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ABSTRACT

Biological nanotechnologies based on functional nanoplatforms have synergistically
catalyzed the emergence of cancer therapies. As a subtype of metal-organic frameworks
(MOFs), zeolitic imidazolate frameworks (ZIFs) have exploded in popularity in the field
of biomaterials as excellent protective materials with the advantages of conformational
flexibility, thermal and chemical stability, and functional controllability. With these superior
properties, the applications of ZIF-based materials in combination with various therapies
for cancer treatment have grown rapidly in recent years, showing remarkable achievements
and great potential. This review elucidates the recent advancements in the use of ZIFs
as drug delivery agents for cancer therapy. The structures, synthesis methods, properties,
and various modifiers of ZIFs used in oncotherapy are presented. Recent advances in
the application of ZIF-based nanoparticles as single or combination tumor treatments
are reviewed. Furthermore, the future prospects, potential limitations, and challenges
of the application of ZIF-based nanomaterials in cancer treatment are discussed. We
except to fully explore the potential of ZIF-based materials to present a clear outline
for their application as an effective cancer treatment to help them achieve early clinical
application.

© 2025 Shenyang Pharmaceutical University. Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

tumors and may cause severe side effects, including damage
to healthy tissues, multidrug resistance (MDR), systemic
toxicity, and complications [2]. The establishment and

Malignant tumors pose a major hazard to human health,
causing millions of cancer deaths each year [1]. Traditional
monotherapies such as surgery, chemotherapy, and
radiotherapy have limited efficacy in treating malignant
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development of nanotechnology in conjunction with other
treatments has provided new cancer therapy concepts.
Emerging nanocarriers, such as liposomes [3], quantum
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dots [4], inorganic mesoporous silica [5], metal-organic
frameworks (MOFs) [6,7], and metal nanoparticles (NPs)
[8], have been applied in preclinical or clinical studies of
cancer therapy. These carriers improve the aqueous solubility,
absorption, bioavailability, stability, and retention time of
therapeutic agents in vivo. However, unmodified liposomes,
quantum dots, inorganic mesoporous silica, and metal NPs
do not exhibit stimuli-responsive release. In addition, to
ensure the colloidal stability of inorganic NPs, an organic
surface coating is generally required to avoid the adsorption
of organic molecules on their surface [9].

MOFs with easily designed skeletons and adjustable
pore sizes could be combined with liposomes, mesoporous
silica, and metals via physical or chemical encapsulation
to optimize nanomaterials by combining their advantages.
Controllable nanocargos with high efficiency, low toxicity,
and no or minimal side effects are being developed to treat
malignancies. With the accomplishments of nanotechnology
based on the enormous potential of nanocarriers in cell
imaging and cancer treatment, nanocarriers, especially
zeolitic imidazolate frameworks (ZIF)-based nanomaterials,
will find more advantageous selection and amplification in
the future.

As nanocarriers, MOFs are becoming increasingly
prominent in industry and biomedicine due to their unique
advantages, such as flexible synthesis, adjustable aperture,
controllable dissociation, etc. [10]. MOFs are ordered porous
coordination compounds consisting of metal ions or clusters
interconnected with organic bridging ligands that are being
developed to treat malignant tumors and have undergone
remarkable development. ZIFs are a subgenus of MOFs
and are composed of metal atoms and imidazolates. ZIFs
exhibit extraordinary structures and high thermal and
chemical stability [11,12]. Their tunable pore size makes
molecular diffusion or mass transfer and the loading of
large cargoes adjustable. Furthermore,
passive targeting and retention over prolonged periods are
realized via enhanced permeability and retention effects [13].
Equipped with these attractive properties, ZIFs maintain the
activities of biomolecules, reduce early leakage, and function
with high agent loading and controllable drug release kinetics
while avoiding immune clearance.

As one of the most representative types of ZIFs, ZIF-8 can
degrade in a slightly acidic environment. The ZIF-67 core can
offer more active reaction sites, and then the central Co%*-
catalyzed hydrogen peroxide (H,0,) decomposes to produce
more O, and relieves tumor hypoxia [14]. Nanoscale ZIF-
90, self-assembled via Zn?* and imidazole-2-carboxaldehyde
(2-ICA), is ATP-responsive and can be decomposed by an
ATP-trigger, allowing it to target mitochondria [15]. With
these properties, ZIFs have been considered for numerous
applications, including catalysis [16,17], gas separation [18],
sensing [19], and as biomaterial nanocarriers [20]. ZIFs have
shown considerable potential in nanomedicine in recent
years, especially in tumor nanomedicine treatment. Through
rational design, ZIFs have been widely used to diagnose and
treat malignant tumors in cell or animal models and have
achieved remarkable results.
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Fig. 1 - Schematic illustration of the use of ZIF-based
nanomaterials in cancer treatment, including their
synthesis, modification, and major tumor therapeutic
applications.

With the rapid development of nanotechnology, especially
the use of MOFs in tumor therapy, it is necessary to review and
summarize their application in treating malignant tumors.
The previous reviews mostly focused on a specific MOF or its
application in a particular field, such as the biomedical use of
MOF in DNA enzymes [21] or the use of ZIF in the treatment
of breast cancer [22], or they classified and discussed different
types of MOFs [23]. However, a comprehensive review of the
use of ZIFs for antitumor therapy has not been performed
over the past 2 years. This review highlighted the synthesis,
properties, modification, and antitumor applications of ZIF-
based nanocomposites in the antitumor field. The different
stimulus responses and ionic and organic ligand properties
of ZIF-based nanocomposites, including NPs (ZIF-7, ZIF-8, ZIF-
67, ZIF-82 and ZIF-90 NPs), were systematically summarized.
ZIFs can be modified by polymers, cell membranes, or
targeted ligands. Herein, the current advancements in the
use of different ZIFs in cancer therapy are outlined. As
nanocarriers, ZIFs have been used mainly for chemotherapy,
phototherapy, immunotherapy, chemodynamic therapy (CDT),
starvation therapy, etc. (Fig. 1). First, a summary of ZIFs and
their modifications in oncotherapy, including their structures,
production techniques, and characteristics, is provided. Then,
the potential of ZIF-based nanomaterials in cancer treatment,
as well as any potential flaws or challenges, are recapped
and discussed. Based on this review, it is expected that
the potential of ZIF-based nanomaterials can be maximized,
which paves the way for effective cancer treatment, the future
development direction of ZIF-based nanomaterials can be
determined, and safe and effective clinical applications can
be realized as soon as possible.
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Fig. 2 - Schematic diagram of the preparation method for ZIFs. (A) Schematic of the microfluidic synthesis of
ZIF-DOX/RA@DG. Reproduced from [25]. Copyright 2022 Wiley. (B) Schematic of the mechanochemical synthesis of POMcZIF
composites. Reproduced from [26]. Copyright 2014 Royal Society of Chemistry. (C) Schematic of the synthesis of HP-ZIF-8 via
a spray drying system. Reproduced from [27]. Copyright 2022 Royal Society of Chemistry.

2, Synthesis, drug loading and properties of
ZIFs

ZIFs are grown from M(Im)s tetrahedra (M: Zn?* or Co?*,
Im: imidazolate) constructed by copolymerization between
an imidazolate linker and cations [24], in which imidazolate
bonds are connected by N atoms and provide tunable
nanoscale ZIFs [11]. In this section, the synthesis methods
of ZIFs and further comparisons of different encapsulation
methods are presented. Furthermore, two main methods of
cargo loading, the in situ encapsulation method and ex situ
encapsulation, are discussed.

2.1.  Synthesis and properties of ZIFs

Various strategies have been employed for constructing ZIF-
based hybrids for cancer therapy, including solvothermal
synthesis [28], the normal temperature stirring method
[29], microfluidic synthesis [25,30], ultrasonic synthesis [31],
mechanochemical synthesis [26], and spray drying [27].
Microfluidic synthesis, mechanochemical synthesis, and
spray drying provide efficient and gentle preparation methods
for ZIFs (Fig. 2). As drug carriers, synthetic conditions must
be considered to avoid structural damage or degradation of
molecules such as pharmaceuticals, enzymes, and nucleic
acids. Integrated microfluidic synthesis precisely manipulates
reactions on a micrometer scale and reduces the overall
synthesis time [32]. Compared with solvothermal synthesis,
mechanochemical synthesis improves the maximum uptake
of some stable drugs by ZIFs [26]. Spray drying offers
the apparent advantages of size control and high loading
efficiency, but it also has the disadvantages of low thermal
efficiency and a high initial installation cost [27]. Solvent-
based static processes, especially ambient stirring techniques
with green solvents, are increasingly popular in the cancer
therapy field for ensuring human biosafety. The synthesis
conditions of the ambient stirring method are simple
and maneuverable with no requirement for additional
instrumentation [33]. This method avoids the instability

or functional inactivation of the loaded drugs under high
temperature, pH or light [34-36].

The morphology, pore size and particle size of ZIFs are
affected by the synthesis conditions such as synthetic
methods and properties [37]. Controllable ZIFs can be
compounded by mixing metals, organic solvents, modulators,
and templates [38]. The synthesis and characterization of
nanoscale ZIFs were originally reported in 2009 [39]. ZIF-
8 is one of the most representative ZIFs and comprises
zinc nitrate (Zn) hexahydrate and 2-methylimidazolate
(2-MIM). As reported, the formation of ZIF-8 includes four
processes: nucleation, crystallization, growth, and stationary
periods [40]. Organic ligands are less water soluble than
ionic precursors, and hydrogen bonds between solveznts
and precursors could interfere with nucleation [41]. ZIF-
8 is synthesized by changing the ratios of ingredients,
solvent types [such as methanol, deionized water, or
N,N-dimethylformamide (DMF)], dosages, reaction times,
surfactants, and temperatures [42]. When mixed in a
methanol solution at room temperature, the molar ratio
of 2-MIM to Zn(NOs3),-6H,0 affects the basic characteristics of
ZIF-8, such as crystallinity, particle size, and porosity [43]. The
average particle size of ZIF-8 decreased upon increasing the
synthesis temperature [42] or 2-MIM/Zn molar ratio within a
certain range [43]. Within certain bounds, increased pressure
could increase the volume of ZIF-8 [44]. ZIF-8 is resistant to
hydrolysis due to the hydrophobic apertures of ZIF-8, together
with the strong bonding between the physical shielding of
Zn?t by four tetrahedrally coordinated 2-MIM linkers. The
ZIF-8 framework is pH- and singlet oxygen (0,)-responsive.
Zn?* and imidazolate ions could dissociate at an acidic pH
[28,45], allowing the ZIF-8 framework to disintegrate and
release cargos in an acidic environment while remaining
stable under neutral or alkaline conditions, such as prolonged
soaking in aqueous NaOH (8 M) at 100 °C [46].

