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Abstract :

Metal organic frameworks (MOFs) promising materials with broad applications in sep-
aration, storage, catalysis, and sensing fields. However, concerns regarding their toxicity,
environmental fate, and lifecycle management persist as major hurdles to commercializa-
tion. Despite ongoing research, the biosafety and ecological implications of MOFs are still
not fully understood. The harsh conditions involved in MOF synthesis and the potential for
environmental release raise concerns about their impact on ecosystems. This review delves
into the critical environmental implications and toxicological profiles of MOFs, emphasiz-
ing the influence of MOF structure, composition, and exposure pathways on their toxicity.
By addressing these knowledge gaps, we aim to foster responsible MOF development and
application while mitigating potential environmental risks.

Key words: Metal-organic frameworks (MOFs); MOF synthesis; MOFs Environmen-
tal Impact; MOFs Stability; MOFs Degradation; MOFs Toxicity, MOFs Biosafety, MOFs
Life cycle assessment, MOFs Sustainable development.
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Introduction

Metal-organic frameworks (MOFs)
are crystalline materials formed by
the interconnection of metal ions and
organic linkers into a porous, three-
dimensional network [34]. MOFs pos-
sess exceptional properties, including a
vast internal surface area, tunable pore
size, and diverse functionality. This
unique structure enables MOFs to in-
teract with different molecules, lead to
promising materials for various appli-
cations, particularly in environmental
remediation [18, 37].

MOFs’ large surface area and tun-
able pore size allow them to capture and
adsorb pollutants from water, air, and
soil. Additionally, the incorporation of
specific functional groups within the
MOF framework can enhance their se-
lectivity and affinity for certain pollut-
ants, making them highly efficient for
targeted removal [18, 37]. Key appli-
cations of MOFs in environmental re-
mediation include Water purification:
Removing heavy metals (e.g., lead,
mercury, arsenic), organic contami-
nants (e.g., dyes, pharmaceuticals), and
emerging pollutants (e.g., microplas-
tics, PFAS) from water sources [15,
65]. Air purification: Capturing vola-

tile organic compounds (VOCs), par-
ticulate matter, and other air pollutants
[38, 66]. Soil remediation: Removing
contaminants from contaminated soil,
such as heavy metals, pesticides, and
organic pollutants [67, 39]. Carbon
capture and storage: Capturing carbon
dioxide emissions from industrial pro-
cesses and storing them in MOF-based
materials [64, 19].

Recent potential applications in en-
vironmental remediation. For example:
Mixed-metal MOFs: Combining differ-
ent metal ions can create MOFs with
enhanced properties, such as improved
stability and selectivity for specific
pollutants [70]. Functionalized MOFs:
Incorporating functional groups (e.g.,
amine, thiol, carboxyl) into the MOF
framework can enhance its affinity for
certain pollutants and improve its per-
formance [35, 19]. Hierarchical MOFs:
Developing MOFs with hierarchical
structures (e.g., meso- and macropo-
rous) can improve mass transfer and
adsorption kinetics [38].

Metal-organic frameworks (MOFs)
are a class of porous materials with ex-
ceptional properties, including a vast
internal surface area, tunable pore size,
and diverse functionality [9]. The sur-
face area of MOFs can be remarkably
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large, exceeding 7800 square meters
per gram. To put this into perspective,
a teaspoon of such a MOF would have
enough surface area to cover a soccer
field [33]. One of the key advantages of
MOFs is their unique structural diver-
sity, which allows for precise control
over framework topology, porosity, and
functionality [54]. This control enables
researchers to tailor MOFs for specific
applications, such as environmental re-
mediation and gas storage. Stand out as
a distinctive class of porous materials,
offering a level of structural versatility
unmatched by traditional materials like
zeolites. These hybrid materials, com-
prised of metal ions or clusters linked
by organic linkers, form a highly crys-
talline, three-dimensional network.
This unique structure provides excep-
tional control over the framework’s to-
pology, porosity, and functionality, al-
lowing for the design of MOFs tailored
to specific applications [53, 13].
Unlike entirely inorganic zeolites,
MOFs offer a broader range of chemi-
cal and structural possibilities. This
flexibility allows for the incorporation
of various functional groups within the
MOF framework, enhancing their se-
lectivity and affinity for different mole-
cules. Furthermore, the precise control

over MOF pore size enables them to ac-
commodate specific molecules or ions,
making them ideal for applications like
gas separation, drug delivery, and ca-
talysis. In conclusion, MOFs stand out
as a promising class of materials with
exceptional properties and versatil-
ity. Their unique structural design and
tunability offer significant advantages
over traditional porous materials, mak-
ing them attractive for a wide range of
applications, including environmental
remediation and energy storage [53,
13].

