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Abstract: Gene therapy has emerged as a transformative therapeutic strategy for addressing genetic disorders, refractory cancers, and
infectious diseases; however, its clinical translation is significantly hindered by the lack of efficient, safe, and targeted gene delivery
vectors. Conventional viral vectors are limited by immune rejection, narrow packaging capacity, and potential biosafety risks, while
early nonviral vectors often suffer from poor targeting ability, low intracellular delivery efficiency, and insufficient protection of
genetic cargo. Thus, the development of advanced gene delivery vectors is critical to overcoming these bottlenecks, safeguarding the
stability and bioavailability of genetic materials, and unlocking the full therapeutic potential of gene-based therapies. Metal-organic
frameworks (MOFs) are a new type of porous nanomaterial with substantial potential for use in gene delivery due to their large specific
surface area, tunable pore size, good biocompatibility, and low toxicity. Here, we present a comprehensive review of MOF synthesis
strategies, gene delivery mechanisms, and associated progress in biomedical applications. Genes can be effectively loaded onto MOFs
through pore encapsulation, surface adsorption, covalent binding, and in situ encapsulation. Subsequently, surface functionalization
methods are used to achieve precise delivery. In tumor-targeted therapy, MOFs can specifically recognize cancer cells and release
genes in response to the microenvironment, thereby significantly inhibiting tumor growth. In the field of immune regulation, MOF
multifunctionality supports the codelivery of genes and immune drugs, synergistically enhancing the antitumor immune response.
However, challenges remain in the clinical application of MOFs, including insufficient biostability, low intracellular delivery
efficiency, and potential toxicity. These challenges are expected to be addressed in the future through the development of new stable
MOF materials, the optimization of surface engineering strategies, and the construction of intelligent responsive systems, yielding
more precise and efficient gene therapy development.
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Introduction

Gene therapy is an emerging therapeutic technology that primarily treats diseases by transmitting functional genes or
regulating gene expression. This technology has shown substantial potential in the treatment of cancer and genetic and
infectious diseases.' Although the concept of gene therapy was proposed almost 50 years ago and thousands of clinical
gene therapy approaches have been developed worldwide, few applications have succeeded, and numerous problems
remain to be addressed. The main problem is the lack of safe vectors. Viral vectors exhibit a high transfection rate;
however, they are associated with immune rejection and limited packaging capacity, limiting their clinical application.’
Nanoplatforms using nonviral vectors have become the most popular approach in research due to their low immuno-
genicity, high safety, and ease of chemical modification.’
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Nano delivery systems use nanomaterials as vectors for the efficient transport of gene therapy drugs to the target area
or cells.* These systems can protect gene therapy drugs from in vivo degradation, making the drugs more stable and
targeted, and can improve the cellular drug uptake rate.” Nano delivery systems can help better target drugs to the
intended tissues and cells; furthermore, they can facilitate the release of drugs into cells from the endoplasmic reticulum.
Among the various nanocarriers available, MOFs have attracted substantial research attention due to their unique design
and porous structure, which underlie a suite of exceptional properties for drug delivery.®’

Specifically, MOFs stand out among nonviral nanocarriers due to their high loading capacity, pH-responsive
degradation in the tumor microenvironment, multifunctionality, excellent biocompatibility, and ease of surface functio-
nalization for targeted delivery.” Additionally, novel nanoscale platforms such as nanozyme-driven nanomotors (eg,
POMotors) have demonstrated significant potential in tumor-targeted therapy through self-propulsion and catalytic
activity, further expanding the research scope and application prospects of non-viral carriers.® MOFs comprise metal
ions or clusters combined with organic ligands, resulting in porous, adjustable structures with large surface areas, high
porosity, and good chemical stability; thus, they can adsorb a high number of molecules.” Changing the functional groups
on MOFs or loading different reactive substances can alter the pore-surface chemistry of MOFs and enhance their
catalytic properties, including sensing and fluorescence effects. Furthermore, MOFs have also been employed in
biosensing platforms, such as electrochemical immunosensors for biomarker detection, demonstrating their versatility
beyond drug and gene delivery.'® As nanoscale drug carriers, MOFs show substantial potential in oncology, chemother-
apy, photothermal therapy, and photodynamic therapy applications.'" Targeted drug delivery with high drug accumulation
and increased cell uptake has been observed with MOFs along with controllable drug release, enabling the most effective
treatment with the least damage.®

Basic Concepts and Properties of MOFs
Concept of MOFs

MOFs, also known as coordination polymers(CPs), are organic—inorganic porous hybrid polymeric materials synthesized
by the self-assembly of organic functional ligands and metal ions/ion clusters through coordination bonds. Mixing
a metal ion with an organic ligand yields tens of thousands of MOFs of different pore sizes and structures.'?> MOFs differ
from inorganic porous and ordinary organic materials as they exhibit the brittle properties of nonmetallic materials
combined with the plasticity of organic materials. These complicated topologies of MOFs have generated extensive
public interest in applications such as energy storage and conversion, photo and electrocatalysis, and biomedicine."* > In
recent years, MOFs have received substantial attention in the field of drug delivery due to their large specific surface
areas, adjustable pore sizes, ease of functionalization, and good biocompatibility.'® Through careful structural design and
modification, MOFs can encapsulate and release genetic drugs more effectively than traditional carriers. Furthermore,
MOFs exhibit numerous active sites, enabling functional improvements that can substantially improve the target
specificity and transmembrane capability of gene delivery. Recently, researchers have focused on improving the gene
transfer capability of MOFs through synthesis and surface modifications, demonstrating promising therapeutic outcomes
in vitro and in vivo."’

