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ABSTRACT: Metal Organic Frameworks
(MOFs) are the compounds that are incorporated
with metal ions joined with organic ligands with
the help of coordination bonds. These compounds
have several advantages such as high loading
capacity of drugs due to their high surface area and
high porosity, have high biodegradability, structure
is beneficial for host-guest interaction. The major
components of MOFs are Metal ions and Organic
ligands. There are various preparation methods
involved in the synthesis of MOF. There are
various strategies through which drug can be
incorporated in MOFs, such as Surface adsorption,
Pore encapsulation, Covalent binding, Functional
molecule as the building blocks. Different
techniques such as X-ray diffraction, SEM and
TEM analysis, Zeta potential, FTIR, NMR
spectroscopy etc., are employed to identify various
parameters to evaluate a MOF. MOFs are identified
as promising drug carriers, as they have managed
to achieve targeted drug delivery and shown
controlled release of drug.

KEYWORDS:Metal organic frameworks, drug
carriers, components, synthesis, functionalization,
characterisation, targeted drug delivery.

I. INTRODUCTION

Metal-organic frameworks (MOFs) are a
class of porous materials that consist of metal ions
or clusters coordinated to organic ligands, forming
a highly ordered and crystalline network with a
well-defined porous structure. [1] These materials
exhibit exceptional tunability in terms of pore size,
surface area, and functional group modification,
making them ideal candidates for various
pharmaceutical applications. [2] In the realm of
pharmaceutics, MOFs offer several advantages
over traditional drug delivery systems. Firstly, their
high surface area enables efficient loading and

encapsulation of drug molecules, allowing for
enhanced drug solubility, stability, and
bioavailability. The porous nature of MOFs also
enables controlled release of drugs, as the empty
pores can accommodate drug molecules and release
them gradually, ensuring a sustained and controlled
therapeutic effect. The structural versatility of
MOFs allows for the incorporation of various
functional groups, making them capable of targeted
drug delivery. By modifying the organic ligands or
adding specific functional moieties, MOFs can be
tailored to interact selectively with certain
biological receptors or target sites, thus improving
drug efficacy while minimizing side effects. [3]
This targeted approach reduces off-target
interactions and enhances the therapeutic index of
drugs.

The history of metal-organic frameworks
(MOFs) has its roots in the early 1990s when the
first reports of these materials emerged. In the
1960s and 1970s, researchers began exploring the
field of coordination polymers. Even though there
were reports of the compounds of similar
characteristics, the first one to progress was MOF-5
in the year 1992 by Yaghi. In 1992, the
groundbreaking work of Omar M. Yaghi and
colleagues at the Michigan State University marked
a significant milestone in the field of MOFs. They
reported the synthesis of a new type of porous
material called a pillared-layer structure. The
resulting materials exhibited high porosity and
accessible cavities [4]. Following the discovery of
pillared-layer structures, Yaghi's research group
and other scientists made significant contributions
to the field. They developed new synthetic
methodologies and explored a wide range of metal
ions, organic ligands, and reaction conditions to
create MOFs with diverse structures and properties.
This included the development of more stable
MOFs, expansion of pore sizes, and the ability to
incorporate functional groups [5].
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Throughout the 2000s, the field of MOFs
experienced exponential growth. Researchers from
around the world joined in the exploration of
MOFs and expanded their applications beyond gas
storage and separation. MOFs were investigated for
uses in catalysis, sensing, optics, electronics, and,
most notably, in the field of pharmaceutics for drug
delivery systems. [6] Furthermore, MOFs can
protect sensitive drugs from degradation, such as
enzymatic degradation or hydrolysis, thereby
prolonging their shelf life and maintaining their
pharmacological activity. [7] The porous
framework of MOFs also enables the co-delivery of
multiple drugs or therapeutics with different
physicochemical properties, opening up
opportunities for combination therapies and
synergistic effects.