Environmental Impact of Metal-
Organic Framework and Synthesis

The chemical reactions involved in
MOF synthesis can generate hazardous
byproducts, such as organic solvents,
metal-containing waste, and toxic gas-
es, if not properly managed. These by-
products can contaminate water sourc-
es, soil, and air, posing risks to human
health and ecosystems [26, 59]. To
mitigate the environmental impact of
MOF synthesis, researchers must pri-
oritize green chemistry principles and
adopt sustainable practices. This in-
cludes: Using environmentally friend-
ly solvents: Selecting solvents with
minimal toxicity and environmental
impact, such as water or ionic liquids
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[2]. Minimizing waste generation: Op-
timizing synthesis conditions to reduce
the amount of waste produced, such
as by using stoichiometric ratios of re-
actants and minimizing solvent usage
[70]. Implementing proper waste man-
agement: Developing efficient systems
for collecting, treating, and disposing
of hazardous waste by environmental
regulations [1]. Recycling and reusing
materials: Incorporating circular econ-
omy principles into the MOF synthesis
process to reduce resource consump-
tion and waste generation [10]. By
adopting these measures, researchers
can significantly reduce the environ-
mental footprint of MOF production
and ensure that the benefits of MOFs
outweigh the potential risks.

Nature has long served as a well-
spring of inspiration for the creation of
novel materials and technologies. The
structural and functional parallels be-
tween natural active components and
synthetic materials have motivated
researchers to explore bioinspired ap-
proaches for developing materials with
enhanced properties and applications.
In the field of metal-organic frame-
works (MOFs), bioinspired design has
garnered significant attention. By draw-
ing upon the knowledge of the struc-

tural characteristics of natural mole-
cules, researchers can engineer MOFs
with tailored properties that mimic the
functionality of biological systems. For
instance, the integration of natural ac-
tive components into MOF backbones
can imbue them with specific proper-
ties, such as enzyme-like activity, drug
delivery capabilities, or antimicrobial
properties [13, 58].

Recent advancements in MOF syn-
thesis and growth techniques have
broadened the possibilities for inte-
grating natural active components into
MOF structures. By diversifying the
metal nodes or organic linkers em-
ployed in MOF synthesis, researchers
can engineer MOFs with specific bind-
ing sites or functional groups that mir-
ror those found in natural molecules.
This approach empowers precise con-
trol over MOF properties and facili-
tates the development of MOF-based
materials with enhanced performance
across various applications [29].

Stability and Degradation of Met-
al-Organic Frameworks

Stability is a crucial property of
MOFs for their practical applications.
MOFs must be able to withstand vari-
ous chemical treatments and environ-
mental conditions without compro-
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mising their structural integrity and
porosity. the metal-ligand strength
bonds and the presence of protective
groups surrounding these bonds sig-
nificantly influence a MOF’s stability.
By designing MOFs with robust metal-
ligand bonds and incorporating protec-
tive groups, researchers can enhance
their resistance to degradation under
harsh conditions [21].

The strength of bonds MOFs metal-
ligand 1s influenced by several factors,
including: coordination chemistry: The
specific metal ions and organic link-
ers employed can impact the strength
and stability of the MOF structure.
Structural context: The arrangement of
metal ions and organic linkers within
the MOF framework can influence
the material’s stability. Environmental
factors: Exposure to harsh conditions,
such as elevated temperatures, humid-
ity, or aggressive chemicals, can de-
grade MOFs over time. By carefully
considering these factors during the de-
sign and synthesis of MOFs, research-
ers can create materials with enhanced
stability and durability for various ap-
plications [21].