The phototriggered 0, could oxidize imidazole. This
photosensitizer generates 10, and subsequently converts
imidazole to urea under light irradiation, leading to a dramatic
increase in particle size and rapid cargo release [47]. ZIF-
82 is composed of Zn?*, 2-nitroimidazole (2-nIm), and 1H-
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Table 1 - Summary of the synthesis of ZIF-based NPs for cancer therapy.

MOF type Metal ions or Organic ligands Solvent Temperature Stimulate Refs.
clusters

ZIF-7 Zn%* Benzimidazole DMF Room temperature pH [53]

ZIF-8 Zn%t 2-MIM Methanol, ethyl Room temperature or  pH, *0,, ultrasound [29,47,54,55]
alcohol, deionized heat sonication
water, DMF, or DEF

ZIF-67 ok 2-MIM Methanol, deionized =~ Room temperature or pH [14,29,56,57]
water, or DMF 0°C

ZIF-82 Zn%+ 2-nIm, cnlm DMF Room temperature or  pH, hypoxia, UV, X-ray  [48-50]

heat
ZIF-90 Zn%+ 2-ICA DMF Room temperature pH, ATP [15,58]

imidazole-4-carbonitrile (cnIm). The framework of ZIF-82 may
cause nitro-nitrite isomerization under UV or X-ray irradiation
[48,49]. The organic ligand of ZIF-82 acts as an electrophilic
compound, endowing ZIF-82 with reduced glutathione (GSH)
responsiveness under hypoxic conditions [50]. The framework
of ZIF-90 can collapse in the presence of ATP, which indicates
that the ZIF-90 carrier can target mitochondria [15].

The composition and properties of the ZIFs used for cancer
treatment are summarized in Table 1. In addition, ZIF-9, ZIF-
11, ZIF-68, ZIF-70, ZIF-78 and ZIF-79 have been investigated for
their ability to load anticancer cargos [51,52].

2.2.  Synthetic method for drug loading of ZIFs

In situ one-step encapsulation and ex situ two-step
encapsulation methods are the two main methods for
integrating cargos with ZIFs for further functionalizing ZIFs.
The one-step method combines Zn?* or Co%*, imidazolate,
and different cargos; cargos are added during the ZIF creation
phase, and the ZIF structure forms around the entrapped
molecule [29,45,59]. Cargos with unique functional groups
(-COOH, -SO3H, C=0, etc.) could interact and be satisfactorily
encapsulated by ZIF-8. CCM@NZIF-8 (CCM: curcumin) was
prepared using a straightforward and environmentally
friendly one-step synthesis method, with an encapsulation
effectiveness of up to 88.2 % [60]. Compared to in situ one-step
encapsulation, cargos can also be brought into contact with
previously created ZIF-8 via ex situ encapsulation. Compared
with dissociated 5-fluorouracil (5-Fu), ZIF-8 loaded with 5-Fu
by ex situ encapsulation showed favorable biocompatibility
and prolonged blood circulation [61]. If the pore size of the
ZIF is smaller than that of the guest molecule, then the
loading molecule may remain on the surface of the ZIF
through physical adsorption rather than entering the pores
of the ZIF [58]. Therefore, based on the results above, in situ
encapsulation, such as the encapsulation of caffeine [62], is
more widely used because it is more common and convenient
than ex situ encapsulation.

3. Modification of ZIF-derived
nanocomposites

The therapeutic efficacy and cell fate of ZIF-based
NPs are influenced by their physicochemical features
(concentration, components, shape, charge, size, dispersity

state, and solubility) [63,64]. Compared with polymeric or
cell membranes, targeted and other modified ZIF-based
materials, directly synthesized ZIF-based materials have
poor dispersion, easy recognition and clearance by the
immune system, and low accumulation in tumor areas
[65,66]. Modifications to ZIF-based nanomaterials could
improve their textural qualities and functional performance,
improve cell internalization, minimize cytotoxicity, improve
biocompatibility and stability, extend blood circulation
time during in vivo transit, evade the immune system
(avoid phagocytosis), and increase enrichment in the tumor
region for enhanced therapeutic efficacy [67]. This section
reviews the most commonly reported modifiers, including
polymers, targeted agents, cell membranes and charge-
reversal nanocarriers.

3.1.  Modification of ZIFs by polymers

ZIFs modified with polymers exhibit remarkable properties,
such as biocompatibility and minimal ZIF toxicity [68].
Poly(ethylene glycol) (PEG), polyvinyl pyrrolidone (PVP),
polydopamine (PDA), polyethyleneimine (PEI), chitosan, and
cell-penetrating peptide (CPP) are some of the polymer
modification materials for ZIFs that are frequently utilized in
oncotherapy.

PEGs are polymers with the ability to improve the
biocompatibility of cargo, avoid aggregation, and prolong
in vivo blood circulation time [69]. PEG prevents first-
pass elimination of nanomaterials from the liver, spleen,
reticuloendothelial system, and bone marrow and alters the
surface charge of nanomaterials [70], but dense PEGylation
might increase the hydrodynamic diameter and blood half-
life, precluding the elimination of nanomaterials from
the body [71]. ZIF-8 NPs modified by multiarm PEG with
eight chemically reactive ends (8-arm-PEG) exhibited high
colloidal dispersion and stability, and the particle size of
the NPs could be adjusted by adjusting the temperature and
the concentration of the 8-arm-PEG [65]. To improve the
colloidal stability, control the release capacity of the NPs,
and prevent them from aggregating, doxorubicin (DOX)@ZIF-
8/PEG NPs were synthesized using monovalent amino PEG
(PEG-NH;) [72]. However, the PEG chain, end-group, and
chemical nature of the PEG-acceptor core structure affect the
immunogenicity of PEGylated drugs [73]. Anti-PEG antibodies
may weaken these advantages or even result in more severe
side effects by complement activation and cause faster
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drug clearance (accelerated blood clearance phenomena) and
hypersensitivity reactions, even leading to fatal anaphylaxis
[73,74]. Therefore, screening patients for anti-PEG antibodies
is necessary.

PVP is a nonionic, amphiphilic polymer that serves as both
a surfactant and a capping agent. The weak coordination
interactions between Zn?* in ZIFs, the pyrrolidone rings
(C=0) of PVP and the hydrophobic interactions between
organic linkers in ZIFs and nonpolar PVP groups could
increase the affinity for coordination-polymer spheres [75].
PVP stabilizes NPs in solvents during synthesis and controls
pore penetration and the size and shape of certain NPs,
whereas ZIF-82 NPs exhibit an inhomogeneous morphology
without PVP [49]. PVP improved the stability of ZIF-67 in water
for more than 1 week [56].

PDA is utilized to improve the biodegradability,
biocompatibility, and biosafety of ZIFs [76]. PDA can be
stimulated by near-infrared (NIR) light, which endows the
nanomaterial with photothermal treatment properties. The
photothermal conversion efficiency of PDA-PCM@ZIF-8/DOX
was 30.61% [76]. Curcumin-containing 2D nanosheets based
on ZIF-8 with a PDA coating were designed to achieve precise
and efficient tumor ablation [77].

In addition, other polymers, such as PEI, chitosan and CPPs,
are also used to modify ZIFs. As a cationic capping agent, PEI
endows nanomaterials with better loading and pH-responsive
release capacity and stronger binding affinity to pDNA than
nanomaterials without PEI [78]. Moreover, compared to those
of pEGFP-C1@ZIF-8, the 25 kD structure of pEGFP-C1@ZIF-
8-PEI enhanced cellular uptake due to better interactions
with negatively charged cell membranes, which facilitated
nanostructure binding and internalization, resulting in the
expression of genes with high transfection efficacy [78].
Chitosan (N-acetyl-glucosamine-glucosamine copolymer)
contains many amino and hydroxyl groups, is cationic,
and can improve the pH sensitivity and biocompatibility
of ZIF-based NPs [79,80]. CPPs can carry biologically active
conjugates (cargos) into cells [81] and can be applied to ZIF-
loaded nanomaterials via electrostatic forces and hydrogen
bonds to improve tumor therapeutic effects [82]. ZIF-8
codelivered DOX and a CPP comprising histidine and arginine
to aid endosome/lysosome escape, increased the cytotoxicity
of the encapsulated drugs, and increased therapeutic delivery
effectiveness [83].

3.2.  Targeted modification carrier materials

To improve the tumor-targeting ability and utilization or
uptake efficiency, targeted modification of ZIF-based NPs
for tumor therapy is necessary. According to targeted sites,
the targeted agents in this study, including tumor tissues,
dendritic cells (DCs), tumor cell membranes, and tumor
organelles, are summarized.

3.2.1. Targeting tumor tissues

RGD peptides can actively target tumor blood vessels by
preferentially binding to the alpha(v)beta(3) (avfB3) integrin,
which is overexpressed during tumor neovascularization
and is expressed at trace levels in normal cells [84].
Camptothecin (CPT)@ZIF-8 was modified with RGD (Arg-Gly-

Asp) by electrostatic interactions to form RGD@CPT@ZIF-
8, which demonstrated superior targeting and enhanced
cancer therapy performance [85]. RGD-modified drug delivery
systems (DDSs), which consist of RGD, erythrocyte membrane,
ZIF-8, and DOX, prolong blood circulation, enhance tumor-
specific accumulation, and increase the tumor inhibition rate
while minimizing adverse effects [86].

3.2.2. Targeting dendritic cells

The mannose receptor (cluster of differentiation number
CD206) is a biomarker that is overexpressed by M2
macrophages, dendritic cells, and endothelial cells. Therefore,
mannose could be exploited as a target carrier for nanodrug
delivery for tumor treatment [87]. The (R837+1 MT)@ZIF-8-
modified mannan achieved targeting of the surface of DCs
[88]. Zhang et al. designed SC@ZIF@ADH, an acetaldehyde
generator composed of ZIF-8, alcohol dehydrogenase (ADH),
and Saccharomyces cerevisiae (SC) [89]. Mannose in the yeast
cytoderm targeted tumor-associated macrophages and
endowed the NPs with the function of targeted therapy.