The synthesis and fabrication of MOFs
can be tailored to meet specific pharmaceutical
requirements.  Various methods, such as
solvothermal, hydrothermal, or microwave-assisted
synthesis, can be employed to achieve precise
control over the size, morphology, and porosity of
MOFs. [8] Additionally, surface modification
techniques can be applied to enhance MOF
stability, biocompatibility, and to introduce
functionalities for specific applications.Moreover,
MOFs can serve as carriers for imaging agents,
allowing simultaneous diagnosis and therapy. By
incorporating imaging probes or contrast agents
into the MOF structure, it becomes possible to
monitor  drug  release, distribution, and
accumulation in real-time using non-invasive
imaging techniques. [9] This capability provides
valuable insights into the pharmacokinetics and
pharmacodynamics of drugs, enabling personalized
medicine and optimizing treatment regimens. By
providing an overview of the recent advancements,
design strategies, and applications of MOFs in drug
delivery, this review aims to provide valuable
insights and highlight the potential of MOFs as
carriers for drug delivery, thus fostering further
research and development in this emerging field.

Il. COMPONENTS
MOFs  consist of two  primary
components: metal nodes (or clusters) and organic
ligands. These components work together to form
the highly ordered and crystalline structure
characteristic of MOFs.

METAL NODES

The metal nodes in MOFs are typically
transition metals or metal clusters. These metal
atoms serve as the central coordination centers
within the framework. They provide the
connectivity and stability to the overall structure.
Commonly used metal ions include zinc (Zn),
copper (Cu), iron (Fe), and chromium (Cr), among
others. The choice of metal nodes depends on the
desired properties and applications of the MOF.
[10]

ORGANIC LIGANDS

Organic ligands are organic molecules that
coordinate to the metal nodes in MOFs. These
ligands form coordination bonds with the metal
atoms, connecting them together to generate the
framework. Ligands can vary in size, shape, and
functionality, contributing to the tunability and
diversity of MOFs. Examples of organic ligands
include carboxylates, imidazoles, pyridines, and
various aromatic and aliphatic compounds. The
organic ligands play several critical roles in MOFs.
They not only connect the metal nodes, but also
contribute to the overall stability of the structure.
The functional groups present in the ligands can
impart specific properties to the MOFs, such as
porosity, hydrophilicity, or selectivity towards
certain guest molecules. The choice and design of
ligands are crucial for tailoring the properties and
functionalities of MOFs to suit specific
applications. [11]

In addition to the metal nodes and organic
ligands, MOFs may contain secondary linkers or
modulators. These molecules can be incorporated
within the MOF structure, either covalently or
through non-covalent interactions, to introduce
additional functionalities or enhance the structural
stability. Secondary linkers can further tune the
properties of MOFs, such as pore size, surface area,
or guest molecule interactions. [12]The
combination of metal nodes, organic ligands, and
potential secondary linkers results in the formation
of a crystalline, porous framework with well-
defined structural features. The precise choice of
metal nodes, ligands, and their coordination
geometries governs the overall architecture,
porosity, and properties of the MOF. It is worth
noting that the concept of MOFs also extends to
"post-synthetic modification" (PSM) and "guest-
induced formation" (GIF), where the framework
can be further modified or decorated with
additional functional groups, guest molecules, or
nanoparticles. These modifications enable fine-
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tuning of the MOF properties and expand their
applications in areas such as catalysis, sensing, and
drugdelivery. [13]

11l. PREPARATION TECHNIQUES
There are various methods involved in the
synthesis of MOFs such as, Solvothermal method,
Microwave  assisted method,Electrochemical
method,Mechanochemical method, Sonochemical
method. [14, 15]

SOLVOTHERMAL METHOD

In this method, the MOF crystals are
formed by taking, metal salts and organic ligand in
a suitable solvent. This reaction mixture placed in
autoclave whose inner cavity is lined with Teflon
to prevent corrosion. The reaction takes place at
temperature between 80-220°C and at high pressure
of 3MPa. If the solvent used is water, then this
method is called as Hydrothermal Synthesis. This

Solvothermal

Sonochemical

major drawback associated with this method is that
reaction time may range from 3-4 days. [14]

Sha J et al., 2017 utilized this method for
the synthesis of Na-a-CD MOF. As name suggests
sodium is the metal ion sourced from NaOH,
whereas a-cyclodextrin is the organic ligand. The
solvent involved is tetramethyl ammonium
hydroxide solution dissolved in water along with
source of metal ion and organic ligand. [16] The
MOF’s with cyclodextrin as an organic ligand is
considered to be most advantageous as they are
biocompatible given that metal ion is also
biocompatible.