Aqueous environments remains a
critical challenge for their practical ap-
plications. MOFs must be able to with-

stand exposure to water, acids, alkalis,
and salt solutions without significant
degradation [14]. This is particularly
important for applications in environ-
mental remediation, drug delivery, and
gas storage, where MOFs may be ex-
posed to humid or aqueous conditions.
The degradation of MOFs in water can
occur through various mechanisms, in-
cluding hydrolysis of the metal-ligand
bonds, ligand exchange, and structural
collapse. These degradation processes
can lead to a loss of porosity, surface
area, and functionality, limiting the ef-
fectiveness of MOFs in their intended
applications.

To enhance the water stability of
MOFs, researchers have explored sev-
eral strategies, including [74]. Using
hydrophobic linkers: Incorporating hy-
drophobic functional groups into the
MOF can reduce its affinity for water
molecules and improve its stability.
Introducing water-stable metal ions:
Selecting metal ions with strong co-
ordination bonds can enhance the re-
sistance of MOFs to hydrolysis. Post-
synthetic modification: Modifying the
MOF structure after synthesis through
functionalization or cross-linking can
improve its stability and resistance to
degradation. Developing hierarchical
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MOFs: Creating MOFs with hierarchi-
cal structures can provide additional
stability and resistance to water-in-
duced degradation. Through these
strategies, researchers have made sig-
nificant progress in stability. However,
further research is needed to develop
MOFs encountered in practical appli-
cations.

Key advantages of MOFs as drug
delivery carriers include: High spe-
cific surface area: MOFs can encap-
sulate and deliver large payloads of
drugs. Tunable pore size: The pore size
of MOFs can be precisely controlled
to accommodate different drug mole-
cules. Satisfactory stability: MOFs can
be designed to be stable under physi-
ological conditions and resistant to
degradation. Biocompatibility: MOFs
can be made biocompatible by select-
ing appropriate metal ions and organic
linkers [63, 66, 20].

MOF-based drug delivery systems
(DDS) have been successfully em-
ployed to deliver a variety of drugs,
including chemotherapeutic agents:
Cisplatin, doxorubicin, and other an-
ticancer drugs [23, 22]. Biomolecular
agents: Proteins, nucleic acids, and
other bioactive molecules [66, 52]. Im-
munosuppressants: Drugs used to sup-

press the immune system [52]. MOF-
based DDS can be designed to deliver
single or multiple drugs and can be
combined with other therapeutic ap-
proaches to enhance their efficacy. For
example, MOFs be combined with oth-
er nanomaterials or therapeutic agents
to achieve synergistic effects [49, 25].
By encapsulating drugs within
MOFs, researchers can: Shield drugs
from degradation: MOFs can safe-
guard drugs from harsh environments,
extending their circulation time in the
bloodstream. Control drug release:
MOFs can be engineered to release
drugs in a controlled manner, enabling
sustained or targeted delivery. Inhibit
drug resistance: MOFs can be func-
tionalized with molecules that can in-
hibit the expression of drug-resistant
proteins and genes. Modify the tumor
microenvironment: MOFs can be used
to deliver therapeutic agents that can
modify the tumor microenvironment,
making it more susceptible to treat-
ment and
[49, 25].
Environmental Fate of Metal-Or-

improving cancer therapy

ganic Frameworks

Metal-organic frameworks are po-
rous materials composed of metal ions
or clusters connected to organic link-
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ers, forming a highly crystalline, three-
dimensional structure. MOFs can be
considered a subset of coordination
polymers, but their unique properties
and applications distinguish them from

traditional coordination

[11].

One of the most distinctive features

complexes

of MOFs is tunable pore size and func-
tionality, makes MOFs highly versatile
materials for various applications, in-
cluding gas storage, separation, and ca-
talysis. Since the first reports of MOF
synthesis in the 1990s, there has been
an explosion of research in this field,
leading to the development of a vast
array of MOF structures with diverse
properties. The ability to precisely ma-
nipulate the composition and structure
of MOFs has empowered researchers
to tailor them for specific applications,
such as drug delivery, environmental
remediation, and energy storage[11].
Metal-organic frameworks have
garnered significant attention due to
their potential applications in various
fields, including environmental reme-
diation, energy storage, and catalysis
[38, 62]. MOFs offer several advan-
tages over traditional porous materials,
such as zeolites and activated carbons,
including a Tailorable pore environ-

ment: MOFs can be designed with spe-
cific pore sizes and functional groups
to match the target molecules or ions,
enabling precise control over adsorp-
tion and separation processes. High
surface area: The large internal surface
arca of MOFs provides ample space
for interaction with guest molecules,
enhancing their adsorption capacity.
Structural diversity: MOFs can be syn-
thesized with a wide range of metal
ions and organic linkers, allowing for
the creation of materials with diverse
properties. Stimuli-responsive behav-
ior: Some MOFs can exhibit respon-
sive behavior in response to changes
in temperature, pH, or light, enabling
their use in controlled release and sens-
ing applications [56, 19].