Main MOF Types and Synthesis Methods

MOFs are a class of ordered porous coordination polymers formed through the self-assembly of metal ions or metal
clusters with organic ligands via coordination bonds, resulting in two- or three-dimensional network structures. Various
MOF types with different characteristics can be obtained by changing the metal ions and organic ligands, as shown in
Figure 1.'® Depending on the metal (or ionic group) selected for MOF production, the ligand type, and the synthesis
route, MOFs can be divided as follows. Class I: The UiO series uses a cluster comprising zirconium and oxygen (ZrgOy4
(OH),) to form a cage-like structure with dicarboxylic acid ligands. UiO-66 is the smallest ligand and most common
structure, exhibiting high heat and chemical resistance due to its size.'” Furthermore, UiO-66 is the most stable MOF
material and is extensively used in biomedicine.”’ Class II: The MIL series involves a porous network (eg, MIL-101)
formed by trivalent metals (eg, Fe, Cr) and carboxylic acid ligands (eg, homobenzotriacetic acid).?'** Functional
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Figure | Schematic diagram of the five main types of MOFs.

modulation is realized through metal substitution, creating a novel method for covalently loading drugs.”* Class III: The
ZIF series, such as Zeolitic Imidazolate Framework-8 (ZIF-8), creates structures similar to zeolites using tetrahedral
metals (Zn, Co) and imidazolium ligands that combine the high porosity of MOFs with the heat and chemical resistance
of zeolites.?* Class IV: IRMOFs are generated with [ZnsOg]" metal clusters and result in repeating mesh structures with
adjustable pore sizes when combined with ligands such as IRMOF-74, enabling precise control over how drugs are
loaded and released.”> Class V: The PCN series exhibits a flexible, multistage pore design and different topologies
resulting from the combination of metal-organic ligands and synthesis, providing advantages in gas separation and
energy storage.”® These five types of materials all exhibit highly specific surface areas, structural designability, and
functional modifiability, collectively driving the innovative development of MOFs in fields such as catalysis and
biomedicine.

Unlike conventional methods, which usually employ high temperatures and pressures or solvent environments for the
reaction, MOF synthesis methods exploit the structure, shape, and excellent properties of MOFs by precisely regulating
the connection between metallic and organic units. Recently, novel synthesis methods using various forms of energy
inputs, such as mechanical force, microwaves, ultrasound, and electric fields, have significantly improved the synthesis
efficiency, crystal quality, and environmental friendliness of the MOF synthesis process. For example, unique to the MOF
synthesis process, hydrothermal/solvent-thermal, ultrasound-assisted, microwave, mechanochemical, microemulsion, and
electrochemical methods differ in their thermodynamic states, energy transfer modes, and reaction modulation
capabilities.”” The advantages and disadvantages of various synthesis methods are presented in Table 1.
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Table | Mechanisms and Advantages, and Disadvantages of MOFs Synthesis Methods

Synthesis Method Synthesis Mechanism Advantages Disadvantages Representatives
of MOFs
Hydrothermal/solvothermal synthesis28 Under specific high-temperature and Simple operation and Requires high temperature Ui0-66’
high-pressure conditions, metal ions controlled conditions and pressure, high energy
undergo coordination reactions with for the synthesis of consumption, long reaction
organic ligands to form MOFs MOFs with specific time
shapes and sizes
Ultrasound-assisted synthesis30 Ultrasound generates a high- Fast, economical and High equipment ZIF-8*'
temperature and high-pressure environmentally friendly, requirements, ultrasound
environment to accelerate the reducing the use of intensity and time need to
coordination reaction between metal organic solvents be precisely controlled.
ions and organic ligands.
Microwave-assisted sym:hesis32 Microwave radiation provides energy Short reaction time for Microwave power and MIL-101 (Fe)33
to induce rapid dissolution and rapid MOFs synthesis reaction conditions are
coordination reactions of metal ions and improved strictly controlled,
and organic ligands productivity otherwise, the product
quality will be affected.
Mechanochemical synthesis®* Physical changes in solid reactants No need for large High requirements for the MOF-74**
under mechanical force prompt amounts of organic physical properties of the
chemical reactions to form MOFs solvents, reactants, product purity
environmentally friendly, needs to be further
short reaction time improved.
Microemulsion synthesis®® Formation of microemulsions in the Fine-tuning of MOFs Surfactant selection and ZIF-8%7
presence of surfactants limits the size and morphology microemulsion stability
synthesis of MOFs in nanoscale possible control is complex
droplets
Electrochemical synthesis®® An applied electric field causes MOFs | Room temperature, fast High requirements for HKUST-13?
to grow and nucleate in a specific and sustained reaction electrochemical equipment
reaction solution rate, high ligand and control of reaction
utilization conditions

Mechanism of Action and Functionalized Design of MOFs for Gene

Delivery

MOFs are used for gene transport due to their special structure and properties. MOFs exhibit large specific surface areas
and pores, providing sufficient room for numerous genes and enabling successful gene loading.*® Furthermore, the
chemical makeup of MOFs is easily changed, and their properties can be adjusted by changing the metal ions or organic
ligands according to gene delivery needs.*' In addition, MOF surfaces are easily modified to enhance their interaction
with cells and enable the cells to absorb the gene vectors more effectively. Modifying the targeting ligand on the MOF
surface enables the targeted delivery of MOFs to specific cells or tissues. This approach could also achieve more precise
gene delivery. Moreover, some MOFs exhibit excellent biocompatibility and degradability and are degraded and
metabolized slowly inside the body, reducing the potential for toxicity to the organism after gene transfer.*?

Advantages of MOFs in Gene Delivery

High Specific Surface Area and Porosity

MOF materials exhibit pores in a fixed arrangement with a high surface area; thus, they can be used as nanoscale reactors
or hold various added compositions that increase the overall functionality of the material.** These special features
demonstrate how the shape of MOFs is associated with their performance and enable loading with a substantial quantity
of genetic material.** MOFs can also carry genetic drugs such as siRNAs. The shape of the MOF material helps protect
the drug. Biocompatibility and targeting can be improved by surface modification for gene delivery to tumor cells.*” In
addition, the higher the porosity of MOFs, the more unsaturated metal sites will be contained within them, increasing the
collision and contact rate between organic matter molecules and unsaturated metal sites; thus, increasing the porosity of

MOFs can heighten their ability to capture genetic materials.*®
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Tunable Pore Size

Metal ions and organic ligands can be used to adjust the pore size and surface chemistry of MOFs. This tunability allows
the construction of MOFs for different gene-delivery needs. Appropriate adjustments to the specific surface area and pore
size of MOFs promote genetic material adsorption. Metals, such as Zn>", Fe**, and Zr*', and organic ligands, such as
imidazole and carboxylic acid analogs, can be used to intentionally design the size of the pore and surface charge of the
MOFs to match the requirements for different nucleic acid molecule loading.*

MOF Biocompatibility and Low Toxicity

MOFs demonstrate superior biosafety and lower toxicity than traditional viral vectors. MOFs can be designed to be
harmless to normal cells through the choice of metal ions and organic ligands. For example, regarding drug delivery
systems, MOF nanoparticles in stable complexes with drugs have been evaluated in clinical trials and found to promote
in vivo drug release without any obvious allergic reactions or other harmful effects.*’