Another example is the synthesis of ZIF-8
by Zhuang J et al., 2014. It is a Zn-MOF, where
Zinc nitrate is the source of metal ions and has two
organic ligands, 2-nitroimidazolate and 5-
nitrobenzimidazolate. These reaction mixtures are
dissolved in  the solvent  mixture  of
dimethylformamide and triethylamine. [17]

Non-Solvothermal

—
AVAWY] Microwave
VAV
W

Mechanochemical

Figure 1: Various methods of metal organic framework synthesis

MICROWAVE ASSISTED METHOD

In this method, unlike solvothermal
synthesis there is no utilization of external heating.
The reaction mixture present in suitable solvent is
exposed to microwave radiation. There occurs
interaction between the waves of radiation and ions
present in the reaction mixture, this results in direct
and uniform heating. Due to this, there induction of
crystal growth. This method is advantageous over
the solvothermal synthesis as the reaction time is
less. [14]

Zhao Z et al., 2011 utilized this method
for the synthesis of MIL-101, which is Chromium
based metal organic framework. The reaction
mixture consists of Chromium (Ill) nitrate
nonahydrate which is a source of metal ion and 1,4-
benzene dicarboxylic acid as organic ligand in the
DMF which acts as solvent. This mixture was
exposed to microwave irradiation at 300 W, at
493K for 60 min. [18]

Wu X et al., 2013 utilized this method for
the synthesis of two MOF-74, with two metal ions
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respectively. One being Mg-MOF-74, where
magnesium nitrate is source of metal ion, and other
being Ni-MOF-74, where nickel nitrate is source of
metal ion. The organic ligand used is 2,5-
dihydroxyterephthalic acid whereas
dimethylformamide, ethanol and water are used in
different ratios for solvent. The reaction
temperatures for Mg-MOF-74 and Ni-MOF-74 are
398K and 373K respectively. [19]

ELECTROCHEMICAL METHOD

In this method, there is involvement of
anode and cathode in reaction medium containing
organic ligand and conducting solvent, connected
to power supply. The source of metal ion is anode,
whereas discharge of ions from cathode is

prevented by utilizing protic solvents.Van
AsscheTR et al., 2012 utilized this method for the
synthesis of HKUST-1, which is a Cu-MOF. The
organic ligand employed was benzene-1,3,5-
tricarboxylic acid. The reaction medium along with
organic ligand consists of mixture of water and
ethanol and the electrolyte
methyltributylammonium methyl sulfate (MTBS).
[20]

Wei JZ et al., 2019 utilized this method
for the synthesis of Uio-66-NH2, a Zirconium
based MOF. The organic ligand employed was 2-
aminoteraphthalic acid. The reaction mixture along
with organic ligand consists of dimethylformamide,
acetic acid and tetrabutylammonium bromide. [21]

Table 1: Methods involved in the synthesis of MOFs

Method of Synthesis

Components

Na-a-CD

Sodium ions and Cyclodextrin

Solvothermal synthesis

Zinc ions and 2-nitroimidazolate
and 5-nitrobenzimidazolate

Chromium ions and 1,2-

MIL-101 dicarboxylic acid
Magnesium ions and 2,5-
Microwave assisted synthesis Mg-MOF-74 dihydroxyterephthalic acid
. Nickel ions and 2,5-
Ni-MOF-74 dihydroxyterephthalic acid
Copper ions and Benzene-1,3,5-
HKUST-1 tricarboxylic acid
Electrochemical method
. Zirconium ions and 2-
Uio-66-NH?2 aminoteraphthalic acid
Mechanochemical method Cu-MOF Copper ions and Isonicotinic acid

Zinc ions and 1-methyl-2-
pyrrolidone

Sonochemical method

HKUST-1

Copper ions and Benzene-1,3,5-
tricarboxylate

MECHANOCHEMICAL METHOD

In this method, there is no utilization of
solvent to carry out the reaction, whereas
mechanical stress is applied on to the reaction
mixture containing metal salts and organic ligand.