These unique properties make
MOFs promising materials for a vari-
ety of applications, including Gas stor-
age and separation: MOFs can be used
to store and separate gases, such as hy-
drogen, methane, and carbon dioxide.
Catalysis: MOFs can be functionalized
with catalytic sites to catalyze various
chemical reactions. Sensing: MOFs
can be used as sensors for detecting
pollutants, gases, and other analytes.
Drug delivery: MOFs can be used as
drug carriers to deliver therapeutic
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agents to target sites [56, 19].
The
frameworks typically involves sol-

synthesis of metal-organic
vothermal or hydrothermal reactions,
where metal salts and organic linkers
are heated under autogenous pressure in
a solvent [72]. However, this approach
can have several limitations, including:
Low-quality MOFs: Solvothermal syn-
thesis can produce MOFs with reduced
crystallinity, porosity, and uniformity,
which can hinder their performance in
practical applications [14].

Poor reproducibility: Batch-to-batch
variations in synthesis conditions can
lead to inconsistent MOF properties.
Long reaction times: Solvothermal
synthesis can be time-consuming, re-
quiring several days or weeks to com-
plete. Large volumes of toxic solvents:
The use of organic solvents can be en-
vironmentally harmful and increase
the cost of MOF production. High
energy consumption: Solvothermal
reactions often require high tempera-
tures and pressures, leading to signifi-
cant energy consumption. To address
these challenges, researchers have
been exploring alternative MOF syn-
thesis methods that are more efficient,
sustainable, and reproducible. These
methods include continuous flow syn-

thesis: Using continuous flow reactors
can improve reproducibility, reduce
reaction times, and minimize solvent
usage. Microwave-assisted synthesis:
Using microwave energy can accel-
erate MOF synthesis and reduce en-
ergy consumption. Mechanochemical
synthesis: Using mechanical energy
to induce the formation of MOFs can
eliminate the need for solvents. Sono-
chemical synthesis: Using ultrasound
energy can enhance MOF crystalliza-
tion and reduce reaction times. By de-
veloping and adopting these innovative
synthesis methods, researchers can im-
prove the quality, reproducibility, and
sustainability of MOF production, pav-
ing the way for their widespread com-
mercialization and application in vari-
ous fields [32, 73].
Microwave-assisted synthesis has
emerged as a promising technique
for the production of MOFs [42]. By
providing rapid and selective heating,
microwave technology can enable the
synthesis of MOFs that are difficult or
impossible to obtain using convention-
al methods [12]. While early studies
primarily focused on using generic lab-
oratory microwave systems for MOF
synthesis, recent research has explored
the potential of microwave technology
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for large-scale production. Understand-
ing the optimal microwave parameters
is crucial for scaling up MOF synthesis
and ensuring consistent product qual-
ity [36].

Key advantages of microwave-
assisted MOF synthesis include: Re-
duced reaction times: Microwave
heating can accelerate the formation
of MOF crystals, leading to shorter
synthesis times. Improved crystallin-
ity: Microwave heating can enhance
the crystallinity and purity of MOFs.
Enhanced reproducibility: Microwave-
assisted synthesis can improve the re-
producibility of MOF synthesis, reduc-
ing batch-to-batch variations. Energy
efficiency: Microwave heating can be
more energy-efficient than traditional
heating methods [42, 12, 36].

Toxicity and Ecotoxicity of Metal-
Organic Frameworks

The presence of reactants impuri-
ties from the process of synthesis can
potentially contribute to the observed
toxicity of MOFs [24, 63]. In vivo
studies have shown that MOFs can
generally be well-tolerated by animals,
with minimal toxicity observed upon
oral exposure. However, some MOFs
may induce mild inflammation or oxi-
dative stress in certain organs, such as

the liver and kidneys [55, 46,68 ].