MOF Targeting Capacity

When used as vectors for gene delivery, MOFs exhibit exceptional targeting capacities. MOFs can be modified to identify
and bind to target cell surface receptors, improving the accuracy and success rate of targeted gene delivery, thereby
reducing off-target damage.*® In oncogene treatment, MOF surfaces have been altered with tumor-specific antibodies to
exclusively target tumor cells and improve their efficacy. Tao developed a biologically camouflaged MOF system to
improve the efficiency of tumor-targeting siRNA delivery. In their study, MOFs were coated with natural targeting
proteins on the tumor cell membrane, helping the MOFs locate and adhere to the tumor cells while maintaining their
ability to respond to the tumor environment and ensure siRNA release specifically at the tumor site.*’ Similarly, the
precise targeting capability of MOFs is not limited to therapeutic applications but extends to diagnostic uses. MOFs
functionalized with target-specific antibodies have been successfully employed to capture and detect cancer biomarkers,
such as HER2, within electrochemical sensor platforms, demonstrating high accuracy and reliability in targeted
biomarker detection.*’

Stimulus Responsiveness

MOF nanomaterials have been found to respond to the properties of the tumor microenvironment, demonstrating promise
in gene and drug delivery approaches, especially for cancer treatment.”® MOFs can release genetic material in response to
certain external stimuli, enabling gene release at the appropriate time and under specific circumstances. This ability
improves treatment approaches and enables control over how and when genes are released through the combination of
materials, shapes, and elements capable of responding to the surrounding environment. For example, pH-sensitive MOFs
can quickly release genetic material into the acidic tumor cell environment, thereby enhancing gene release inside the
targeted cells. The speed and method of gene release can be modified by changing the size and shape of MOF pores to
meet different treatment needs.’’

MOF Versatility

MOFs are efficient gene delivery vehicles for gene therapy and can also be combined with other functions to form
multifunctional therapeutic systems. MOFs can be loaded with phototherapy photosensitizers and light-responsive
nanostructures to increase tumor ablation. MOF nanosheets are used for photothermal therapy, which uses light energy
and near-infrared light to transform and directly destroy the target tumor cells.’>>* MOFs can also be coated with metals
such as Mn that increase the MR contrast for MRI.>* In addition, MOFs can be surface-modified with a fluorescent probe,
allowing visualization of the drug’s distribution and effects after treatment.”> MOFs can also be used as nanocatalysts to
produce ROS in the tumor microenvironment and induce oxidative stress damage in the cancer cells; in combination with
gene therapy, this effect could inhibit tumor growth.**** The multifunctionality of nanomaterials is further exemplified in
catalytic therapy. For instance, single-atom nanozymes (Cu-SAzyme) with atomically dispersed active sites can effec-
tively mimic the antioxidant function of superoxide dismutase (SOD), significantly improving multi-organ damage and
survival rates in sepsis models. These findings offer valuable insights for designing smart MOF systems that integrate
catalytic activity with drug-delivery capabilities.>®
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MOF Degradability

MOFs can break down and degrade in vivo after gene delivery, reducing the potential for long-term buildup and
associated harm. The controlled breakdown of MOFs is key for their safety and targeting and occurs when bonds
break or parts dissolve. For example, MOFs break down into small, safe particles in acidic tumor and lysosome
environments, leading to drug release. This effect ensures that the drugs are released where they are needed and prevents
harmful buildup.’’

MOF materials exhibit good biocompatibility and are the ideal carrier for gene delivery due to their highly specific
surface area, precisely adjustable pore structure, and ability to release drugs in response to stimuli.”® Furthermore, MOFs
can be designed to achieve targeted delivery through the selection of metals and organic ligands to match specific nucleic
acids. The advantages of MOFs are shown in Figure 2. The development of MOFs can address the restrictions associated
with traditional vectors, and this approach demonstrates substantial potential in tumor gene therapy and precision
therapy.>’

Gene Delivery Mechanisms

Aperture Encapsulation

Due to the outstanding performance of MOFs, especially their highly specific surface area and high porosity, this
approach is highly promising in both medical and material fields.®® These special properties enable the safe and
secure loading of MOFs with important genetic materials, such as DNA and RNA, in a process known as pore
encapsulation.®’ This new encapsulating method enhances the protection of genetic material, allowing it to persist
significantly longer than it does with other methods. Researchers can control how the genetic material is inserted

High specificx
surface area

and porosity

Adjustable
pore size Multifunctional

and sur_face properties
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Figure 2 Schematic diagram of the advantages of MOFs.
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by adjusting the MOF size and shape. Controlling the genetic material loaded into MOFs is crucial for gene
therapy, targeted drug delivery, and obtaining disease-specific information, enabling the prediction of when the
medicine will be released and ensuring it works effectively without causing harm to the patient.®

Surface Mounting

Genetic materials can bind to MOFs via an interaction between the two types of chemical groups on their surface.
Genetic materials can adhere to MOFs through electrostatic adsorption or covalent adhesion, helping to keep them
securely attached to the MOF surface for gene delivery.®® Electrostatic adsorption is an interaction between charged
species. Genetic material is usually negatively charged; thus, it can adhere to MOFs with positively charged
surfaces or cationic functional groups via electrostatic interactions. Although this binding mode is relatively
weak, it is sufficient to stabilize the attachment of genetic material to the MOF surface and maintain stability
during delivery.*?