The stress created breaks the intramolecular bonds
and chemical transformation. This reaction takes
place at room temperature in a ball mill. The
synthesis time for this method may take 10-60 min.

Pichon A et al., 2006 were the first to
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utilize this method. They synthesized a Cu-MOF
by employing copper acetate monohydrate as a
source of metal ion and isonicotinic acid as an
organic ligand. It took about 10 min for the
production of MOFs. [22]

SONOCHEMICAL METHOD

In this method, reaction mixture is
exposed to ultrasonic waves (20kHz-10MHz).
Upon exposure, there is occurrence of acoustic
cavitation, which is production, raise and collapse
of the bubbles formed in the medium. Due to
repeated cavitation, there is generation of high
pressure up to 1000bars and temperature up to
5000K. This results in the formation of crystals of
MOFs.

Jiang H et al., 2013 utilized this method
for the synthesis MOF-5, which is a Zn-MOF. The
source of metal ion was Zinc nitrate hexahydrate
and organic ligand was terephthalic acid whereas
solvent utilized was 1-methyl-2-pyrrolidone.It took
10-75 min for the synthesis of MOF-5 after
exposing the reaction mixture to sonication. [23]

Li ZQ et al., 2009 utilized this method for
the synthesis of HKUST-1, a Copper based metal
organic framework. The reaction mixture included
Cupric acetate as a source of metal ion and
benzene-1,3,5-tricarboxylate as organic ligand in
the solvent mixture of dimethylformamide, ethanol
and water. The MOFs were produced in high yield
at reaction time 5-60min. [24]

1V. FUNCTIONALIZATION

Due to their high porosity, large surface
area and structural framework, it is possible to
incorporate therapeutic agents into these structures,
hence helpful in drug delivery. There are various
strategies through which drug can be incorporated
in MOFs, such as Surface adsorption, Pore
encapsulation, Covalent binding, Functional
molecule as the building blocks.

SURFACE ADSORPTION

In this method, as discussed due to MOFs
high porosity and large surface area, drugs can be
adsorbed onto their surface. Synthesized MOFs are
placed in the solution containing active component.
There is involvement hydrogen bonding and Van
der Waal interactions. The major drawback
associated with this technique is due to the weak
interaction forces in between the molecules and
MOFs, hence it may lead to leaching.

Pisklak TJ et al., 2006 developed a Cu-
MOF from solvothermal synthesis, with copper
acetate and 4,4’ -diphenylcarboxylic acid as a metal
source and organic ligand respectively. Into the
synthesized MOFs micro peroxidase-11 (MP-11)
was incorporated. 3.5mg of MP-11 was dissolved
in 100 ml solution of dimethylformamide. 10ml of
this solution was dissolved in 10mg of MOF and
stirred for 3 hours at room temperature. MP-11
incorporated MOFs  were isolated by
centrifugation. [2]

PORE ENCAPSULATION

In this technique, the incorporation of
active moiety takes place during the synthesis of
MOFs. In this, the drug is encapsulated in the pore
of the MOF, such that MOF act as a host molecule
and prevent leaching as seen in surface adsorption
technique.
Zhuang J et al., 2014 developed ZIF-8 encapsulated
with camptothecin, an anti-cancer agent. These
nanoparticles were identified to be pH triggered
drug delivery systems, these released the drug in
acidic compartment of targeted site and have
shown cytotoxic activity against cancer cells. [17]

COVALENT BINDING

In this technique, the functional groups
present on the MOFs are utilized and active moiety
is bonded covalently to it. This method is
considered more advantageous because it offers
strong interactive forces between the active
compound and MOF when compared to the other
two methods discussed above.

Nucleic acids functionalized MOFs were
synthesized by Morris W et al., 2014 Zirconium
based frameworks Uio-66-N3 were first prepared,
and combined with DNA functionalized with
dibenzyl cyclooctane. [26]

FUNCTIONAL MOLECULES AS THE
BUILDING BLOCKS

In this strategy, various biomolecules such
as amino acids, saccharides, nucleobases, peptides
are used as organic ligands as they contain various
functional groups which are coordinatively bonded
with metal ion forming structural frameworks.
Such MOFs are named as Bio-MOFs. These have
better biocompatibility compared to others.