To enhance biocompatibility and
reduce the potential toxicity of MOFs,
researchers have explored various
strategies, including using green and
sustainable precursors: Selecting en-
vironmentally friendly materials for
MOF synthesis. Surface modifications:
Modifying the MOF surface with nat-
ural or biocompatible components to
improve biocompatibility and reduce
toxicity. Reducing particle size: De-
creasing the size of MOF particles can
reduce their uptake by cells and poten-
tially mitigate toxicity. Using natural
legends/linkers: Incorporating natural
legends or linkers into MOF structures
can enhance their biocompatibility and
reduce toxicity [1, 41]. By adopting
these strategies, researchers can im-
prove the safety and biocompatibility
of MOFs, paving the way for their wid-
er application in various fields.

The
and toxicological effects of metal-

environmental implications
organic frameworks (MOFs) are cru-
cial considerations for their safe and
sustainable application. While MOFs
have demonstrated promise in vari-
ous fields [27, 62]. utilization, and dis-
posal of MOFs. This includes Adopt-
ing green chemistry principles: Using
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environmentally friendly solvents and
reagents, minimizing waste genera-
tion, and reducing energy consump-
tion. Developing sustainable synthesis
methods: Exploring alternative synthe-
sis methods that minimize the use of
hazardous chemicals and reduce the
environmental footprint. Implement-
ing proper waste management: Devel-
oping systems for the safe disposal and
recycling of MOFs to prevent their re-
lease into the environment. To enhance
the ecological sustainability of MOFs,
researchers can incorporate biodegrad-
able components or functional groups
into their structures. This approach can
facilitate the breakdown of MOFs in
the environment, reducing their per-
sistence and potential long-term im-
pacts. Beyond their ecological implica-
tions, the toxicity of MOFs must also
be rigorously evaluated. While many
MOFs have demonstrated low toxicity
1n animal studies, it is crucial to assess
their potential toxicity in humans and
other organisms. Factors such as the
composition, size, surface properties,
and degradation behavior of MOFs can
influence their toxicity [60].
Furthermore, the potential interac-
tions between MOFs and biological
systems must be considered. MOFs

can interact with biological molecules
(proteins and nucleic acids), potential-
ly affecting their function and leading
to adverse effects. It is crucial to evalu-
ate the biocompatibility of MOFs and
identify any potential toxicity mecha-
nisms [5, 7].

Risk Assessment and Manage-
ment of Metal-Organic Frameworks

The safe and sustainable use of
MOFs in environmental applications
requires careful consideration of their
potential risks and impacts. Despite
their promising properties, MOFs face
several challenges, including high fab-
rication costs: The synthesis of MOFs
can be expensive and energy-intensive.
Some MOFs may have limited selec-
tivity for specific pollutants or target
molecules. Low capacity: The adsorp-
tion capacity of MOFs can be limited
for certain applications. MOFs may
be sensitive to water, temperature, or
other environmental factors, affecting
their durability and performance. Re-
covering and regenerating MOFs after
use can be difficult and costly. To ad-
dress these challenges, researchers and
industries must focus on developing
MOFs with improved properties, opti-
mizing synthesis processes, and devel-
oping sustainable strategies for their
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use and disposal.

Additionally, the biocompatibility
and toxicity of MOFs must be thor-
oughly evaluated. While MOFs are
generally considered biocompatible,
it 1s crucial to assess their potential in-
teractions with biological systems and
their impact on human health and the
environment. Understanding the toxic-
ity mechanisms of MOFs and develop-
ing strategies to mitigate their potential
adverse effects is essential for their
safe and responsible use [17, 28, 30,
69, 72].