Covalent Binding

Covalent binding is stronger than surface binding because the DNA creates strong bonds with the small molecular
groups on the MOF surface, usually necessitating chemical reactions. This approach enables genetic substances to
be more strongly attached to the MOF surface during the transportation process, thereby improving the delivery
efficiency and stability. Various functional groups, such as amino groups, carboxyl groups, and hydroxyl groups,
exist on the surface of MOFs. MOFs can bind with the active groups on DNA or RNA by forming covalent bonds,
binding MOFs and genetic material through covalent coupling. Covalent bonds improve the stability of genetic
material-MOF binding, providing a “protective shell” for the genetic material, improving its stability, and enabling
its release under certain conditions, such as changes in pH values or enzymatic action.®

In Situ Packaging

In-situ Encapsulation (ISE)involves placing the target molecule directly into the MOFs during construction. In this method,
the genetic material is mixed with the metal ions and organic ligands during MOF generation.®” ISE relies on the tunability of
MOF pores; the metal ions and ligands selected influence the pore size and surface types. Drugs added during the MOF
production process are incorporated into the MOF structure by binding to either the metal or organic component.®*

Surface Engineering and Functionalization of MOFs

MOFs exhibit considerable advantages in terms of surface functional strategies compared with other nanomaterials. MOFs
contain special metals and structures that enable their binding with multiple substances; thus, MOFs can be modified for
enhanced cellular uptake and in vivo control. MOF uptake by cells depends mostly on endocytosis pathways (Figure 3). The
MOF surface can also be functionalized in many different ways. First, in post-synthesis modification, unoccupied metal sites
are modified with molecular coordination. Second, click chemistry can be applied to organic ligands.®® Third, synthetic
processes can be used to add regulators as capping agents that are directly incorporated into functional molecules.®®
Numerous methods exist for conferring functionality on MOFs, such as the use of surfactants, polyethylene glycol (PEG),
substances that enhance uptake, and specific antibodies; thus, MOFs are highly flexible and versatile.®”

Surface Modification

PEG Modification

PEG modification is an effective method for altering the surface of materials. When used to modify the surface of MOFs,
PEG changes their surface properties, improves their ability to interact with water molecules, and increases their
hydrophilicity.®® PEG modification also greatly reduces the in vivo immune response to MOFs. Nonmodified MOFs
may be identified and regarded as foreign objects after ingestion and entry into organisms; thus, they will be recognized
and eliminated by the immune system through nonspecific recognition after ingestion and the induction of inflammatory
and other related immune reactions. PEG is a biocompatible polymer material that can form a “protective shield” on the
MOF surface, protecting MOFs from direct contact with the immune system and reducing immunogenicity. Thus, PEG

modification improves MOF safety and stability in organisms.®’
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Figure 3 The endocytic pathways and roadmap of MOFs.®” Reprinted with permission from.*’

Chitosan Modifications

Chitosan is a natural polysaccharide with good biocompatibility and biodegradability. Synthetic chitosan-coated MOF
materials can serve as effective drug delivery systems. Chitosan coating helps protect the MOFs, prevent MOF break-
down, and reduce drug leakage; thus, this approach enables slow drug release, enhancing its in vivo effects.”” In addition,
the combination of chitosan and MOFs results in enhanced antipathogen characteristics, representing a potential novel
mechanism for overcoming resistance.

Other Ligand Modification

Changing the MOF surface with amino, carboxyl, and amino acid ligands in a controlled manner can enable the careful
adjustment of surface chemical properties. The amino group specifically improves the adsorption performance of acidic
gases such as CO,. The carboxyl group can improve the polarity of the pores and their compatibility. Furthermore, the
dual nature of amino acids, which have both amino and carboxyl groups, yields better results and enhances the

adsorption, catalytic, and separation performance of MOFs.”!

Multifunctional

Magnetic Nanoparticle Composite

Combining MOFs with magnetic nanoparticles, such as Fe;Oy, enables the construction of magnetic nanoplatforms. This
composite material can be used to deliver genes, and a magnetic field can be applied for more precise delivery. The
composite material retains the advantages of MOF materials, such as a large specific surface area, adjustable pore size,
and good biocompatibility, while also possessing an inherent magnetic response property.’” In gene delivery applications,
the addition of Fe;O,4 nanoparticles enables the delivery system to be guided by a magnet, allowing the in vivo movement
of gene carriers to be controlled by adjusting the intensity or angle of the field. This approach facilitates the delivery of
genetic material to a specific location at the desired time, thereby improving gene therapy delivery.”
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Drug Codelivery

In addition to gene delivery, MOF materials have substantial potential for combination with other drugs to create new
strategies for co-delivering genes and drugs. Researchers have combined anticancer drugs with MOFs to create novel
delivery systems that can effectively incorporate anticancer medicine and protect it through the unique structure and other
features of MOFs.”® Molecules or groups with targeting functions are introduced to further enhance the accuracy and
efficiency of the drug, enabling the above-mentioned composite system to specifically recognize and bind to the surface
of tumor cells, providing targeted delivery to the tumor cells. The targeted delivery of drugs via this method reduces
damage to nontumor cells, increases the total drug concentration in the tumor tissue, and enhances treatment efficacy.”*

Gene Delivery Strategies and Biomedical Applications of MOFs

MOFs are novel nanomaterials with substantial application prospects in gene delivery. MOFs can achieve targeted gene
delivery via surface modification or structural design, thereby increasing the accuracy and effectiveness of gene therapy
delivery. MOFs can be created as multifunctional vectors that simultaneously load genes and drugs to synergize therapy;
furthermore, diagnostic molecules can be included.*® Different genes can also be specially designed and optimized for
MOFs to enhance their stability and delivery efficiency (Figure 4). For example, Karimi-Maleh et al successfully
synthesized a core—shell Co30,@MOF-74 nanocomposite via a solvothermal method, which exhibited enhanced
electrochemical performance and stability, making it highly suitable for applications in biosensing and targeted delivery
systems.”> Overall, MOFs exhibit unique advantages and development prospects in gene delivery, presenting substantial
opportunities; however, numerous challenges remain in their application.'®

Targeted Delivery

Tumor-Targeted Delivery

Tumor therapy with MOFs can be targeted through surface modifications that introduce specific genes, leading to better
therapeutic results.”® Saeinasab constructed a specific gene delivery platform for prostate cancer using ZIF-8, a MOF
material, to deliver SNHG15 siRNA. The nanoplatform comprised aptamer-PEG-siRNA@ZIF-8 nanoparticles and was

: 7| Immunostimulants: | ™ k Platelet Photothermal Biofilm
| / \ . i .
[ | suchascre ‘ Merbraee stimulants _Jll 2 °" Il encapsulation
Photothermal Metal ions:
agents: such as Such as Zn? ; i :