Alves RC et al., 2021 have utilized N3-
bio-MOF-100 and loaded anticancer drug
curcumin, by placing MOFs in drug solution. Later,
this drug loaded MOFs are covalently bonded to
the Folic acid on their surface. The resulted drug

DOI: 10.35629/7781-08048498

| Impact Factor value 7.429  1SO 9001: 2008 Certified Journal Page 88



|\

IJPRA Journal

International Journal of Pharmaceutical research and Applications
Volume 8, Issue 4, Jul.-Aug. 2023, pp: 84-94 www.ijprajournal.com

delivery systems have shown enhanced drug
release against cancer cells. [27]

V. CHARACTERIZATION

Generally various methods are utilized for
the evaluation or characterize various attributes of
MOFs. Different techniques such as X-ray
diffraction, SEM and TEM analysis, Zeta potential,
FTIR, NMR spectroscopy etc., are employed to
identify various parameters to evaluate a MOF. [1]

To determine the crystalline structure and
crystalline parameters of a MOF, X-ray diffraction
technique is employed. SEM and TEM analysis of
the MOFs determine the size and morphology.
[1]For example, when ZIF-78 was analysed by Ban
Y et al., 2013 the MOFs were present as hexagonal
microrods and discs. [28] Similarly, when Zhuang J

et al., 2014 subjected ZIF-8 for SEM and TEM
analysis, they were identified as monodispersed
spherical structures with 70nm in size. [17]

Fourier-transform infrared spectroscopy
(FTIR), it is utilized to determine modifications in
structure and if any degradation that occurred. [1]
Upon FTIR analysis of synthesized Uio-66-NH2
and comparing it with spectrum of organic ligand
2-aminoteraphthalic acid, Wei JZ et al., 2019
identified the coordination reaction occurred
between Zirconium metal ions and deprotonation
of -COOH group of organic ligands due to shift in
peak from 1686cm-1 to 1572cm-1. [21]

Zeta potential gives information about the
surface charge. Zhuang J et al., 2014 measured
zeta potential of synthesized ZIF-8 using zetasizer
and the value was found to be 31.4mV. [17]

Table 2: Characterization techniques of MOFs

Characterization technique

Quality

X-ray diffraction (XRD)

Structure and Crystalline parameters

Scanning Electron Microscopy (SEM)

Size and Morphology

Transmission Electron Microscopy (TEM)

Size and Morphology

Zeta potential

Surface charge

spectroscopy

Nuclear Magnetic Resonance (NMR)

Binding between MOFs and drug and
Metal ion and organic linker

Thermogravimetric Analysis

Thermal decomposition of MOFs

NMR spectroscopy helps in examining the
metal ions and their binding with the organic
linkers and as well as centre of drug in the MOFs.
Leflunomide, a prodrug of teriflunomide was
loaded into y-CD-MOF byKritskiy | et al., 2019
and was subjected to 1H-NMR, and are compared
to free drug. The results obtained shown that drug
loaded sample MOFs have similar peak
characteristics as that of free drug, indicating that
drug is successfully loaded into MOFs. [29]
Thermogravimetric analysis (TGA) generally used
to describe about the thermal decomposition of the
MOFs. [1]

Evaluating the loading and encapsulation
efficiency place an important factor for selecting
MOFs as drug carriers, these can be calculated by
following equations:

Loading efficiency (%) = Mass of loaded drug /
Mass of loaded drug MOFs X 100

Encapsulation efficiency (%) = Mass of loaded
drug / Mass of total drug X 100

VI. CURRENT APPLICATIONS
MOFs are identified as promising drug
carriers, as they have managed to achieve targeted
drug delivery and shown controlled release of drug.
MOF’s can be utilized in anti-bacterial, cancer and
diabetes therapies and as well as in enhancement of
solubility and stability.