3.2.3. Targeting tumor cell membranes

Tumor cell membranes contain various recognition sites.
Ligand receptors such as hyaluronic acid (HA), folic acid, C-X-C
chemokine receptor type 4 (CXCR4), and neuropeptide Y (NPY)
can recognize and target functional proteins on the tumor cell
membrane, improving the accumulation and cellular uptake
of ZIF-based materials.

HA is a linear polyanionic natural polysaccharide. As a
natural cellular receptor for HA, the differentiation 44 (CD44)
cluster is a cell surface glycoprotein that is overexpressed on
the membranes of various tumor cells [90]. HA can target CD44
in ovarian cancer, cervical cancer, colon adenocarcinoma,
melanoma, and breast cancer [91-93]. The disaggregation of
zinc cores (ZIF-8) achieved a dual gate-control system that
realized both hyaluronidase (HAase) and pH responsiveness
[94,95]. Wu et al. designed HZ@GD NPs containing a ZIF-
8-loaded GLUT1 mRNA-cleaving DNAzyme (GD) tethered to
HA to achieve systematic energy exhaustion by targeting
melanoma cells via active CD44-targeting mechanisms [94].
Sun et al. developed an «-tocopherol succinate@ZIF-8 coating
with HA. As an intelligent switch and tumor-targeted guide,
the HA shell achieved tumor-specific accumulation and
extended its blood circulation time [95].

Folate receptors (FRs) are transmembrane
glycopolypeptides expressed on the cell surface with a
high affinity for folic acid (FA). FR-« can target tumor
cell membranes in malignancies, including ovarian and
endometrial cancers [96]. Shi et al. designed FA-PEG/CQ@ZIF-
8 NPs containing chloroquine diphosphate (CQ), an autophagy
inhibitor, which showed more targeted features in HeLa cells
than in HEK293 cells via the folic acid and folate receptors
on HeLa cell membranes [70]. Qin et al. synthesized FZIF-
8/DOX-PD-FA NPs composed of Gd-doped silicon NPs (Si-Gd
NPs), chlorine e6 (Ce6), DOX, ZIF-8, poly(2-(diethylamino)ethyl
methacrylate) polymers (HOOC-PDMAEMA-SH), and folic
acid-PEG-maleimide (MaL-PEG-FA), which exhibited better
cellular uptake by MCF-7 cancer cells than NPs without FA
modification [97]. CXCR4 is a classical G protein-coupled
receptor [98]. Cao et al. reported the tandem postsynthetic
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modification of ZIF-7. The CXCR4 inhibitors benzimidazole-
like inhibitor (Mavorixafor, AMD-070), 5-Fu and Mn?* were
loaded onto ZIF-7, and AMD targeted the CXCR4 receptor on
the cell membrane and caused minor lung damage [53].

The NPY system is associated with malignancies such
as neural crest-derived tumors, breast cancer, pancreatic
cancer, and prostate cancer [99]. NPY analogs were used
for peptide receptor targeting [100]. The G-protein coupled
receptor Y1 receptor (Y1R) is overexpressed in triple-negative
breast cancer (TNBC) tumors, suggesting that it could be
used as a novel target in the treatment of TNBC [101]. The
Y1R ligand [Asn®, Pro®$]-NPY (AP) conjugated with nano
ZIF-90 via facile postmodification improved the outcomes
of TNBC treatment by targeting both breast cancer cells
and mitochondria [58]. Jiang et al. developed manganese-
ZIF-90 combined with the Y; receptor ligand [Asn?¢, Pro®,
Trp3?]-NPY (25-36) (APT), which showed the ability to target
the membrane and mitochondria of breast cancer cells,
resulting in improved biocompatibility and MRI-guided tumor
treatment efficacy [102].

3.2.4. Targeting tumor cell nucleic acids and organelles
Nucleic acid aptamers are short oligonucleotides that can
specifically bind to cognate disease biomarkers and be used
to target ligands [103]. Sgc-8, a DNA aptamer, can target
overexpressed human protein tyrosine kinase-7 in cancer
cells, allowing receptor-dependent intracellular delivery [104].
The Sgc-8 aptamer-PDA-DOX/ZIF-8 improved the uptake
efficiency of HeLa cells [105]. An aptamer (AS1411) combined
with ZIF-8 and DOX targeted cancer cells, increased drug
absorption, enhanced cancer therapy, and decreased side
effects [106]. Balachandran et al. developed a versatile
microfluidic approach to efficiently encapsulate ZIF-8 with
different biomolecules, with aptamers (the DNA anti-CCL21
and A10 RNA aptamers, targeting lymph node and prostate
cancer cells, respectively) modified on its surface, which
showed greater accumulation in lymph nodes and tumor cells
[32]. ZIF-90, which has a positive charge, can be decomposed
by ATP and can actively target mitochondria in living cells
via electrostatic interactions, which benefits drug delivery
that worked on mitochondria [15,36]. ATP-responsive ZIF-
90 carried cargos for tumor/mitochondria cascade targeting
enriched atovaquone (AVO) in the mitochondria and inhibited
tumor growth [107].

3.3.  Cell membrane-camouflaged carrier materials

Recently, emerging cell membrane biomimetic strategies
have attracted much attention for facilitating the delivery
of cargo by modifying nanomaterials, especially for cancer
treatment [108]. Cell membrane biomimetic nanotechnology
endows NPs with superior immune evasion, prolonged
blood circulation, and targeting capacities to achieve bionic
camouflage and drug delivery properties. The cell membranes
designed to coat ZIFs are mainly derived from red blood cells
(RBCs), cancer cells, and stem cells.

3.3.1.  Erythrocyte membranes
Membrane proteins such as CD47, decay-accelerating factor
(CD55), CD59, membrane cofactor proteins, and complement

receptor 1 allow RBCs to persist in human blood circulation
for 120 days, preventing them from being eliminated by
the immune system [109-111]. With biomimetic properties,
the coated NPs imitate RBCs and interact effectively with
the ambient environment, allowing them to accumulate in
the tumor microenvironment (TME) via immune escape
and achieve long-term blood circulation. Zhang et al.
designed TGZ@eM NPs composed of ZIF-8, glucose oxidase
(GOx), and the hypoxia-activated bioreductive prodrug
3-aminobenzotriazine-1,4-di-N-oxide tirapazamine (TPZ),
which were cloaked with erythrocyte membranes to provide
good biocompatibility in prolonged blood circulation [112].
Qiao and coworkers reported a biomimetic ZIF-based
nanodrug (ZIF-8-DOX-LY-RM) consisting of a type 1
transforming growth factor B receptor (TGFBR1) inhibitor
and DOX and coated it with an erythrocyte membrane, which
possessed pH-responsive properties and exhibited prolonged
blood circulation [113].

3.3.2.  Cancer cell membranes

Cancer cell membranes possess the characteristics of
homotypic targeting and immune evasion. These membranes
are coated on ZIF-based materials to achieve greater affinity
for their donor cells and achieve precisely targeted tumor
therapy [114]. Inspired by these advantages in cancer cells,
Shao et al. designed AQ4N/GOx@ZIF-8@CM nanocomplexes,
in which ZIF-8 was combined with hypoxia-activated
bioreductive prodrugs [banoxantrone dihydrochloride
(AQ4 N)], GOx and HepG2 membranes, whose uptake in HepG2
cells was greater than that in LO2 cells and RAW264.7 cells,
and that preferentially accumulated in tumor areas, enabling
targeted cancer starvation therapy and cascade-amplified
chemotherapy [115]. Similarly, Zou et al. reported that ZIF-
8@CAT@DOX biomimetic NPs composed of catalase (CAT),
DOX and ZIF-8 coated with B16F10 cell membranes could
accumulate in tumor tissues via homologous targeting,
immune escape, and enhanced DOX accumulation on
homologous tumor cells [116].

3.3.3.  Other cell membranes

The stem cell membrane exhibits tumor-targeting properties
and decreased clearance of the cloaked nanocomposites
by the immune system due to its low immunogenicity
[117]. Liang et al. used stem cell membranes to wrap
dexamethasone-loaded ZIF-8 [118], which exhibited
excellent specific uptake of mesenchymal stem cells, high
cytocompatibility, and enhanced osteogenesis. Nevertheless,
monotypic cell membranes may not meet the omnifarious
demands of cancer therapy. Hybrid membranes [119]
may provide better efficacy and endow the ZIF-based
nanomaterials with more properties in the future.

4. ZIF-based NPs for cancer therapy

The design of ZIF-based cargos plays a role in consuming
GSH [120] and lactate [121], producing reactive oxygen
species (ROS) [122] in the TME, preventing premature
release of cargos, etc. ZIF-NPs have strong bioadhesion
and concentration- and time-dependent features [120,123].



ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 20 (2025) 101017 7

Inhibit the activity of topoisomerase IT

D Antimicrotubule 2%
= c°$s‘ Antimetabolite %Q “"no
& & DNA damage “,
& O e Yo
& %,
& o e, %,
‘6 & o %
FS 2%, %, %
4,;?&‘?{‘ g»" (-e// G %, @g
% "o
qu ;&Q < Chemotherapy %, (\"{, %, “.
NS W o e, O
S & %G % G,
R <, %,
B % %y
Phototherapy Immunotherapy
2
8
=255
25 & e
-a £
Sec2f
.E 2 g = E Starvation ZI1F-based g
8352 .
£ gEE%g\ therapy nanocomposites =
&85
T
ded
e
Oz 5
[ A
| %, Autophagy \ Genet,he,rapy o &és
%, A o &S ®
2, ) 9 o
Ut SR
02, vﬁ\.@ﬁo RIS
%, %, % %, @ HTE KNS
%, 2 %0, %, TSI R
2, G,y %os, %, S F &S
%, 2, %, @ ¥ o° oV
% %, % S
o %, % SLOF
e, 0, SDT-ROS ‘ql&@ <
o, e, Ton therapy 0@.\% &
% b, Pyroptosis-CCCP >

Gas therapy-Nitric oxide
Radiotherapy-Rays and proton beams

Fig. 3 - Schematic diagram of the classification and
mechanism of ZIF-based NPs for cancer therapy.

Inspired by traditional healing methods, an increasing
number of ZIF-based therapies, such as chemotherapy,
phototherapy [including photothermal therapy (PTT) and
photodynamic therapy (PDT)], immunotherapy, and CDT, are
being used in tumor nanotherapy (Fig. 3). Based on the
results presented to date, some representative ZIF-based
tumor monotherapy and combined therapies in recent years
are introduced and discussed below.