PDA

siRNA/mRNA/DNA delivery and RNA

interference, gene editing (CRISPR),
DNA transfection

Figure 4 Binding of MOFs to other materials and their role in gene delivery.
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constructed via PEGylation modification and EpCAM aptamer binding, remarkably enhancing its stability, cellular
uptake, and siRNA targeting capabilities. The experimental results showed that the nanoplatform substantially reduced
PC-3 cell proliferation and colony formation in vitro; furthermore, its antitumor activities were found to result from
apoptosis induction. In vivo and in vitro experiments demonstrated that the platform could effectively deliver SNHG15
siRNA to inhibit the proliferation of prostate cancer cells and promote apoptosis. In vivo experiments further demon-
strated the effectiveness of targeted delivery, with a 78% decrease in tumor volume compared with the non-targeting
approach. No obvious systematic toxicity response was observed. Thus, it was demonstrated that ZIF-8 could serve as an
effective gene carrier, solving the challenges of instability and the lack of targeted delivery of the siRNA molecule
through surface functionalization modification, providing a novel idea for the application of MOFs in tumor gene
therapy.”” Similarly, Li designed EGFR-targeted nanoprecursor drugs, termed THE NPs (TPL-HSP conjugates), which
release their payload in response to the acidic tumor microenvironment through hydrolyzable ester bonds. These drugs
simultaneously inhibit the EGFR/PI3K/AKT pathway, exhibiting a 78% reduction in tumor volume in bladder cancer
models, thereby further underscoring the advantages of targeted nanocarriers in solid tumor therapy.”®

Mitochondria-Targeted Gene Delivery

Haddad created a system of MOFs modified for improved mitochondrial targeting. Gene therapy for mitochondrial
disease can be achieved by modifying target motifs on the MOF surface to enable the specific identification of
mitochondria and subsequent delivery of genes. Researchers have developed a customized delivery system that uses
a zirconium-based metal-organic framework, known as UIO-66, to enhance the targeting of mitochondria by the
anticancer compound Dichloroacetic Acid (DCA). MOFs were synthesized with varying DCA concentration loading
and TPP modifications using different experimental methods to enhance the physicochemical properties of the
materials. The biological effects of these MOFs were assessed via cytotoxicity assays, super-resolution microscopy,
and whole-transcriptome analysis. Experimental results demonstrated that after Triphenylphosphine (TPP) modifica-
tion, MOFs could target and transport DCA to the perimitochondrial area; a total free drug dose of only 1% was
sufficient for the significant induction of mitochondrial morphological fragmentation and activation of apoptosis-
related gene expression, which ultimately led to cellular death. These findings could form the experimental basis for
mitochondria-targeted gene therapy using MOF material and indicate the feasibility of mitochondria-targeted antic-
ancer therapy.”’

Inflammatory Cell-Based Targeted Delivery

MOF materials, as a new type of carrier, can effectively deliver genes, and altering their function via surface modification
can overcome biological barriers to targeted delivery, thereby facilitating disease treatment and monitoring. Li developed
a method for creating multifunctional nanosystems using MOF material for gene destruction and therapeutic diagnostics.
The aforementioned group aimed to address challenges related to nuclease breakdown, targeting, and poor endosomal
escape capacity in gene supply systems used for atherosclerosis treatment. They successfully synthesized two iron-based
MOF materials, MIL-53 (Fe) and MIL-100 (Fe), and a multifunctional PBMMA-PG polymer bound to the MOFs to
improve their stability, targeting capacity, and ability to detach from cells. The modified GAMMA-53 nanoparticles
exhibited better gene silencing efficiency and excellent biocompatibility in vitro; furthermore, these nanoparticles
demonstrated anti-oxidative properties, reducing the concentration of reactive oxygen species in mouse monocyte
macrophage leukemia cells (RAW 264.7). In vivo, GAMMA-53 nanoparticles accurately targeted atherosclerotic plaque
sites and greatly improved the detection of these plaques by MRI. Thus, this nanosystem could be used in atherosclerosis
diagnostics and has potential applications in atherosclerosis gene therapy.so

Targeted Co-Delivery of siRNA and Cisplatin via RGD-MOF for Synergistic Therapy

Li addressed the challenges of metastasis and chemotherapy resistance in uveal melanoma (UM) by designing a targeted
nanodelivery system based on manganese metal-organic frameworks (Mn-MOFs). As shown in Figure 5, the system
achieves tumor targeting via integrin avp3 through RGD peptides and carries siRNA targeting long non-coding RNA
OUMI and PTPRZI1 alongside cisplatin. The nanoparticles exhibit pH- and reactive oxygen species (ROS)-responsive
drug release, enabling synergistic gene silencing, enhanced chemotherapy efficacy, and chemotherapy-dynamic therapy
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(CDT). Furthermore, by integrating methylene blue (ICG) and Mn?+ ions, the system possesses dual-modal fluorescence/
MRI imaging capabilities, enabling real-time tracking of tumor drug accumulation and treatment response.™'

Responsive Release and Adsorption Mechanisms

pH Responsiveness

MOF materials exhibit unique responsive release mechanisms in gene delivery. These materials can respond to different
intracellular environments to achieve targeted gene release; pH responsiveness is one of the most frequently investigated
mechanisms. The mildly acidic environment of a tumor can cause changes in MOF structure or even degradation, thereby
releasing the carried genetic material. This pH-responsive releasing method can make gene delivery more effective and
accurate while simultaneously reducing drug release in nontarget areas, thereby protecting normal cells. Cheng designed
pH-responsive clusters of metal-organic backbone nanoparticles (Ap-ZIF@SLN#L) to prevent MOF materials from
accumulating inefficiently at tumor sites in tumor therapy. Covalently coupling hydrophilic PEG and MMfu to hydro-
phobic hydroxylated oleylamine (OA), combined with a microfluidics process, further integrated the material into solid
lipid nanoshells. These nanoshells were coated with ZIF containing Ap, thus yielding pH-responsive particles. PEG,
MMfu, and removal in an acidic tumor environment, along with hydrophobic OA-exposed nanoparticle aggregation,
improved tumor cell uptake and accumulation. Ap-ZIF@SLN#L was found to induce the production and release of ROS
and Ap and inhibit ZIF autophagy. Cooperation with ZIF promoted tumor cell death and actively infiltrated the tumor
microenvironment, inducing the recruitment of M1-type macrophages and CD8" T cells to the tumor microenvironment
These effects substantially inhibited tumor growth and improved the survival rate in mice, and no obvious toxic reactions
were observed. These findings provide new ideas and methods for the application of MOFs in tumor therapy. The
accumulation of drugs in tumor tissue and their therapeutic effect are the primary areas of focus (Figure 6). Designs
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Figure 6 Hypothetical mechanistic diagram of the therapeutic effect induced by Ap-ZIF@SLN#L nanoparticles.®? Reprinted with permission from.®?