Controlled drug release can be achieved
by the MOFs, which was shown by Jiang Ket al.,
2016 taking Diclofenac sodium as the model drug.
The drug was loaded into ZJU-800, which is a
zirconium-based MOF. The system has shown
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release of drug for 2-8 days with a high drug
loading capacity up to 58.80%. [30]Vancomycin,
an anti-bacterial drug was incorporated into MOF-
53(Fe) by Lin Set al., the resulted MOF
nanoparticles has shown high drug loading capacity
due to their large surface area and it was also found
to be stable in the acidic environment. MOF-
53(Fe)@Van has shown 91.7% of anti-bacterial
activity against Staphylococcus aureus. The drug
loaded MOFs were found to be highly
biocompatible. [31]

Ceftazidime, a third-generation
cephalosporin was incorporated into ZIF-8 by Sava
Gallis DFet al., 2019 the drug loaded MOFs have
shown sustained drug release for a week. The
antibacterial activity was tested against gram-
negative E. coli and it has shown complete growth
inhibition at 100ug/mL after 72 hrs of incubation in
media. [32]

Hu Xet al., 2019 modified y-CD-MOF
with cholesterol and leucine poloxamer, to improve
its flowability and particle aerodynamic behaviour.
The modified MOFs were loaded with budesonide,
formulating dry powder for inhalation that can be
utilized in the treatment of asthma. When tested for
in vivo, the modified MOFs have shown better
bioavailability, making them a promising drug
delivery system to target lungs. [33]

Wyszogrodzka-Gawet Get al.,, 2019
loaded isoniazid into Fe-MIL-101-NH; to form an
inhalable system for local treatment of tuberculosis.
These MOFs are optimized by spray drying with
poly (lactide-co-glycolide) and also packed with
leucine. These modified MOFs have better
aerodynamic behaviour when compared to drug
loaded MOFs. [34]

Yang XXet al., 2020 synthesized multi-
enzyme loaded MOFs, Co-ZIF-8 MOFs are loaded
with Insulin and as well as Glucose oxidase (GOX).
These are designed as microneedles for glucose-
mediated transdermal insulin delivery. Glucose in
the presence of GOx forms into gluconic acid along
with H20,, The formed H20- changes local pH, as a
result MOFs are degraded and insulin is released.
This strategy offers a promising novel technique
for the treatment of diabetes through transdermal
route. [35]

One of the major drawbacks in treatment
of cancer is multidrug resistance, to overcome such
a drawback, Zhang Het al., synthesized multidrug
loaded MOFs. Doxorubicin hydrochloride an
anticancer drug and Verapamil hydrochloride, a P-
glycoprotein inhibitor which helps in controlling
multi-drug resistance, are both loaded into ZIF-8

nanoparticles. The multidrug loaded are stabilized
with the help of methoxy poly (ethylene glycol)-
folate. These stabilized MOFs have increased
safety when compared to free Doxorubicin. The
MOFs increased accumulation of drug near the
tumour there by increasing the therapeutic efficacy.
[36]

Xiaogang W et al., loaded Doxorubicin
into MIL-101, and they further modified the
surface of MOF. The resultant MOF have
prevented pre-mature release of drug. The cellular
uptake has also found to be increased. In vitro and
in vivo test results have shown that the drug loaded
MOF have decreased cytotoxic activity against
normal cells and effectively inhibited the tumour
growth. [37]

Dichloroacetate was loaded into UiO-66
and conjugated it with triphenyl phosphonium,
which helps in localization of mitochondria by F
Haddad Set al., 2020. The resultant MOFs obtained
were tested on MCF-7 cells of human breast
carcinoma under super-resolution microscopy for
any mitochondrial morphological changes, which
was consequently achieved and caused cell death.
Due to mitochondrial targeting dose required for
the therapy can be decreased. [38]

For the HIV treatment therapy,
azidothymidine triphosphate and lamivudine
triphosphate were incorporated into MIL-100(Fe).
These multidrug loaded MOFs have shown
increased anti-retroviral activity when tested in
vitro on monocyte derived macrophages which are
infected with HIV. With the help of MOFs as the
carriers, these drugs can overcome their drawback
of poor cellular uptake and resulting increased
therapeutic efficacy. [39]