4.1. Monotherapy

ZIFs exhibit attractive potential as frameworks for hybrid
materials, and ZIF-based DDSs used in chemotherapy,
phototherapy, immunotherapy, and other monotherapies for
cancer treatment are described below (Table 2).

4.1.1.  Chemotherapy for cancer treatment

Chemotherapy is one of the most effective antitumor
therapies and has various benefits, such as significantly
slowed tumor growth and prolonged patient survival.
At the same time, drawbacks such as allergic reactions,
neurotoxicity, and bone marrow suppression cannot
be ignored [134-136]. Chemotherapeutic agents such as
DOX, 5-Fu, methotrexate (MTX), cisplatin (DDP), paclitaxel
(PTX), gemcitabine, and CPT have been loaded in ZIFs
[36,58,61,85,124,137], which are widely used in single-drug
therapy or combination therapy. Through the encapsulation
of ZIF, the toxicity of chemotherapeutic drugs to the blood
system and normal cells is reduced.

DOX can inhibit the activity of topoisomerase II and
damage DNA [138], and it has been widely loaded in ZIF-based
NPs to treat cancer. Jiang et al. designed AP-ZIF-90@DOX, and
the tumor inhibition rate of DOX loaded with ZIF-90 was
significantly increased due to its dual responsiveness to high

ATP and low pH conditions and the targeted modification of
AP [58]. With technology optimization, Yan and coworkers
constructed hierarchically porous ZIF-8 via a spray drying-
assisted process, and the drug loading efficiency and capacity
of ZIF-8-loaded DOX reached 79% and 79%, respectively
[27]. Chen et al. developed an intelligent hyaluronidase, pH,
and glutathione multiple response nanogenerator, ZIF-8/DOX-
HA@MIP, with a drug loading efficiency of over 88%. This
approach provided a simple and effective stimuli-responsive
delivery system to enhance cancer therapeutic efficacy [139].

The antimetabolite drug 5-Fu inhibits thymidylate
synthase and incorporates its metabolites into nucleic
acids, exhibiting strong inhibitory effects on multiple cancer
types [140]. Li et al. designed 5-Fu@ZIF-NPs, which entered
cells partially via clathrin-mediated and macropinocytosis-
mediated pathways, demonstrating the potential for delivery
of 5-Fu via vehicles and bionano interactions, leading to
pulmonary accumulation and improved therapeutic efficiency
[123].Jiang et al. developed pressure-induced amorphous ZIF-
8 (aZIF-8) with high 5-Fu loading, demonstrating better tumor
accumulation and therapeutic efficiency than ZIF-8/5-Fu, with
a longer blood circulation time and slower drug release rate
[61]. Foroushani et al. synthesized Mn3;0,@PAA@ZIF-8/MTX
NPs. MTX was immobilized onto the pH-sensitive system
primarily through electrostatic interactions, which exhibited
the ability of the T1 contrast agent to capture MCF-7 cells
with high selectivity [124].

The chemotherapeutic agent platinum induces cell
apoptosis via covalent binding to purine DNA bases;
platinum-based cancer chemotherapy has been widely
used for decades [141]. Nevertheless, the drug resistance and
toxicity of platinum may affect its therapeutic efficacy. Xing
et al. reported that ZIF-90@DDP NPs with dual pH and ATP
responses targeting mitochondria showed greater cellular
uptake and inhibition of nonresistant and DDP-resistant
ovarian carcinoma cells than did free drugs [36]. Faraji
Dizaji et al. used an electrospinning process to synthesize
poly(lactic-co-glycolic  acid) (PLGA)/chitosan/ZIF-8/PTX
nanofibers, which achieved increased loading of PTX and
sustained release. The nanofibers showed better performance
in prostate cancer cell treatment by targeting and pH response
[80]. Kamal et al. designed GEMCRGD@nZIF-8, which was
more selective toward lung cancer cells because of the
use of an autonomous homing peptide system, enhancing
cellular uptake and increasing the number of apoptotic
cells compared with that in normal cells [137]. Al-Jabbar
and coworkers reported the use of BSA-Gem-Amy@ZIF-
8/Dopa/GA, which encapsulated gemcitabine hydrochloride
(Gem), amygdalin (Amy), PDA, and bovine serum albumin
(BSA) into ZIF-8 chelated by Au®* and conjugated via GA,
which combined active and passive targeting and induced
more MCF-7 cell apoptosis than gemcitabine alone [125].
After ZIF encapsulation, chemotherapy drugs have specific
stimulatory responses on the TME, reduce toxicity to the
blood system, and improve bioavailability through passive or
active targeting.

4.1.2.  Phototherapy for cancer treatment
Inspired by the characteristics of the structure and controlled
release of ZIFs in the acidic TME, the use of ZIF-loaded
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Table 2 - Summary of ZIF-based nanocomposites applied in monotherapy cancer treatment.

MOF Loading materials Nanocomplexes Cells and animal models Functionality Refs.
type
ZIF-8 DOX DOX@ZIF-8@AS1411 HelLa cells Chemotherapy, [106]
targeting
5-Fu aZIF-8/5-Fu ECA-109 cells, MCF-7 cells Chemotherapy [61]
ECA-109 tumor-bearing mouse
MTX, PAA Mn;04,@PAA@ZIF-8/MTX IMCE-7 cells Chemotherapy, [124]
imaging
PTX PTX loaded- LNCaP cells Chemotherapy [80]
PLGA/chitosan/zeolite LNCaP tumor-bearing mice
Gem, Amy BSA-Gem-Amy@ZIF- MCEF-7 cells Chemotherapy [125]
8/Dopa/GA
NaAsO, AS@ZIF-8/PEG HCC cells Chemotherapy [126]
HCC-LM3 tumor-bearing nude
mice
CPT, RGD CPT@ZIF-8@RGD Hela cells Chemotherapy, [85]
targeting
PA, TPP UCNPs @ZIF+TPP+PA 4T1 cells PDT [127]
Balb/c mice with 4T1 tumor
xenografts
Ceb 10,-responsive (SR) 4T1 cells PDT [47]
micelles 4T1 breast cancer model
(mPEG-PAsp-IM-Zn?*-Ce6)
Cy5.5, ICG Cy5.5&ICG@ZIF-8-Dex A549 cells PTT, imaging [128]
BALB/c mice bearing A549 tumors
NV NV-ZIFpcre Peripheral blood mononuclear Immunotherapy, [129]
cells isolated from patients with targeting
acute myeloid leukemia and
chronic lymphoid leukemia
4T1 tumor-bearing mice
KNO046, KN046@*°F-ZIF-8 B16F10 cells Immunotherapy, *F [130]
4-(trifluoromethyl)—1H- the murine B16F10 melanoma MRI
imidazole BALB/c mice
OVA, CpG, AIO(CH) Aluminum adjuvant EG7-OVA cells Immunotherapy [131]
integrated CpG/ZANPs EG7-OVA cell tumor-bearing
female C57BL/6 mice
siRNA siRNA-containing ZIF-8 Hela cells Gene therapy, [114]
(CAMEL-R)geLa HelLa cell tumor-bearing mice targeting
CRISPR/Cas9 C3-ZIFycr MCF-7 cells Gene therapy, [132]
MCEF-7 tumor mouse models targeting
ADH, SC SC@ZIF@ADH Murine colorectal cancer cells Acetaldehyde [89]
(CT26, ATCC CRL-2638) generator therapy,
CT26 cell-bearing BALB/c mice targeting
ZIF-67 PMS PMS/ZIF-67 4T1 cells Immunogenicity [133]
4T1 breast cancer model
ZIF-90 DOX AP-ZIF-90@D0OX TNBC cell line MDA-MB-231 with Chemotherapy, [58]
high overexpression of Y1R targeting
MDA-MB-231 tumor-bearing
mouse
DDP ZIF-90@DDP Human ovarian cancer cells A2780, Chemotherapy, [36]
DDP-resistant human ovarian targeting
cancer cells A2780/DDP
AVO, hemin iRGD/AVO-Hemin@ZIF-90 MDA-MB-436 cells Mitochondrial [107]
MDA-MB-436 tumor-bearing nude  metabolism,
mice targeting

PAA, Polyacrylic acid; ICG, Indocyanine green; CpG, Cytosine-phosphate-guanine oligodeoxynucleotides; PMS, Peroxymonosulfate.

phototherapy agents promoted the development of combined
cancer therapy strategies. Phototherapy is noninvasive and
has fewer long-term side effects, and light irradiation, PDT
and PTT can induce cell death by producing ROS or heating
cells with phototherapy agents. ZIF-coated phototherapy

agents can avoid nonspecific sensitization, direct exposure of
phototherapy agents to the external environment such as the
blood system, and light toxicity; reduce decomposition; and
increase the stability of the photosensitizer before it reaches
the tumor site [142]. NIR is widely used to diagnose and treat
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deep-seated tumors because light with longer wavelengths
in the NIR region penetrates tumor tissues more deeply than
normal tissues [143].

Photothermal transduction agents can convert light into
heat energy, and then, the local overheating of the TME
leads to the death of cancer cells. Wang et al. encapsulated
ICG in ZIF-8. The PTT results indicated that ICG@ZIF-8
NPs detected tumors accurately and sensitively through
fluorescence imaging and effectively induced local ablation
under NIR [144].

Photosensitizers such as porphyrin can transform 30, to
10, and ROS in response to a particular light wavelength
to kill cancer cells. Li et al. designed '0,-responsive (SR)
micelles (MPEG-PAsp-IM-Zn?*-Ce6). The 'O, generated under
laser activation oxidizes imidazole to urea and causes
micelle expansion, rapid Ce6 release, and cell apoptosis
[47]. Wang et al. fabricated UCNP@ZIF+TPP+PA, composed
of upconversion NPs (UCNPs), ZIF-8, a photoacid (PA) and
an acid-responsive porphyrin (TPP), which was enhanced by
coating the inner core of NaYF;:Yb:Tm (UCNP) with ZIF-8
on the outside and loading both PA and TPP, restoring the
intracellular pH microenvironment, destroying intracellular
substances, and increasing 0, production [127] (Fig. 4A).
These hybrid nanocomposites provide promising ways to
enhance cancer therapeutic efficacy.

4.1.3. Immunotherapy for cancer treatment

The use of immunotherapies, such as T-cell therapies,
infusions of exogenous immune effectors, and cancer
vaccines, is growing. ZIF-based nanomaterials can achieve
target-controlled release through the EPR effect or active
targeted modification and have shown attractive potential
for combination with immunotherapy [129]. ZIF-based
nanomaterials can simultaneously encapsulate antigens
and adjuvants, synergistically amplifying the effect of
immunotherapy [131].