focused on pH responsiveness offer valuable references for other applications and may play a significant role in the
therapeutic areas of many diseases.®

In the field of gene delivery, Wang used hydrophilic drugs, nucleic acids, and CRISPR-Cas9 genome editing tools as
the basis for creating SMOF NPs with pH-responsive properties. This approach aimed to improve intracellular delivery
efficiency. In their study, the researchers prepared pH-responsive SMOF NPs by mixing a water solution containing Zn*"
and the drug with an oil solution, adding a silicon source and an imidazole source to form nanoparticles. The SMOF NPs
exhibited a large loading capacity and strong absorption ability. Furthermore, the imidazole groups on the NP surface
were protonated in an acidic environment to realize pH-responsive release and endosomal escape by the “proton-sponge
effect”. In vitro, the developed MOFs demonstrated higher transfection efficiency and better genome editing capabilities
than other commercial reagents. In vivo experiments in mice revealed that SMOF NPs modified with the target ligand
ATRA could effectively edit genes in the retinal pigment epithelium. Tests of electrical activity showed that the MOFs
are safe, providing an alternative method for delivering genes.*’

Sameni investigated the potential of ZIF-8 nanoparticles for gene delivery, with a specific focus on tumor targeting.
They found that ZIF-8 could effectively load and protect foreign DNA due to porous structure and pH response
characterization, substantially improving gene delivery into sperm cells. The small size of ZIF-8 (~77.8 nm) and its
surface charge enabled it to pass through biological membranes; the imidazole ring enabled the particle to escape from
endosomes, making it easier for genes to enter the nucleus. The safety of ZIF-8 was also assessed; the particle had no
effects on sperm cell survival or embryonic growth, indicating its applicability in vivo.®

Hashemi designed UIO-66@NH,-based MOF nanocarriers and constructed a codelivery system for Epi and Let,
overcoming multidrug resistance in breast cancer by loading genes and small-molecule drugs in combination. They
prepared drug-loaded nanoparticles via hydrothermal synthesis. In vitro UIO-66-Let/Epi@NH, significantly increased
apoptosis in MCF-7 cells in comparison with the effects of the free drug or the free drug physical mixture. Furthermore,
the particles inhibited MCF-7 cell migration and invasion by upregulating the expression of Caspase-3, Caspase-9, and
Mifnl and downregulating the expression of MMP-2 and MMP-9. Furthermore, the particles were less toxic to normal
cells (MCF-10A) and could be stably stored at 4°C. Multifunctional carriers such as UIO-66@NH, can enhance drug
targeting and achieve controlled release by utilizing codelivery strategies and exploiting the acidic pH characteristics of
the tumor microenvironment.®® This approach could provide new options for overcoming chemotherapy resistance and
improving combination therapy.

Li developed a new delivery system using MOF materials to address the issues with complex synthesis, toxic by-
products, and low transfection efficiency associated with nonviral gene carriers for delivering plasmid DNAs. They
encapsulated pEGFP-C1 into ZIF-8 nanoparticles by bionic mineralization and prepared a ZIF-8/PEI25kD composite
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vector by coprecipitation. Subsequently, they systematically studied the protection, release, and cell transfection
performance of pDNA. The results show that the ZIF-8-PEI 25kD vector significantly enhances the loading ability
and protection against enzymatic degradation by improving electrostatic interactions and promoting endosomal release
via a pH-responsive release mechanism. Finally, ZIF-8-PEI 25kD achieved a high transfection efficiency in MCF-7 cells,
performing comparably to commercial reagents.®®

In another study, Salari created a gene delivery system using ZIF-8 MOFs for delivering p53 tumor suppressor genes
for cancer treatment. The researchers took full advantage of the structural controllability, high porosity, and pH-
responsive degradation of ZIF-8, successfully loading plasmid p53 DNA, which was protected from nucleases and
accurately released in the tumor microenvironment via a pH response. The ZIF-8/p53 complex considerably improved
the transfection efficiency of the tumor cells in vitro and induced cancer cell apoptosis by restoring p53 protein function
in vivo. Further in vivo experiments indicated that this complex effectively and safely targeted and suppressed tumor
growth.®” These findings provide novel insights into strategies for developing a multifunctional platform for cancer gene
therapy.

Poddar mentioned that siRNA against oncogenes like AR-V7 and CRISPR/Cas9 components against PTEN gene
deletions were co-loaded onto ZIF-8 nanoparticles, and prostate-specific membrane antigen (PSMA)-targeting ligands
were modified to create a system with targeted delivery capabilities. The platform successfully penetrated the membrane
of prostate cancer cells and released the gene-editing tool in response to the acidic environment of the tumor.
Furthermore, the platform silenced alternative androgen receptor variants through RNA interference. Together with
CRISPR/Cas9, the platform reversed the loss of the PTEN oncogene, inhibited tumor growth, and induced tumor cell
apoptosis.®®

Near-Infrared Light Responsiveness

MOF vectors can respond to various intra- and extracellular signals during gene delivery, thereby realizing accurate gene
release, improving delivery accuracy, and decreasing off-target effects. Notable studies have been conducted on NIR-
responsive MOF vectors, revealing that these vectors can achieve spatiotemporally specific gene release under the control
of an external light source, providing new strategies for gene therapy. Xu proposed a new microfluidic-assisted MOF
biomineralization technique for delivering CRISPR/Cas9 ribonucleoprotein (RNP) to address the problem of low
delivery efficiency and hard-to-control delivery resulting from the MOF’s large size, high surface charge, and biosensi-
tivities during gene transfer. By utilizing microfluidics, they biomimetically generated heat-sensitive EuMOFs on
photothermally sensitive Prussian blue (PB) templates and effectively encapsulated RNPs as MOFs. PB@RNP-
EuMOFs were produced successfully by fine-tuning related microfluidic factors, demonstrating high encapsulation
rates, good RNP defensive capabilities, and NIR photostimulation-responsive unloading features. After exposure to
NIR light, the nanocarrier released from the endosome faster and reduced GFP expression by 40%. Gene editing
activities could be programmed or controlled by changing the light exposure duration, improving editing efficiency
compared with the no-light control. This study demonstrates the potential of MOFs as near-infrared light-controlled
release vehicles for gene delivery, enhancing the CRISPR/Cas9 RNP delivery system and mitigating off-target effects.®