Life Cycle Assessment of Metal-
Organic Frameworks

The life cycle assessment (LCA) of
MOFs is crucial for evaluating their
environmental impact and sustain-
ability. MOFs offer immense potential
for addressing global challenges, but
their widespread adoption is hindered
by several factors, including high
manufacturing costs: The synthesis of
MOFs often involves energy-intensive
processes and the use of expensive
materials. Time-consuming produc-
tion: MOF synthesis can be a lengthy
and complex process. Environmental
impact: The use of large quantities of
organic solvents and the generation of
waste byproducts can have negative

environmental consequences. Shape
limitations: Most MOFs are produced
as powders, which may not be suit-
able for industrial applications that re-
quire shaped materials. To realize the
full potential of MOFs, it is essential
to develop more sustainable and scal-
able manufacturing processes. This in-
cludes exploring alternative solvents,
optimizing synthesis conditions, and
developing methods for producing
MOFs in desired shapes and sizes [45,
66, 71].

The development of sustainable and
scalable manufacturing processes for
metal-organic frameworks (MOFs) is
crucial for their broader adoption in
various applications. While traditional
solvothermal and hydrothermal meth-
ods are commonly utilized for MOF
synthesis, recent advancements have
led to the exploration of alternative ap-
proaches, such as mechanochemical
synthesis and reactive extrusion [43,
50].

Mechanochemical synthesis, par-
ticularly using twin-screw extrusion, of-
fers several advantages over traditional
methods: Scalability: Mechanochemical
synthesis can be easily scaled up from
laboratory to industrial levels, enabling
the production of large quantities of
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MOFs. Reduced solvent usage: Mech-
anochemical synthesis eliminates the
need for large volumes of solvents, re-
ducing environmental impact and costs.
Improved process control: Mechano-
chemical synthesis allows for precise
control over reaction conditions, lead-
ing to more consistent and reproduc-
ible MOF products. Product versatility:
MOFs produced by mechanochemical
synthesis can be easily processed into
various forms, such as beads, pellets,
and membranes, making them suitable
for different applications. Life cycle as-
sessment (LCA) is a valuable tool for
evaluating the environmental impact
of MOF production and use. LCA con-
siders the entire life cycle of a product,
from raw material extraction to end-
of-life disposal, assessing its environ-
mental impacts in terms of energy con-
sumption, greenhouse gas emissions,
water usage, and waste generation. By
conducting LCA studies on MOFs, re-
searchers can identify potential environ-
mental hotspots and develop strategies
for improving their sustainability. This
information can also be used to inform
policy decisions and promote the adop-
tion of more sustainable MOF produc-
tion and use [44, 48, 57].

Life cycle assessment (LCA) stud-

ies of MOFs have primarily focused
on their use in petrochemical products
and other applications involving inor-
ganic compounds. However, as MOFs
are increasingly being explored for
environmental remediation and car-
bon capture, there is a growing need
to conduct comprehensive LCAs that
consider the entire life cycle of these
materials [63]. Recent studies have ap-
plied LCA to assess the environmental
impactof MOFsused for carbon seques-
tration. These studies have included a
detailed analysis of the carbon capture
process, as well as the subsequent steps
involved in carbon storage and utiliza-
tion. One notable example is the LCA
study conducted by Antwi-Baah et al.
(2018), which focused on the CPO-27-
Ni MOF for carbon capture and stor-
age [3]. By conducting LCA studies,
researchers can identify the key en-
vironmental hotspots associated with
MOF production, use, and disposal.
This information can be used to inform
decision-making and guide the devel-
opment of more sustainable MOFs and
applications.

Regulatory Perspectives of Metal-
Organic Frameworks

Living organisms often exhibit syn-
ergistic combinations of rigid and soft
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materials, demonstrating the benefits
of hybrid structures. Bones are a prime
example, consisting of a mineral scaf-
fold (hydroxyapatite) embedded with-
in a collagen matrix [6]. Osteoblasts,
specialized cells, generate the densely
crosslinked collagen structure, creating
pores where hydroxyapatite crystals
can be deposited [47]. This interlaced
composite provides both compressive
and tensile strength, enabling bones
to withstand various mechanical loads
while maintaining flexibility [16].

This natural example underscores
the potential of combining rigid and
soft materials to create functional and
durable structures. By drawing inspira-
tion from biological systems, research-
ers can develop novel materials with
tailored properties for specific applica-
tions. For instance, integrating rigid in-
organic frameworks with soft organic
components can lead to materials with
enhanced mechanical strength, dura-
bility, and biocompatibility [6, 16, 47].