Immune checkpoint blockade therapy (ICB) uses immune
checkpoint inhibitors, such as cytotoxic T lymphocyte-
associated antigen 4 (CTLA-4) and programmed death-
1/programmed death ligand-1 (PD-1/PD-L1), to improve
T-cell activity. Nivolumab (NV) is a monoclonal antibody
checkpoint inhibitor. Alsaiari et al. designed an NV-ZIF
coating with a cancer cell membrane, which showed
greater efficacy than dissociative NVs, enabling tumor-
specific targeted delivery and efficient activation of T cells in
hematological malignancies [129]. Through rational design,
ZIF combines immunization and imaging to achieve a
theranostic nanoplatform. Song and his coworkers fabricated
KN046@1°F-ZIF-8 (Fig. 4B), composed of KN046, a PD-L1/CTLA-
4 antibody-Fc fusion protein, fluorine, and ZIF-8, which
improved the immune response rate of antibody drugs in
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melanoma immunotherapy, achieved CT/PET imaging and
enhanced the efficiency of killing tumor cells [130].

Immunomodulatory factors, including the tumor-
associated antigen ovalbumin (OVA), adjuvants (e.g., CpG,
AlO(OH), R837), and immunomodulators, can induce effective
antitumor immune responses. Immunoadjuvants enhance
the immune response by improving the recognition and
delivery of tumor antigens via antigen-presenting cells.
Zhong et al. developed a CpG/ZANP system that combined
OVA, AIO(OH), and cytosine-phosphate-guanine (CpG, a
Toll-like receptor 9 agonist) with ZIF-8 (hereafter ZANPs)
and successfully induced strong humoral and -cellular
immune responses [131]. OVA loaded with ZIF decreased
the cytotoxicity of OVA, and AlO(OH) increased the uptake
of NPs by activating DCs. CpG was adsorbed onto the ZANP
surface via electrostatic interactions to enhance cytotoxic
T lymphocyte (CTL) responses. These hybrid ZIF-based
nanocomposites provide a prospective way to develop
versatile and efficient stimuli-responsive delivery systems for
enhancing cancer therapeutic efficacy.

4.1.4. Other monotherapies for cancer treatment

In recent years, the application of ZIF-based nanomaterials to
biological macromolecules, gene therapy, and mitochondrial
metabolism has been increasing [21]. Based on the adapted
biomimetic mineralization method, the encapsulation of
single or multiple proteins in ZIF-8-based NPs enabled
efficient protein codelivery and release and preserved the
activity of the protein in living cells [145]. Proteins such as GOx
encapsulated in ZIFs can achieve efficient cytotoxicity toward
HepG2 cells by targeting the metabolism-redox circuit [146].

ZIF-8 markedly enhanced the efficacy of gene therapy
[82]. Zhang created a biomimetic homotypic-targeting
small interfering ribonucleic acid (siRNA)-containing ZIF-8
(abbreviated CAMEL-R)-coated HeLa cell membrane to achieve
precise cancer therapy, extend circulation lifetime, promote
efficient lysosomal escape of siRNAs, and induce effective
tumor suppression [114].

As a genome-editing technology, clustered regularly
interspaced short palindromic repeats (CRISPR)/associated
protein 9 (CRISPR/Cas9) technology has been widely used to
treat genetic disorders or modulate gene expression [147].
Nevertheless, its lack of targeting makes it less effective.
Alyami and his coworkers modified CRISPR/Cas9 with
homologous cell membranes and ZIF materials [132]. After
bedecking, ZIF-8-loaded CRISPR/Cas9-covered MCF-7 cell
membrane (C3-ZIFycr)-transfected MCF-7 cells showed 3-
fold repression of EGFP expression and 1-fold repression
when transfected with C3-ZIFygpa. This novel strategy
could open new avenues for drug delivery and treatment of
heterogeneous tumors.

Through rational design, ZIFs can carry different drugs to
achieve tumor metabolic reprogramming, reshape the tumor
microenvironment, and achieve efficient treatment of tumors.
Lu et al. reported iRGD/AVO-Hemin@ZIF-90 as a mitochondrial
metabolism-targeted nanoplatform. Hemin can specifically
degrade BACH1, a heme-dependent transcription factor,
increasing the expression of the OXPHOS gene and changing
mitochondrial metabolism, and AVO can inhibit the electron
transport chain of OXPHOS. An ATP-responsive nanoplatform

with these two drugs was used to promote mitochondrial
respiration in TNBC cells for tumor/mitochondria cascade
targeting, resulting in reprogramming of the mitochondrial
metabolism pathway in tumors [107].

In addition to intravenous injection, NPs can also be
administered orally. Inspired by the method of percutaneous
ethanol injection for tumor ablation, Zhang et al. designed
the acetaldehyde generator SC@ZIF@ADH NPs [89] (Fig. 4C).
ZIF-8-loaded ADH was attached to the surface of SC by
electrostatic adsorption, and then the dissociated SC targeted
M2 macrophages by mannose. The enrichment of ethanol
produced by SC fermentation in hypoxic tumor areas was
catalyzed to acetaldehyde by ADH. Acetaldehyde polarized
M2 macrophages to M1 macrophages and induced tumor cell
apoptosis and death.

In summary, ZIFs can be loaded with cargos of different
solubilities, different photosensitivities, and different sizes,
which endows these cargoes with antitumor effects via
stimulation of release in response to specific triggers and
additional functionalities, such as targeting or imaging, laying
the foundation for the development of ZIF-based tumor
nanotherapeutics.

4.2. Multiple combination therapies

Various ZIF-based monotherapies have been explored above.
Chemotherapy treatments have a high cell-killing rate but
can also harm normal cells or lead to MDR [148]. In
addition, phototherapy may be restricted by insufficient
penetration of deep tissue, TME hypoxia, phototoxicity, and
photodecomposition under long-term light exposure [149].
Combined therapy could compensate for the limitations of
single therapy and synergistically amplify the respective
therapeutic effects, such as inhibiting the activity of P-
glycoprotein [P-gp, a key protein encoded by MDR protein 1
(MDR1)] and heat shock protein 70 (HSP70), while overcoming
the drug resistance of both chemotherapy and phototherapy
[150]. The successful application of ZIF-based monotherapies
has laid the foundation for multiple therapies based on ZIFs.
Hence, we focused primarily on dual or multiple combination
therapies (Table 3).

4.2.1. Chemotherapy-based combination therapy

In this section, synergistic chemotherapy-based combination
therapies are discussed. Zhang et al. constructed DOX@ZIF-
8/PVBP via an in situ synthetic strategy involving the use
of a novel NIR-laser smart stimulus and enhanced its
photothermal and chemotherapy properties to enhance its
cancer therapeutic efficacy [173]. Whittaker et al. developed
a switchable hydrophilicity fluoropolymer-MOF theranostic
platform, ZIF-8-PFSAM-DOX, for cancer therapy [174]. This
nanoplatform provides a prospective method to construct
versatile and efficient stimuli-responsive delivery systems,
laying the foundation for future clinical translation.

Hypoxia may reduce the cellular uptake of chemotherapy
drugs and inhibit ROS production in tumor cells treated
with chemotherapeutic drugs, reducing the efficiency of
chemotherapy [176]. The problem of hypoxia in tumor
tissue could be solved by the rational design of ZIF-based
NPs. Chen et al. synthesized DOX-Pt-tipped Au@ZIF-8
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Table 3 - Summary of ZIF-based nanocomposites applied in cancer treatment.

MOF Loading materials Nanocomplexes Cells and animal models Functionality Refs
type
ZIF-7  5-Fu, Mn?* AMD-ZIF-7(Mn)/5-Fu K-150 cells Chemotherapy, MRI,  [53]
K-150 cells BALB/c nude mice targeting
ZIF-8 DOX DOX-Pt-tipped Au@ZIF-8 4T1 cells Chemotherapy, PDT, [151]
4T1 tumor-bearing mice PTT
DOX, ICG, bubble generator IDa-PRMSs@ZF 4T1 cells Chemotherapy, PDT, [152]
(NH4HCO3, ABC) 4T1 tumor-bearing mice PTT, targeting
Rapamycin Rapa@ZIF-8 Doxorubicin resistant MCF-7 cells Chemotherapy, [153]
(MCE-7/ADR cells) autophagy
MCEF-7/ADR-xenografted
NOD/SCID mice
CCM PDA-coated HeLa, MCF-7 cells Chemo- [77]
curcumin-involved 2D HeLa tumor-bearing mice photothermal-PAI
nanosheets (CMPD NSs)
Mitoxantrone (MIT), DNA (M + H)@ZIF/HA NPs 4T1 cells Chemotherapy, [154]
demethylating agent 4T1 tumor model apoptosis-
hydralazine (HYD) pyroptosis-based
immunotherapy
Methylene blue (MB), CAT = PDA-MB-CAT-ZIF-8(PMCZ)  Hela cells PTT, PDT [155]
HeLa tumor-bearing mice
Cus, aPD-1 CuS/Z@Mars 4T1 cells PTT, [156]
4T1 tumor-bearing mice immunotherapy, ion
therapy, targeting
Phycocyanin MPEGyq00-ZIF/PC Patient-derived cancer cells PDT, alleviates [157]
composites (PMs) (P3DCC cells) intratumoral
bladder tumor tissue-derived PDX hypoxia
BALB/c nude mice mouse
PD-L1 siRNA, IR792, IR792-MCN@ZIF-8-PD-L1 4T1 cells PTT, gene therapy, [158]
mesoporous carbon siRNA(IM@ZP) 4T1 tumor-bearing mice immunotherapy
nanocomposite (MCN)
Bromodomain-containing ~ GNRs@JF/ZIF-8 4T1 cells PTT, ferroptosis [159]
protein 4 (BRD4)-inhibitor 4T1 tumor-bearing mice
(+)-JQ1 and
iron-supplement ferric
ammonium citrate -loaded
gold nanorods (GNRs)
Ce6, DNAzyme Ce6-DNAzyme@ZIF-8 MCE-7 cells PDT, gene silencing  [160]
MCF-7 tumor-bearing mice
5-Aminolevulinic acid ALA&Dz@ZIF-PEG MCE-7 cells PDT, [161]
(ALA), DNAzyme MCF-7 tumor-bearing mice immunotherapy,
regulate
metabolism,
targeting
GOx, chloroperoxidase GCZM 4T1 cells Immunotherapy, [162]
(CPO) 4T1 tumor-bearing mice starvation therapy,
targeting
g-C3Ny-Au (CA) CO;-g-C3N4-Au@ZIF- 4T1 cells Immunotherapy, gas [163]
8@F127 4T1-bearing bilateral tumor model therapy
(CCAZF) in BALB/c mice
GOx, glucose transporter 1 ~ HZ@GD B16F10 cells Inhibit glycolysis, [94]
(GLUT1) mRNA-cleaving B16-F10 tumor-bearing C57BL/6 starvation therapy,
DNAzyme mice ion therapy,
targeting
QCSG, HMME QCSG/HA DA/ZDH(QH/ZDH) H22 cells Sonodynamic [164]
subcutaneous hepatic carcinoma  therapy (SDT),
(HCC) BALB/c mice hemostasis,
targeting
GSNO, Ceb GSNO/Ce6@ZIF- 4T1 cells Gas-sonodynamic [165]
8@Cytomembrane 4T1 tumor-bearing mice combined therapy,

targeting

(continued on next page)
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Table 3 (continued)