Application of Gene Delivery Based on MOF Adsorption Mechanism

MOF materials are good carriers for exerting multiple functions. Specific metal and organic ligand incorporation can
result in MOFs that effectively load and protect gene-based drugs. Furthermore, the porosity of MOF structures provides
sufficient space to co-load small molecules for treating various diseases. Ringaci designed a multifunctional nanocarrier
with a core-shell structure to address the challenges of low drug loading capacity and the lack of multidrug codelivery
capacity in traditional gene delivery MOFs. The vector contained a magnetic Fe;O, core covered by a MIL-100 (Fe)
network and coated with carboxymethyl dextran (CMD) and PEI on the surface, which enabled the gene to be loaded
efficiently onto the vector and small molecules to bind with MIL-100 (Fe) in the pores.”® The vector achieved
a transfection efficiency of 68% in HEK293 cells and successfully codelivered Nile blue with plasmids of varying
sizes. Fluorescent labeling revealed that both components overlapped significantly in the cells. In vivo experiments
demonstrated that this system could effectively express genes and deliver small molecules in mouse lungs. Furthermore,
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the system exhibited good biocompatibility and safety, indicating its potential as a novel solution and platform for gene
therapy and delivery.

Immune Regulation

Gene Delivery and Immune Modulation Synergize to Enhance the Immune Response

MOFs can effectively carry and protect genetic material. Moreover, they can be modified to add targeting molecules or
immune factors, enhancing treatment efficacy. MOFs in combination with gene and immunotherapy applications are
promising. For instance, Yola developed a bimetallic Ni/Cu—-MOF-based immunosensor specifically designed for
detecting TNF-a, achieving an ultra-low detection limit of 2.0 fg/mL, thereby highlighting the significant potential of
MOFs in high-sensitivity biomedical diagnostics.”’ Feng developed a MOF-based gene delivery method that optimized
the therapeutic effect by precisely regulating immune responses in the Tumor Microenvironment (TME) to address the
low efficacy of cancer immunotherapy. They explored the potential of MOFs in conjunction with gene delivery and
cancer immunotherapy, focusing on the use of MOFs as multifunctional nanocarriers for gene drugs and immunomodu-
lation. pH-responsive, glutathione-sensitive MOFs targeting the TME were effectively developed for the successful
loading of siRNAs and immunomodulatory nucleotides. Specific release was achieved through the incorporation of
aptamer or targeted ligand modification into the MOFs.”?

Chemo-Acquired Combined Immunotherapy Using MOFs

Zhao used a mineralized MOF nanofabrication approach to solve the problem of lymphopresence and immunosuppression
of CD8" T cells in conventional immunotherapy. They used the biomineralization performance of MOFs to deliver
lysosomal-targeting drugs to the tumor-infiltrating T cells more accurately. This approach remodeled the acidic environ-
ment in lysosomes and reconstituted their metabolism. Moreover, metal ions such as Zn”" released by MOFs could activate
the STING interferon pathway, promote dendritic cell maturation, and facilitate antigen presentation, thereby achieving
a synergistic immune effect between innate and adaptive immunity. This method significantly enhanced the T cell-mediated
tumor-killing effect through a dual-control mechanism, resulting in tumor—tumor microenvironment remodeling and tumor
growth inhibition in a melanoma model. These findings indicate the potential of novel nano-immunomodulation approaches
to overcome solid tumors.”® Similarly, Chen demonstrated that oncolytic viruses (eg, T-Vec) are able to release tumor-
associated antigens (TAAs) through tumor lysis, which in turn activates dendritic cells (DCs), promoting their maturation
and the recruitment of CD8+ T cells, as well as reversing the immunosuppressive tumor microenvironment. These findings
provide a strong rationale for combining MOFs with immune activators in combinatorial therapeutic strategies.”*

MOF-Based Bispecific Antibody Delivery and T-Cell Redirection Therapy

Zhao developed a gene delivery system through MIL-88A metal-organic framework nanoparticles and MC to achieve
effective in vivo expression of anti-CD3/anti-EpCAM BiTE. The loading of MC molecules onto MOF nanoparticles by
metal-phosphate bonds and electrostatic interaction was demonstrated via X-ray photoelectron spectroscopy (XPS) and
dynamic light scattering (DLS) analysis, and the intraperitoneal injection of MOF/MC suspensions into the peritoneum in
mice revealed excellent transfection effects with low cytotoxicity. In the intraperitoneal xenograft mouse model
constructed with SKOV3 ovarian cells, the researchers indicated that MOFs/MC. BiTE greatly hindered tumor growth
and elevated the average survival duration of the mice. Moreover, the MOFs/MC system was found to be a safe and
efficacious delivery approach for BiTE immunotherapy of ovarian cancer and has substantial potential clinical
applications.””

Novel Gene Delivery

Oral Delivery

In a study, Jiang mentioned that MOFs are applied in oral gene therapy to protect the stability of genes in the stomach,
intestines, or other regions of the gastrointestinal tract through a specific structural form. Researchers have carefully
investigated MOFs as novel tools for oral gene delivery that address the key issue of low efficiency in regular oral gene
therapy. Orally administered genes have difficulties in withstanding the acidic atmosphere of the gastrointestinal tract,
resisting enzymatic attack, and traversing the mucous barrier. However, the large specific surface area of MOFs and the
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ability to customize their porosity and surface function enable structural changes or degradation in acidic environments,
initiating drug release. Thus, acid-reactive structures have been constructed to safeguard the gene-based drug with
surface modifications enabling targeted delivery and release. The design strategies used when constructing MOFs,
including pore size control, biomimicking mineralization, and probiotic metabolite incorporation, illustrate their potential
to improve gene-loading efficiency, resist enzymatic degradation, and facilitate cellular uptake. Furthermore, using
computational systems to predict the effects of materials, Al can help construct better MOFs to increase the speed of
delivery system design and development of personalized treatments.”®