The integration of MOFs with syn-
thetic polymers presents a promising
avenue for the creation of novel hybrid
materials with enhanced properties. In-
spired by the synergistic combination
of rigid and soft tissues observed in liv-
ing organisms, researchers have delved

into the potential of nanohybridization
between these two classes of materials.
MOFs are crystalline materials com-
prised of metal ions or clusters inter-
connected by organic linkers, resulting
in a highly porous structure [16]. The
pore size and functionality of MOFs
can be precisely adjusted by modify-
ing the metal ions and organic linkers,
making them versatile platforms for
interacting with a wide range of mol-
ecules. In contrast, synthetic polymers
are chain-like molecules with a flexible
structure and tunable functional groups,
enabling the creation of polymers with
diverse physical and chemical proper-
ties. By combining MOFs with syn-
thetic polymers, researchers can create
hybrid materials with unique proper-
ties that are not achievable with either
component alone. The porous structure
of MOFs can serve as a scaffold for the
incorporation of polymer chains, while
the flexibility and functional groups of
the polymers can modify the proper-
ties of the MOF. This synergistic com-
bination can lead to materials with en-
hanced mechanical properties, thermal
stability, and biocompatibility [6, 47].
The integration of MOFs with syn-
thetic polymers can lead to novel ma-
terials with exceptional properties that
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are not observed in the individual com-
ponents. By combining the rigid struc-
ture of MOFs with the flexibility and
functionality of polymers, researchers
can develop materials with enhanced
mechanical properties, thermal stabil-
ity, and biocompatibility. A key advan-
tage of MOF-polymer hybrids is the
synergistic interaction between the two
components. MOFs can impart their
crystalline structure and porosity to
polymers, while polymers can modify
the properties of MOFs, such as their
flexibility, conductivity, and biocom-
patibility. Understanding the molecu-
lar-level interactions between MOFs
and polymers is crucial for designing
and optimizing these hybrid materials
[73].

In MOF-polymer hybrids, MOFs
can play a regulatory role by influ-
encing the synthesis, separation, and
properties of polymers. The porous
structure of MOFs can provide a tem-
plate for polymer growth, controlling
the size and morphology of the poly-
mer chains. Additionally, MOFs can
be used to separate polymers based on
their size or molecular weight and can
enhance the properties of polymers,
such as their mechanical strength or
conductivity. Conversely, polymers can

also regulate the properties of MOFs.
By incorporating polymers into MOFs,
researchers can modify the MOF’s sur-
face properties, pore size, and stability.
Polymers can also enhance the MOF’s
affinity for specific molecules or ions,
making them more effective for appli-
cations such as gas adsorption, separa-
tion, and catalysis. Understanding the
reciprocal relationship between MOFs
and polymers is crucial for designing
and optimizing hybrid materials with
tailored properties for specific applica-
tions. This knowledge is essential for
advancing the field of MOF-polymer
hybrids and realizing their full poten-
tial in various industries [55, 38].

Sustainable Metal - Organic Frame-
works Design
The design and development of
sustainable MOFs for biomedical ap-
plications is a burgeoning field of re-
search. By incorporating functional
groups and active components into
MOF structures, researchers can engi-
neer materials with tailored properties
for specific therapeutic applications.
This approach has been demonstrated
in the case of MnO2-coated porphyrin
MOFs, which were designed to facili-
tate the oxidation of glutathione (GSH)
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by MnQO2. This modification enhanced
the photodynamic therapy (PDT) effi-
cacy of the MOFs [16].

Another strategy for creating mul-
MOF-based platforms
involves incorporating active compo-
nents within the MOF structure. This
approach can provide a stable envi-

tifunctional

ronment for active components, safe-
guarding them from degradation and
enhancing their therapeutic efficacy
[66]. This alteration shifted the energy
supply of tumor cells from aerobic res-
piration to anaerobic glycolysis, ren-
dering them more susceptible to PDT
treatment. These examples underscore
the potential of MOFs as versatile plat-
forms for the delivery and controlled
release of therapeutic agents. By me-
ticulously designing and modifying
MOF structures, researchers can engi-
neer materials with tailored properties
for various biomedical applications,
including cancer therapy, drug deliv-
ery, and diagnostics [74].
Metal-organic frameworks can be
engineered to achieve selective detec-
tion of various pollutants. By carefully
designing the structure and functional
groups of MOFs, researchers can create
materials that demonstrate exceptional
sensitivity and selectivity for specific

