
SDT-induced cytotoxicity.'***** Similar to PDT, SDT is fast, non-
invasive, repeatable, and has low toxicity. It outweighs PDT and
may somehow be a complementary technology of PDT in being
capable of penetrating through deep tissues.”” Introducing
MOFs to SDT can augment the sonodynamic effect given their
large porous structures and superior sonosensitizer-loading
ability. The most prevailing way of utilizing MOFs for SDT is
to construct MOF-based sonosensitizers; these include MOFs
having sonodynamic effects, MOFs loaded with organic sono-
sensitizers, and MOFs carrying inorganic sonosensitizers.
There are three primary preparation strategies for preparing
MOF-based sonosensitizers, i.e., encapsulation, integration,
and derivation, among which the most natural way is to simply
encapsulating intrinsic sonosensitizers into MOF materials.
Zhang et al. fabricated hypoxia-responsive sonosensitizer by
loading Ce6 to a Cu-MOF (Cu>* coordinated with azobenzene-
4,4-dicarboxylic acid).”® Once entering the TME, Cu-MOF
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rapidly degraded and released Cu®" and Ce6; internalized Cu**
reacted with local GSH and was reduced to Cu’, which then
reacted with endogenous H,0, to produce "OH through the
Fenton-like reaction; released Ce6 further mediated SDT under
ultrasound irradiation, leading to effective killing of MCF-7 cells
in a minimally invasive manner.”” Similarly, Huang et al. ob-
tained a TME-responsive sonosensitizer by mixing hypoxia-
triggered Cu-MOF with an azo initiator AIPH.'™ Given the
constituent similarity between sonosensitive metalloporphyrin
and MOFs, MOF-based sonosensitizers can be prepared
through the direct integration. TCPP, a typical sonosensitizer, is
a common candidate for constructing MOFs. Zhang et al.
synthesized monodispersed Ti-MOF nanoparticles for SDT by
coordinatively assembling Ti*" and TCPP.'* Xu et al. synthe-
sized spherical-like Zr-MOF, namely PCN-224, through the sol-
vothermal reaction between zirconyl chloride octahydrate and
TCPP."” MOFs can also be used as a precursor or template to
directly or indirectly derive sonosensitizers. Using this strategy,
Liang et al. prepared the sonosensitizer NH,-MIL-125(Ti), and
fabricated defect-rich D-MOF(Ti) with enhanced sonosensitiz-
ing activity by hydrogenating NH,-MIL-125(Ti).** Cao et al
prepared TiO,/C sonosensitizers through pyrolysing MIL-
125(Ti) in the air.'*®

4 Toxicological characteristics of
MOF-based therapeutics

One inevitable yet critical issue that MOFs face is toxicity due to
their nano-sizes. The small sizes of nanoparticles enable them
to penetrate through physiological barriers, leading to impaired
organ functionality as a result of abnormal deposition. In
addition, MOFs, once internalized by cells, can mediate toxic
effects vig, e.g., disturbing the integrity of membranes of cells or
organelles, interfering with the cellular metabolic processes,
producing detrimental reactive oxygen and nitrogen species,
and triggering the immune responses.'* Actually, it is desirable
to delivery toxicity to transformed cells once MOFs were inter-
nalized by cancer cells as a cancer treatment approach; thus,
accurate tumor targeting and prevention against early leakage
are relevant issues to be considered for minimized adverse
effect in the design of MOF-based therapeutics.

Accordingly, we group factors affecting the distribution,
absorption, metabolism and excretion of nanoparticles into two
non-mutually exclusive categories following the primary
contributions they make to the possible adverse effects caused
by MOF-based therapeutics. In specific, we group factors largely
affecting the distribution of nanoparticles such as size,
agglomeration, metal core, and shape together and name them
as ‘tissue toxic factors’; and categorize factors primarily influ-
encing cargo release and cell targeting such as chemical
stability and surface coating together and name them as ‘cell
toxic factors’.

4.1 Tissue toxic factors

As nanoparticles with sizes ranging from 15 to 200 nm can last
for a relatively long period in the circulatory system that enable
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them to generate any possible harm to the body, MOFs with the
sizes fell into this category are typically considered to be toxic.
Large nanoparticles, i.e., with the sizes being >200 nm, are
relatively less toxic as they can be detected by the immune
system and removed from the blood circulation system. Very
small nanoparticles (<5-15 nm) are also less toxic given that
they can be directly excreted through the kidney via renal
filtration.