MOF Loading materials Nanocomplexes Cells and animal models Functionality Refs
type
ZIF-8, DOX, MnOx hM@ZMDF MCEF-7, HepG-2 cells Chemotherapy, CDT, [166]
MIL- targeting
88B
ZIF-8, GOx, CuCo(O) nanozyme CuCo(0)/GOx@PCNs 4T1 cells PTT, [167]
ZIF-67 4T1 tumor-bearing mice immunotherapy,
starvation therapy
ZIF-67 DOX, CuSe ZIF-67@CuSe@PVP@DOX 4T1 cells Chemotherapy, PTT [56]
4T1 tumor-bearing mice
DOX, Ca0, Ca0,@DOX@ZIF-67 MCE-7 cells Chemotherapy /CDT  [57]
MCF-7 tumor-bearing mice
ZIF-82 - ZIF-82-PVP RM-1 cells X-ray-induced [49]
RM-1 tumor-bearing mice nitrosative stress,
autophagy
Ferrous FeCysPW@ZIF-82@CAT Dz  Hela cells CDT, redox [50]
cysteine-phosphotungstate HeLa tumor-bearing mice dyshomeostasis
(FeCysPW), catalase strategy
DNAzyme (CAT Dz),
BER UC-ZIF/BER 4T1 cells Gas therapy, ion [48]
4T1 tumor-bearing mice therapy
ZIF-90 DOX, DAPT ZIF-90@DOX-HSA@DAPT- HCCLMS3 cells, CSCs enriched from Chemotherapy, deep [168]
PEG-tLyP-1 HCCLMS3 cells tumor-penetrating
HCCLM3 xenograft model
5-Fu APT-Mn-ZIF-90/5-Fu MCE-7 cells Chemotherapy, MRI, [102]
MCF-7 tumor-bearing mice targeting
Gem, IR780, Pt Pt@ZIF-90@Gem@IR780 BxPC-3 cells Chemotherapy, SDT, [169]
nanoplatforms (denoted as  BxPC-3 tumor-bearing mice targeting
PZGI NPs)
MB, Shewanella oneidensis PTB@ZIF-90/MB CT26 cells PTT, PDT [170]
MR-1 CT26 tumor-bearing mice
Ce6, Ca0,, Fe CaO,@ZIF-Fe/Ce6@PEG 4T1 cells PDT, CDT [171]
4T1 tumor-bearing mice
RNase A-NBC, CRISPR/Cas9  ZIF-90/RNase A-NBC HelLa cells Protein therapy, [172]

gene therapy

[151]. Pt-tipped Au NR heterostructures with catalase-
like activity improved the O, level in the TME and showed
outstanding photothermal/photodynamic properties via
efficient plasmon-induced electron-hole separation under
1064 nm laser irradiation. The nanosystem achieved
synergistic chemo-phototherapy with bimodal imaging, and
the treatment outcomes were mutually reinforced. Through
the rational design of ZIF-based hybrid structures, hypoxia
in the TME can be alleviated by combination therapy, which
synergistically enhances the effect of chemotherapy. Zou
et al. reported a ZIF-8@CAT@DOX(ZCD)-coated homologous
membrane (abbreviated as mZCD) nanosystem in which
O, was supplied by CAT to ameliorate the anoxic TME
and downregulate the expression of hypoxia-inducible
factor 1le. mZCD combined with «PD-1 inhibited PD-1/PD-L1
and recruited more infiltrating CD8+ T cells and antigen-
presenting cells to induce a stronger immune response,
which further improved the effectiveness of the synergetic
chemotherapy and immunotherapy [116]. The TGFBR1
inhibitor LY364947 (LY) can reduce the expression of collagen
I to regulate the tumor extracellular matrix. Qiao et al
constructed the biomimetic nanocomplex ZIF-8-DOX-LY-RM
for increased cellular uptake, collagen depletion, enhanced

penetration, and increased O, supply to alleviate hypoxia,
which subsequently relieved chemoresistance (Fig. 5A) [113].

In addition to providing O, to ameliorate hypoxia in the
TME, researchers have used hypoxia to activate nanoagents.
Fang et al. developed ZnS@ZIF-8/ICG/TPZ (ZSZIT) for H,S-
sensitized cascade PDT/chemotherapy. The released ICG
triggered ROS under NIR irradiation and consumed Oy;
H,S produced by ZnS cores suppressed CAT expression
and promoted hypoxia in the TME. Then, the hypoxia-
activated bioreductive prodrug TPZ exerted cytotoxic effects
in tumor areas with minimal damage to normal cells
[177]. ZIF-8-based GOx combined with hypoxia-activated
bioreductive prodrugs, such as TPZ [112] and banoxantrone
dihydrochloride (AQ4 N) [115], exacerbated the hypoxia of the
TME and subsequently cascaded the amplification of hypoxia-
induced chemotherapeutic toxicity, significantly inhibiting
tumor growth.

The combination of ZIF-mediated regulation of the tumor
cell oxidation balance, drug penetration, autophagy, and/or
tumor angiogenesis with chemotherapy has also shown
potential for the treatment of a wide range of tumors.
DOX is the most commonly used chemotherapeutic drug
encapsulated within ZIFs, which not only exploits its
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inherent fluorescence and DNA damage properties but
also allows for combination therapy. Chen et al. found that
NPs composed of ZIF-90-loaded DOX, tumor-penetrating
peptide (tLyP-1), and N-[N-(3,5-difluorophenacetyl)—1-alanyl]-
S-phenyl glycine t-butyl ester (DAPT) achieved deep tumor
penetration and long blood circulation times, and eradicated
both differentiated cancer cells and cancer stem cells
(CSCs) [168] (Fig. S5B). Wang et al. constructed a ZIF-based
nanocomposite (DOX@Cu?t/ZIF-8@PDA, DCZP) to achieve
a combination of a Cu'-catalyzed Fenton-like reaction,
GSH depletion, chemotherapy, and PTT [175] (Fig. 5C). This
method offers a new way to construct versatile and efficient
stimuli-responsive delivery systems for chemotherapeutic
agents to enhance cancer therapeutic efficacy. Xu and
coworkers reported that rapamycin-encapsulated ZIF-8
(Rapa@ZIF-8) and DOX showed remarkable therapeutic
efficacy by interfering with the mTOR pathway and
autophagy for adjunct chemotherapy [153]. Tan et al
designed a multifunctional injectable ZIF-based nanohybrid,
Dox/Cel/MOFs@Gel, in which Dox and celecoxib (Cel)

were coloaded into ZIF-8 integrated with thermosensitive
hydrogels, achieving efficient synergistic oral cancer therapy
by dual drug release, inducing cell apoptosis and inhibiting
angiogenesis [178].

Drug resistance is a major challenge in achieving effective
chemotherapy [179]. The ATP-binding cassette (ABC)
transporters P-gp and ABCG2 can act as transmembrane
drug efflux pumps to reduce the accumulation of intracellular
drugs, which leads to acquired chemotherapeutic resistance
[180]. Hence, to some extent, inhibiting the function of
P-gp could reverse MDR. Liu et al. established MPDA@ZIF-
8/DOX+GOx, in which the mesoporous PDA (MPDA) core
was loaded with DOX while the ZIF-8 shell was coated with
GOx. The nanosystem achieved effective codelivery and
sequential release of GOx and DOX, consumed glucose for
ATP deprivation, suppressed ATP-dependent drug efflux,
and increased the accumulation of DOX in tumors, which
significantly improved its anticancer effects [181].

The development and integration of emerging
technologies offer new prospects for tumor treatment.
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Wang et al. devised a combination of 3D printing and
ZIF materials for the treatment of osteosarcoma. ZIF-
8 was applied to encapsulate DOX and IDO inhibitors,
which were then integrated into 3D-printed titanium
scaffolds. The resulting Ti-ZIF-8@DOX-IDO (TZDI) exhibited
specific microwave thermal performance under microwave
irradiation and enhancement of its chemotherapeutic and
immunotherapeutic activity for eradicating orthotopic
osteosarcoma [182]. Overall, these hybrid nanocomposites
provide simple yet powerful methods to improve stability and
biosecurity, prevent unwanted clearance, and reduce the side
effects of chemotherapeutic agents.