Surface-Engineered Delivery

Wu addressed the challenge of poor blood-brain barrier (BBB) penetration, which limits drug delivery for glioblastoma
(GBM) treatment, particularly for chemotherapeutic agents such as docetaxel (DTX). They developed a zeolitic
imidazolate framework-8 (ZIF-8) based nanosystem by engineering its surface with a 15-amino acid peptide RVGys
(via RVG,5—PEG conjugates), resulting in the construct RVG;s—PEG@DTX@ZIF-8. This modification enables specific
targeting of nicotinic acetylcholine receptors (nAChRs) on both brain endothelial and GBM cells, facilitating efficient
BBB traversal and targeted accumulation within GBM tissue. In orthotopic GBM mouse models, the system significantly
inhibited tumor growth, suppressed metastasis, prolonged the survival of tumor-bearing mice, and showed good
biocompatibility, providing a promising surface-engineered MOF-based delivery strategy for GBM therapy.”” Zhang
aimed to overcome key limitations in osteoarthritis (OA) therapy, including inadequate response to monotherapy,
suboptimal therapeutic outcomes due to poor bioavailability and short retention of agents, and the practical constraints
of gene delivery. They constructed a surface-engineered, pH-responsive metal-organic framework (MOF) system (MIL-
101-NH,@CCM-siRNA, denoted as MCS NPs) for co-delivering the anti-inflammatory drug curcumin (CCM) and HIF-
20 siRNA (as illustrated in Figure 7). Using MIL-101-NH, as the core carrier, CCM was encapsulated via pore
adsorption, while siRNA was loaded through surface coordination. The system was further functionalized with hyaluro-
nic acid (HA) to enhance nanoparticle dispersibility, hydrophilicity, and cartilage lubrication. This surface engineering
strategy allowed effective protection of siRNA from enzymatic degradation, promoted lysosomal escape, and enabled
pH-responsive release of both cargoes in the acidic OA microenvironment. Consequently, the system synergistically
silenced HIF-2a expression, inhibited inflammatory responses, and reduced cartilage degeneration. Both in vitro and
in vivo studies demonstrated the therapeutic potential of this platform for OA treatment.”®

Gene Transfer Therapy

Gene therapy methods include gene transfer and editing approaches. Gene transfer refers to the use of vectors to deliver
exogenous genes into host cells. The genes expressed then exert a therapeutic effect inside the cell. mRNA transfer is
a type of gene transfer that introduces exogenous mRNA into the cell, resulting in therapeutic effects due to the synthesis
of therapeutic proteins through the cell’s translation system. MOFs, as novel nanocarriers, offer significant advantages in
the field of mRNA delivery. They protect mRNA from being broken down by enzymes, allowing RNA delivery. Lawson
created mRNA-PEI@ZIF-8 composite granules in which PEI had been combined with mRNA before being placed inside
the ZIF-8 shell layer. PEI is positively charged and can combine with the negatively charged mRNA to form a complex,
thereby protecting the mRNA from nuclease degradation and enhancing its binding to the cell membrane. Thus, this
approach improves mRNA cell entry. ZIF-8 has good biocompatibility and tunable pore size and pore structure. The
composite particles exhibit better stability and less mRNA leakage into biological media. Thus, the RNA is stably
transferred in vivo and is slowly released, prolonging the duration of action of RNA in vivo and improving the
therapeutic effect. After the composite particle enters the cell, the ZIF-8 layer slowly disintegrates and releases the
mRNA-PEI compound. Subsequently, the mRNA is separated and enters the cytoplasm, where it uses the cell’s
translation system to produce the corresponding protein. For example, an mRNA that encodes antigenic proteins results
in the expression of these proteins after cell delivery, causing an immune system response; ie, when the antigenic protein-
encoding RNA enters the cell, the cell makes and exposes the antigenic protein, and the body’s system attacks the cell,

producing the desired response.”
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Figure 7 Preparation procedure of MIL-101-NH,@CCM-siRNA nanoparticles and schematic illustration of MIL-101-NH,@CCM-siRNA nanoparticles (premixed with the
HA solution) for OA therapy.”® Reprinted with permission from.”®

Future Prospects

Although MOF systems are promising for gene delivery, numerous challenges remain in their application. First,
biostability and degradability are concerns. If the MOFs are not stable in vivo, the gene cargo could be released too
early, or the MOFs could break apart and deliver fewer genes. Second, cell absorption rates and toxicity problems cannot
be ignored—the metal ion and organic components of MOFs are potentially cytotoxic. Third, gene delivery is challen-
ging. Genetic vectors are highly unstable and can be degraded by in vivo nucleases, the cellular uptake efficiency is low,
and intracellular escape is challenging. Furthermore, obstacles in intranuclear transportation complicate the transfection
process, resulting in limited delivery. These issues become more challenging when MOF materials are employed as
carriers for genetic material. The biocompatibility issue of MOF materials may contradict the needs of cellular uptake
and intranuclear transport for gene delivery, affecting the efficiency of gene release. Furthermore, it is difficult to regulate
gene expression precisely while maintaining material stability. Further studies investigating the design and optimization
of materials are necessary to address the aforementioned challenges and promote the development and application of
MOFs in the field of gene therapy.

MOF nanomaterials show substantial potential in gene delivery applications. The development of novel and stable
MOF nanomaterials has become a key focus in the research and development of gene delivery systems. By carefully
choosing the right metal ions and organic ligands and using new development methods, we can greatly enhance the
stability of MOFs in biological settings. Furthermore, incorporating surface changes and targeting MOF delivery systems
represents additional improvements. Equipping MOFs with the ability to recognize cells enables them to enter cells more

12954 e International Journal of Nanomedicine 2025:20



Guo et al

effectively and target the desired sites. Changing the surface and chemistry of MOFs makes them safer in vivo.
Disguising MOFs with natural coatings helps prevent immune system attacks. These changes can make MOF delivery
systems more useful for gene therapy.

Summary

MOF materials could be very useful for gene therapy due to their special properties. They have a large surface area and
numerous pores, which help them transport genetic material. Their pore size and surface can be changed to meet different
gene delivery needs. In addition, MOFs are safe and exhibit low toxicity due to their excellent biocompatibility. In
addition to their targeting ability, responses to stimuli, multifunctionality, and degradability, MOFs demonstrate sub-
stantial advantages compared with other materials for gene delivery. MOFs can be designed to release genes at specific
times through surface or structural changes, improving the accuracy and efficiency of gene therapy. MOFs can also act as
multifunctional carriers that can release genes, drugs, and detection molecules simultaneously to achieve synergistic
therapy. MOFs can be designed to carry different genes (like siRNA, mRNA, and plasmid DNA). These factors improve
the stability and efficiency of gene delivery. Overall, MOFs offer unique advantages for gene therapy and provide novel
opportunities for progress in this field; however, several challenges remain in their application.
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