Nanoparticle agglomeration is associated with increased
particle size and thus affects the potential toxicity of a given
MOF. One example of toxicity caused by nanoparticle aggrega-
tion is the formation of embolism. Instead of examining the
agglomeration potential, one can evaluate the colloidal stability
of a given nanoparticle. That is, if a MOF has a good colloidal
stability, it is less likely to be toxic due to its unaltered size as
a result of homogeneous dispersion in the biological fluids.

The toxicity of a MOF is associated with the type, oxidation
state and percentage of its metal core. Very often, the high
toxicity of metals (especially heavy metals) is caused by their
inability to be biologically degraded and involvement in some
essential cellular metabolic processes.

MOFs can be of different shapes such as cube, sphere,
tetrahedron, octahedron, and nanocage. As shape can affect the
bioactivity, transport, distribution and elimination of a MOF by
influencing many of its other features, it is difficult to assess the
possible hazardous effect of a given MOF by solely assessing this
index.

4.2 Cell toxic factors

The targeting efficacy of a given MOF can be affected by its
surface coating, which refers to the protein corona formed on
the surface of a given nanoparticle as a result of the adsorption
of macromolecules such as proteins and lipids."*® Surface
coating can affect the targeting efficacy of a given nanoparticle
by interfering with its interactions with cell surface and
reducing the amount of MOFs reaching the tumor site via
triggering strong complement activation. Surface coating is
affected by many ‘tissue toxic factors’ such as the size, with
a smaller particle size being associated with a higher level of
surface area and a greater proportion of atoms being exposed to
the cellular environment.

Early leakage of anti-cancer agents due to the chemical
instability of a given MOF may lead to insufficient tumor tar-
geting and, correspondingly, toxicity to the healthy cells. Among
the varied factors affecting the chemical stability of MOFs, the
varied pH values of the different locations in the human body
have a huge impact, imposing a great challenge to the design of
pH-sensitive MOFs. The strength of the coordination bonds
between the metal core and organic linkers can be estimated
according to the hard and soft acids and bases principle. In
specific, hard metals such as Ti*", Fe**, Cr’" and zr*", form
stable bonds with hard linkers such as carboxylates; soft metals
such as Zn** and Cu®" form stable bonds with soft linkers such
as imidazolates, pyrazolates, and triazolate. While a more acidic
environment triggers the decomposition of MOFs based on soft
constitutes by fostering the competition between metal ions
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and protons for the binding with the organic linker,"* a more
basic environment enables the degradation of MOFs based on
hard components by initiating a successive replacement of
organic linkers by hydroxide ions.'**'* Another critical factor
influencing the chemical stability of MOFs is the nuclearity of
their inorganic building unit. For instance, ZIF-8(Zn) is stable at
pH >6, MOF-74(Zn) only starts to decompose when pH drops to
3,"* and UiO-66(Zr) and NU-1000(Zr) are highly stable attrib-
uting to the high nuclearity of their Zr6-metal clusters."*

5 Conclusion

Given the high flexibility of MOFs in surface modification and
the relatively weak coordination bonds formed between metal
ions and organic ligands, MOFs can be designed for controlled
drug release in response to various external stimuli such as pH,
redox level, magnetic field, light, heat and ultrasound, which
means that they are stable unless being exposed to the corre-
sponding stimuli. This holds a great promise in the biomedical
sector for, e.g., therapeutic design, as these MOFs may not only
act for targeted drug delivery but also add flexibilities to
a plethora of cancer treatment strategies such as magnetic
therapy, PDT, PTT and SDT. Importantly, these MOFs make
therapeutics targeting tumors, the TME, or both possible and in
a controlled manner. So far, physical stimuli such as magne-
tism, light, heat, sound have all been successfully utilized in the
control of MOF-based cargo release, would it be also possible
that other sources of stimulus such as electricity function as
well? In addition, cold atmospheric plasma (CAP), a fourth state
of matter capable of generating various reactive oxygen and
nitrogen species, has demonstrated its unique selectivity
against cancer cells (i.e., specifically killing transformed cells
without harming their healthy peers). Would this innovative
form of stimulus (i.e., oxidative stimuli) be able to trigger MOFs
to collapse for cargo release or to create any other sort of anti-
cancer synergies with MOFs? These are all interesting topics
that may initiate novel research directions in the nano-field and
possibly lead to the generation of innovative techniques for
effective cancer control.
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