4.2.2. Phototherapy-based combination therapy

Combining photosensitizers and photothermal agents, the
synergetic therapy of ZIF-based composites with PDT and
PTT showed dual functions and enhanced therapeutic effects.
Occasionally, it was challenging to have the same maximum
absorption wavelengths of PTT and PDT agents in the NIR
region, with insufficient penetration through tissues by NIR
radiation, which may result in therapeutic failure [143]. Chen

et al. fabricated PTB@ZIF-90/MB NPs [170] (Fig. 6A). The ability
of the living photothermal bacterium S. oneidensis MR-1 to
biomineralize palladium NPs on its surface hybridized with
ZIF-90/MB to release MB into the mitochondria, disrupting
mitochondrial redox hemostasis by producing 0, under
combined 660 nm light and an 808 nm laser, inhibiting ATP
production and downregulating HSP expression significantly
improved the treatment efficiency of targeting and heat
tolerance in PTT. Phototherapy, in combination with other
therapies, can help compensate for this shortfall. Feng’s group
used ZIF-8 to encapsulate PDA, CAT, and the photosensitizer
MB to construct a tumor acidic pH-triggered nanoplatform.
CAT-mediated self-sufficient O, generation could ameliorate
hypoxia in the TME, resulting in synergistic O,-enhanced PDT-
PTT, which showed excellent therapeutic efficacy [155].
Hypoxia and inhomogeneous heat dispersion, among
other factors, may reduce the effectiveness of individual
phototherapy [142]. Shen et al. designed CaO,@ZIF-
Fe/Ce6@PEG (CaZFCP) to enhance the efficacy of PDT/CDT
by providing H,0, and O, produced by CaO, and then
delivering more hydroxyl radicals (-OH) and '0,. In addition,
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Ca?t overload amplified intracellular oxidative stress and
caused mitochondrial dysfunction, which further improved
the efficacy of combined CDT/PDT [171] (Fig. 6B). Wang et al.
designed a nanozyme composed of double-layered ZIF-8@ZIF-
67, porous carbon, CuCo(O), and GOx through pyrolysis,
calcination, mixing, and stirring as an oxygen supply,
glucose consumption, and PTT nanoplatform with 40.04 %
photothermal conversion efficiency. CuCO(O) produced O,
and promoted GOx to enhance starvation therapy. This
system could not only ablate primary tumors via PTT and
starvation therapy but also induce a systemic immune
response to kill distal tumors via synergistic therapy [167].
The authors also constructed a Fe;04@ZIF-8/GOx@MnO,
multilayer core-shell nanostructure. MnO, catalyzed inner
H,0, to produce O, to provide reaction raw materials for
GOx. The generated H,0; and gluconic acid produced by GOx
enhanced the Fenton reaction efficiency of Fe?*. Moreover,
PTT promoted the oxidase activities of MnO, and GOx and
the catalase-like properties of Fe?*. The hybrid nanozyme
facilitated M2-type macrophages to transform into the M1-
type, realizing a combination of PTT, immunotherapy, CDT,
and starvation therapy [183].

In addition to supplying O, to the tumor site to
alleviate intratumoral hypoxia, reducing intratumor
oxygen consumption via the mitochondrial complex I
inhibitor papaverine provided another way to enhance the
effectiveness of phototherapy. Chen et al. encapsulated
phycocyanin (PC), a water-soluble, surface charge negative
photosensitizer agent, into ZIF-8 to form MPEGqgo-ZIF/PC
composites (PMs), which inhibited mitochondrial respiration
via the use of papaverine to augment the efficacy of PDT [157].

The combination of phototherapy and immunotherapy
through ZIFs also provided new ideas for tumor treatment.
1-Methyl-D-tryptophan (1MT), an immunoregulatory enzyme
(indoleamine 2,3-dioxygenase) inhibitor, can increase the
ratio of effector T cells to regulatory T cells, preventing
immune evasion. Zhang et al. designed dual tailor-made
ZIF NPs in which ZIF-8-encapsulated indocyanine green
(IR820) (HA/IR820@ZIF-8) acted as a PTT targeting agent and
ZIF-8 encapsulated 1 MT, the adjuvant imiquimod R837, and
mannan (MAN) (MAN/(R837+1 MT)@ZIF-8) acted as a targeting
agent to target the surface of DCs. Synchronous intravenous
injection of HA/IR820@ZIF-8 and MAN/(R837+1 MT)@ZIF-8,
tumor autoantigens generated after PTT combined with
immune adjuvants, promoted systemic antitumor immunity,
specifically inducing immunogenic cell death (ICD), which
could amplify the synergistic therapeutic effect of immune
response activation and immune escape by actively targeting
tumors and DCs [88]. Wang and his group synthesized
IR792-MCN@ZIF-8-PD-L1 siRNA (IM@ZP) NPs via in situ
synthesis and physical adsorption [158]. With NIR laser
irradiation, the photothermal molecules mesoporous carbon
nanocomposite (MCN) and IR792 enhanced the photothermal
conversion ability and decreased cell viability. The released
siRNA downregulated the expression of PD-L1. IM@ZP
upregulated HSP70 expression, induced DC maturation and
cytokine secretion, effectively killed 4T1 tumor cells, inhibited
lung metastasis, and amplified the effect of photothermal
immunotherapy via PD-L1 gene silencing (Fig. 6C). Cheng et al.

constructed AZ-P@P by integrating gold nanorods (AuNRs)
as cores and the outermost ZIF-8 shell carrying «PD-L1.
After PTT, the AuNRs captured the tumor-derived protein
antigens (TDPAs) released by the dead cells, facilitated the
uptake of TDPAs by DCs, and promoted the intratumoral
infiltration of CTLs. The released oPD-L1 promoted the
activation and proliferation of T cells. AZ-P@P achieved
highly effective antitumor immunotherapy after local PTT
via NIR irradiation destroyed primary tumors and suppressed
metastatic tumors [184] (Fig. 6D). The metabolic regulator
lonidamine (Lon) can block the hexokinase signaling pathway,
reduce lactate secretion, and disrupt metabolic homeostasis.
By coencapsulating Ce6 and the metabolic regulator Lon with
ZIF-8 and modifying the homotypic 4T1 tumor cell membrane,
biomimetic multifunctional NPs were designed to regulate
tumor metabolic abnormalities and enhance PDT-mediated
immunotherapy to synergistically enhance tumor ablation.
CM-ZIF8@Ce6/Lon can consume lactate, relieve hypoxia, and
reverse immunosuppression in the TME [185].

Overall, PPT or PDT based on ZIF nanomaterials can trigger
ICD and achieve mutually reinforced cancer treatment when
combined with immunotherapy. Wang et al. designed a TME-
activated biomimetic fluorescence imaging and photothermal
imaging nanoplatform, Z-M-LA@CM, with the property of
an “off-on” fluorescence response toward GSH, enabling
multimodal imaging, self-enhanced PTT/CDT synergistic
therapy, and immune effects [186].

4.2.3. Immunotherapy-based combination therapy
Traditional immunotherapy has several disadvantages, such
as off-target toxicity, a low immune response, and poor
tumor infiltration [187]. Zhang et al. designed artificial
"super neutrophils," composed of GOx, chloroperoxidase
(CPO), and neutrophil membrane (NM)-modified ZIF-8, which
achieved inflammation targeting and hypochlorous acid
(HCIO) generation via enzymatic cascades, to eradicate
tumors [162] (Fig. 7A). Artificial "super neutrophils" generated
seven times more reactive HCIO than did natural neutrophils.
Cai et al. first encapsulated Cu,,Se and a ferroptosis
agonist (erastin) into nanoZIF-8 and then coated the ZIF-
8 shell with PEG and FA to obtain Cu,_ySe/ZIF-8@Era-PEG-
FA. These multifunctional polymer-ZIF hybrids provided
improved biocompatibility and controllable release, enabling
ferroptosis activation and immunotherapy to enhance cancer
therapeutic efficacy [188]. The self-supplying nanoreactors
offered a novel strategic synergy of multifunctionalities.

The combination of ICD, ICB, and other effective tumor
therapies has shown promise in nanomedicine-based tumor
therapy. Excessive ROS can cause intense oxidative stress
and induce ICD in tumor cells. Xiao and his coworkers
designed a multifunctional carbon monoxide nanogenerator.
CO;-g-C3Ny-Au@ZIF-8@F127 (CCAZF) exhibited simultaneous
photocatalytic gas therapy under the stimulation of pH, NIR
and anti-PD-L1 in one treatment. CCAZF + light plus anti-PD-
L1 generated a great deal of CO under 650 nm laser irradiation,
elevated ROS production in highly oxidatively stressed tumors
by ICD, promoted inflammation and the release of tumor-
associated antigens, effectively suppressed the formation of
tumor nodules, and induced immune memory effects to
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inhibit the proliferation and metastasis of distal tumors [163]
(Fig. 7B).

Ge and his coworkers designed an intelligent autophagy-
controlling MOF, CUR-BMS1166@ZIF-8@PEG-FA (CBZP), to
treat osteosarcoma effectively via autophagy-enhanced
immunotherapy. The developed CBZP NPs contained the
autophagy activator curcumin (CUR), an inhibitor of the
PD-1/PD interaction BMS1166, which showed favorable
biosafety and targeting ability, promoted ICD, blocked the
immune checkpoint via autophagy, sensitized antitumor
T-cell immunity, alleviated tumor immunogenicity deficiency,
and achieved highly effective treatment of osteosarcoma
[189] (Fig. 7C).

With in-depth research on ZIF nanomaterials, the
mechanism by which ZIFs act on tumors has gradually
been uncovered. Mn-Zn dual-ion release from ZIF-8@MnO,
combined with anti-PD-L1 antibody treatment effectively
activates the cGAS-STING pathway and enhances the efficacy
of immunotherapy, especially in p53-mutated tumors [190].
In addition, by loading aloe-emodin (AE) and coating ZIF-8
NPs with transferrin (Tf) and PEG-PLGA, AE@ZIF-8/Tf-PEG-
PLGA NPs induced GBM tumor cell death by activating the
CASP3/GSDME pyroptosis pathway [191]. Recent studies have
shown that ZIF-8 NPs can induce cell death and activate the
immune system, and synergistic treatment is more effective
after being loaded with the mitochondrial depolarizing agent
carbonyl cyanide m-chlorophenyl hydrazone (CCCP) [192].
This suggests that future studies need to pay more attention
to the therapeutic advantages of ZIF NPs.

4.2.4. Other combination therapies
GOx can catalyze the conversion of glucose and O, to
H,0, and gluconic acid, decreasing the energy supply of
tumors, and is widely used in starvation therapy and
deoxygenation-activated chemotherapy of tumors [193]. Yu
et al. constructed a ZIF nanoplatform (CHC/GOx@ZIF-8)
for cooperative dual deprivation of lactate and glucose
and enhancement of starvation therapy. In this study, the
codelivery of the monocarboxylate transporter 1 inhibitor -
cyano-4-hydroxycinnamate (CHC) and GOx by ZIF-8 deprived
the tumor of both lactate and glucose, blocked lactate-fueled
respiration, relieved hypoxia in solid tumors, promoted the
GOx catalytic activity of depleting extra glucose and produced
more cytotoxic H,0, to strengthen starvation therapy [194].
Anion interference-inductive starvation strategy was used
for highly effective cancer therapy [94]. Wu et al. designed
HZ@GD NPs in which HAase- and pH-sensitive ZIF-8 released
superfluous Zn?t that triggered nicotinamide adenine
dinucleotide reduction and glyceraldehyde-phosphate
dehydrogenase inactivation in cells to inhibit glycolysis.
Moreover, the catalytic shearing of Zn?*-activating GDs
was activated only by Zn?*, inhibited the expression of
GLUT1, and decreased the glucose supply to achieve specific
energy consumption in melanoma [94] (Fig. 8A). Chu et al.
designed NIR-triggered UC-ZIF/berbamine (BER) NPs to
regulate endogenous Ca?* for cancer therapy. The UCNPs
coated with nanosized ZIF-82 (UC-ZIF) released NO under
NIR by isomerized nitro-nitrite in the ZIF-82 shell. NO
combines with the overexpressed sulfhydryl group-rich
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ryanodine receptor in the endoplasmic reticulum of tumor
cells, undergoes protein S-nitrosylation, and then releases
Ca?*.NO and the calcium pump inhibitor BER in membranes
maintain Ca?* accumulation and inhibit Ca?* efflux in tumor
cells. Then, the induced ROS formation and effective overload
of Ca?* leads to cell death [48] (Fig. 8B).