target molecules. For example, BUT-
12 and BUT-13, two Zr-based MOFs
with excellent water stability, have
been demonstrated to be highly sensi-
tive detectors for antibiotics and explo-
sives in aqueous environments. These
MOFs can detect pollutants at parts per
billion levels, making them valuable
tools for environmental monitoring and
food safety applications. The ability of
MOFs to selectively detect pollutants
is attributed to their unique properties,
including porous structure: The porous
structure of MOFs allows them to cap-
ture and concentrate target molecules.
Functionalization: Incorporating spe-
cific functional groups into the MOF
framework can enhance its selectiv-
ity for certain pollutants. Fluorescence
properties: Some MOFs exhibit fluo-
rescence properties that can be used to
detect the presence of target molecules
[3]. By harnessing these properties,
researchers can develop MOF-based
sensors that are highly sensitive, selec-
tive, and robust for a diverse range of
environmental applications.
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Metal-Organic Frameworks Toxi-
cological Application

Fate and Transport of Metal-Or-
ganic Frameworks in the Environ-
ment

Applications of drug delivery MOFs
have emerged as promising nanocar-
riers, offering a highly customizable
platform for the encapsulation, con-
trolled targeted delivery and release, of
various therapeutic agents (TA). Non-
toxic iron(Ill)-based MOFs have been
utilized as nanocarriers for drugs tar-
geting cancers and AIDS, highlighting
their potential for biomedical applica-
tions [6].

However, the toxicological profile
of MOFs remains an important consid-
eration for their safe and effective use.
While in vitro studies can provide ini-
tial toxicity data, it is essential to con-
duct in vivo studies to assess the distri-
bution, metabolism, and excretion of
MOFs in living organisms [47, 16].

In vivo toxicity studies have demon-
strated that MOFs can be well-tolerat-
ed by animals, even at elevated doses.
When administered intravenously to
rats, MOFs were rapidly sequestered
by the liver and spleen and were subse-
quently biodegraded and eliminated in
urine or feces without significant tox-

icity [28]. These findings suggest that
MOFs may have a favorable toxicolog-
ical profile. However, further research
is needed to fully understand the long-
term effects of MOF exposure and to
identify any potential toxicity mecha-
nisms [4].

Toxicological Profiles of Metal-
Organic Frameworks

The toxicological profile of MOFs
is a crucial factor for their safe and re-
sponsible application. Occupational
exposure to MOFs can occur during
various stages of their lifecycle, includ-
ing synthesis, characterization, pack-
aging, transportation, and application.
The primary routes of exposure may
involve dermal penetration, inhalation,
and ingestion [56].

To minimize occupational exposure,
it is crucial to implement robust labo-
ratory practices and utilize appropriate
personal protective equipment (PPE).
Regular monitoring of the working en-
vironment and periodic health assess-
ments of personnel can aid in identi-
fying and mitigating potential health
risks [1].

Environmental release of MOFs
into the and their subsequent effects on
living organisms are areas of concern.
While research on the environmental
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fate and toxicity of MOFs is limited, it
1s crucial to investigate their presence
on ecosystems. It is important to note
that MOFs can be highly stable materi-
als, capable of withstanding tempera-
tures of 500°C or higher and exhibit-
ing exceptional chemical stability [43].
This stability can make them persistent
in the environment, potentially in-
creasing their exposure and the risk of
adverse effects.

Conclusions

It is imperative to conduct more
comprehensive studies on the potential
environmental and health risks of these
emerging materials before their wide-
spread application. A systematic evalu-
ation of MOF toxicity is essential to
safeguard human health and the envi-
ronment. The versatility and adaptabil-
ity of MOFs make them promising ma-
terials for addressing a wide range of
environmental challenges. Continued
research and development in this field
are crucial to fully realize the potential
of MOFs for sustainable environmen-
tal solutions. To ensure the safe and
sustainable use of MOFs, it is essen-
tial to conduct thorough toxicological
assessments and develop strategies to
mitigate potential risks. This includes

implementing appropriate safety mea-
sures, monitoring environmental expo-
sure, and conducting ongoing research
to better understand the environmental
fate and toxicity of MOFs.
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