Additionally, Li et al. synthesized ZIF-82-PVP NPs by a one-
pot self-assembly method, which could disintegrate in an
acidic TME. The dissociated Zn?* specifically restrained the
migration and invasion of prostate cancer cells. Moreover,
the electrophilic 2-nIm ligand consumed GSH and produced
NO,~ upon X-ray irradiation in hypoxic cells. NO,~ inhibited
autophagy while enhancing lethal nitrosative stress levels
to induce cell apoptosis in hypoxic tumors [49] (Fig. 8C).
Based on the strategy of disrupting redox homeostasis in
the TME, Li et al. synthesized pH/hypoxia/H,0, stimuli-
responsive FeCysPW@ZIF-82@CATDz NPs to kill hypoxic
tumors [50]. ZIF-82 was assembled outside ferrous cysteine-
phosphotungstate (FeCysPW), and then, CAT Dz was loaded

outside FeCysPW@ZIF-82 with the polymer mPEG-NH,. CAT
Dz-mediated mRNA silencing assisted by dissociated Zn?t
increased the intracellular H,0, concentration. GSH depletion
by electrophilic ZIF-82 under hypoxic conditions increased
intracellular redox dyshomeostasis, reducing hypoxic tumor
cell tolerance to ROS therapy, followed by FeCysPW converting
H,0, into -OH and inducing CDT, which synergistically
inhibited tumor growth (Fig. 8D).

Sonodynamic therapy (SDT) can trigger sonosensitizers to
increase the concentration of ROS to kill tumor cells under
ultrasound stimulation, with ultrasound penetrating deeper
into the body than light [195]. Due to the stable performance
of ZIFs under ultrasonic action, Liang et al. proposed a strategy
for combining intraoperative hemostasis and postoperative
sonodynamic therapy to prevent the recurrence of liver cancer
[164] (Fig. 9A). Specifically, QCSG/HA-DA/ZDH (QH/ZDH)
cryogels consisting of the hemostatic material glycidyl
methacrylate-functionalized quaternized chitosan (QCSG),
dopamine-HA, and the sonosensitizer hematoporphyrin
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monomethyl ether (HMME)-loaded dopamine-modified ZIF-8
(ZDH) were constructed, which recovered their shape via an
intraoperative blood trigger and enhanced hemostasis, and
also produced ROS by HMME under ultrasound and killed H22
cancer cells for postoperative prevention of tumor recurrence.
In addition, the antibacterial property of Zn?* reduced the
potential for infection during surgery.

Recent studies have shown that as a bioactive anticancer
agent and sonosensitizer under ultrasound irradiation,
ZIF-8 nanocrystals with specific metal-nitrogen active sites
exhibit high anticancer efficiency [55], which provides more
directions and possibilities for the application of ZIF-8
in SDT (Fig. 9B). An et al. used ZIF-8 to encapsulate NO
donors, nitro glutathione (GSNO), and the photosensitizer Ce6
together via coordination interactions between -COOH
and Zn?* to form a GSNO/Ce6@ZIF-8@Cytomembrane
(GCZ@M) as a pH/ultrasound dual-response biomimetic
nanoplatform. With the degradation of ZIF-8 in the acidic
TME, ultrasound irradiation induced the decomposition
of GSNO to NO and Ce6-mediated ROS generation. This
nanoplatform enables a combination of nitric oxide and

sonodynamic therapy and repeatable ultrasound for relieving
hypoxia [165] (Fig. 9C).

Radiotherapy (RT) or concurrent chemoradiotherapy
(CCRT) plays an important role in cancer treatment [196].
Radiosensitization provides a new promising direction, and
the combination of ZIF and radiation will provide a new way
to enhance the effect of radiosensitization therapy in tumors
[197]. FA-Mn3;04@ZIF-8 functions by targeting and stimulating
responses to produce more 'O, under X-ray irradiation,
alleviating hypoxia in the TME and promoting DNA damage
and apoptosis in cervical cancer [198].

5. Conclusion

As outlined above, ZIF-based nanomaterials have shown
tremendous potential as smart materials with tunable
responses (to pH, APT, ultrasound, '0,, hypoxia, UV, X-ray,
etc.) for cancer treatment applications. The most popular ZIF-
8 could be used as an anticancer agent and sonosensitizer,
releasing Zn?* to induce the apoptosis of tumor cells by
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interrupting zinc homeostasis and degrading wide-spectrum
mutant p53 proteins to treat cancer [55,120,190,199]. In
addition to ZIF-8, ZIF-82 has shown significant promise in
oncotherapy in the last two years, providing it with more
tunable functionalities because of its organic ligands. ZIF-
based nanomaterials have the properties of maintaining the
biological activity of biomacromolecules, protecting them
from the effects of the environment and realizing controllable
release in response to specific triggers.

ZIF-based nanomaterials suffer from many ongoing
challenges and limitations in cancer therapy that need to be
addressed, mainly in terms of toxicity in cell proliferation and
metabolism. The ions, organic bridging ligands, and organic
solvents could show toxicity in vivo. ZIFs may disassemble
into other poisonous degradation products or metabolites,
causing mitochondrial and lysosomal dysfunction. Free Zn?+
cations might compete with Fe?t and Ca?* cations, causing
transcriptional regulation, protein synthesis, and DNA
damage dysfunctions [200,201]. An increase in intracellular
Zn?* leads to ROS generation and cellular inflammation,
which induces a pause in the G2/M phase of the cell cycle
and leads to cell apoptosis [201-203]. The elevated Zn?*
released from low doses of ZIF-8 NPs directly disrupted actin
polymerization and caused structural alterations, such as in
the branching and contractility of vascular smooth muscle
cells [204], increasing the risk of cardiovascular disease.

From the cell morphology perspective, 12.5 pg/ml was
the minimum toxic concentration, while from the cell
viability perspective, a ZIF-8 NP concentration of 25 pg/ml
was deemed “safe” by conventional biochemical cell assays
[204]. At concentrations <30 pg/ml, ZIF-8 had no significant
cytotoxicity on various body parts, such as the kidney,
skin, breast, blood, bones, or connective tissue [201]. A
concentration of ZIF-8 above the critical threshold (over
30 pg/ml) resulted in a concentration-dependent increase
in ROS and irreversible DNA damage in cells, significantly
reduced biocompatibility characteristics, possibly caused
cell membrane damage [204], and decreased cell viability
significantly.

ZIF-8 was proven to be hematocompatible, while ZIF-67
bound to hemoglobin via electrostatic interactions, changed
the microenvironment and structure of hemoglobin, inhibited
the oxygen-carrying ability and release of heme from
hemoglobin, and caused significant hemolysis [205]. In
addition to the toxicity of residual solvents or additives in ZIFs,
the chemical composition, dosage, size, colloidal and chemical
stability, and route of administration/exposure of ZIF-based
nanomaterials [206] can all cause toxicity in human tissues.
Drug metabolism in the body is a complex process compared
to studies at the cellular level.

In experiments on zebrafish embryos and adult fish
treated with the MG@ZIF-L nanocomposite, no significant
deformities were observed at the highest dose of 200 pg/ml
[207]. After treatment with lanthanide-doped NPs@Fe/Mn-ZIF-
8, the routine blood parameters, liver and kidney function
parameters and morphology of important organs of tumor-
bearing mice did not significantly change, and their survival
time significantly improved compared with that of other
groups [208]. Pathological changes in the liver and kidney
and partial liver function abnormalities were observed after

intravenous injection of 5-Fu@ZIF-NPs (32 mg/kg) in an ICR
mouse model [123]. After intranasal infusion of nanoscale ZIF-
67 at a nontoxic dose for 30 d, rats showed neurotoxic effects
of ZIF-67 and exhibited impaired spatial learning and memory
in neurobehavioral experiments [209].

Therefore, further research is needed to explore the
appropriate concentration and modifications of ZIFs and solve
the toxic effects of ZIFs on cells and tissues. In brief, the short-
and long-term metabolism and toxicity of ZIF-based NPs need
to be considered. The appropriate modification of ZIF-based
NPs and combination therapy to reduce the applied dose of
toxic drugs are meaningful.

Despite cell membranes and polymers being modified on
ZIFs, NP platforms still require further optimized surface
functionalization and assessment of in vivo toxicity profiles
before being implemented clinically. ZIF-based oncotherapy
has reached the animal testing stage. 3D cancer models and
patient-derived xenograft (PDX) models could compensate for
the inadequate representation of physiological complexity in
two-dimensional (2D) cell cultures and mimic the TME and
nutrient supply, increasing the reliability of the anticancer
effectiveness of DDSs [210]. Many articles have shown the
short-term biosecurity of ZIF-based nanomaterials by testing
biochemical reactions [183,170]. The single-cell level biosafety,
long-term biosafety, and comprehensive understanding of the
mechanism of absorption-distribution-metabolism-excretion
of ZIFs remain to be studied.

Based on the properties of ZIF nanomaterials, treatment
can also be combined with diagnostic [211], imaging [151],
catalytic [163] and sensing [19] modalities to synergistically
understand the progress of diagnosis and treatment, thereby
enhancing therapeutic efficacy. In addition, the antitumor
efficacy, preparation method, and economic benefit of ZIF
nanomaterials should be considered, as well as the feasibility
of clinical transformation, instead of simply pursuing
complex treatment methods and carrying too many materials.
It is hoped that safe, sustainable, and highly biocompatible
green synthetic ZIF-based nanocomposites can be obtained
through reasonable design under multidisciplinary efforts.
ZIF-based nanocomposites are expected to flourish, achieve
accurate and efficient treatment of tumors, and be applied in
the clinic early.
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