Leflunomide, it is a prodrug of
teriflunomide. It is used as an anti-rheumatoid, also
has the action of anti-cancer and can be used in the
treatment of sclerosis when administered orally. It
is a poorly aqueous soluble drug, hence has poor
oral bioavailability. This drug was loaded into y-
CD-MOF by Kritskiy let al., 2019 to increase its
solubility and. The drug loaded MOFs have shown
80-fold increase in their solubility, hence making
them a novel drug carrier system. [29]

Curcumin, has anti-cancer
pharmacological activity, but the drawback
associated is, it is unstable in neutral and alkaline
conditions and hence undergoes degradation.
Moussa Zet al., 2016 loaded curcumin in y-CD-
MOFs and found that interaction between curcumin
and MOF s strong due to the formation of
hydrogen bond. The resultant loaded MOF crystals,
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have shown increased chemical stability of
curcumin in both water and alkaline mediums,
making the MOFs a suitable carrier. [40]

VIl. CHALLENGES AND FUTURE
ASPECTS

One of the major challenges is to ensure
the biocompatibility and safety of MOFs for
pharmaceutical ~ applications. ~ Comprehensive
studies are required to understand the potential
toxicity and long-term effects of MOFs in
biological systems. It is essential to address
concerns related to biodegradation, immune
response, and potential interactions with living
tissues.

MOFs can be sensitive to environmental
conditions, such as moisture, pH, and temperature,
which may affect their stability. Ensuring the
stability of MOFs under physiological conditions is
crucial for their use in drug delivery. Moreover,
there is a need to develop scalable and cost-
effective synthesis methods to produce MOFs in
large quantities without compromising their
structural integrity.Achieving precise control over
drug release kinetics from MOFs is a challenge.
While MOFs offer the potential for controlled and
sustained drug release, fine-tuning the release rate
and duration to match therapeutic requirements
remains a complex task. Factors such as pore size,
functionalization, and interactions between the
drug and MOF surface need to be optimized to
achieve controlled release profiles.

MOFs have the potential to enable
targeted drug delivery by incorporating specific
ligands or functional groups that interact
selectively with target sites or receptors. However,
challenges persist in designing MOFs that exhibit
high specificity and selectivity towards the target
site, ensuring efficient drug accumulation and
minimizing off-target effects.The regulatory
landscape for MOFs in the pharmaceutical industry
is still evolving. The approval process for MOF-
based drug delivery systems involves addressing
safety concerns, demonstrating efficacy, and
establishing consistent manufacturing processes.
Bridging the gap between academic research and
industrial applications while meeting regulatory
requirements is a significant challenge.

Continued research and development
efforts are focused on designing MOFs with
tailored properties and functionalities for advanced
drug delivery systems. This includes the

development of stimuli-responsive MOFs that can
release drugs in response to specific triggers such
as pH, temperature, enzymes, or light.
Additionally, the incorporation of targeting ligands
or antibodies within MOFs can further enhance
site-specific drug delivery.

MOFs offer opportunities for combination
therapies by co-loading multiple drugs with
different mechanisms of action. This approach can
lead to synergistic effects, improved treatment
outcomes, and reduced drug resistance. Further
exploration is needed to optimize co-delivery
strategies, achieve controlled release of multiple
drugs, and understand the interactions between
different drugs within MOFs.

MOFs can be integrated with imaging
agents or therapeutics to create theranostic
platforms. These systems enable simultaneous
diagnosis and therapy, allowing real-time
monitoring of drug distribution, release Kinetics,
and therapeutic efficacy. Developing MOFs that
combine imaging capabilities with controlled drug
release properties holds great promise for
personalized medicine and treatment
optimization.The potential of MOFs extends
beyond drug delivery. MOFs can be explored for
other  pharmaceutical applications such as
biosensing, enzyme  immobilization,  tissue
engineering scaffolds, and controlled release of
growth factors or biomolecules. The
multifunctionality and tunability of MOFs make
them versatile platforms for various biomedical
applications.

As the field of MOFs progresses, there is
an increasing emphasis on developing sustainable
and environmentally friendly synthesis methods.
Green synthesis routes, such as solvent-free or
aqueous-based synthesis, are being explored to
reduce the use of organic solvents and minimize
environmental impact. Developing sustainable
MOFs with reduced energy requirements and eco-
friendly processes will be a focus in the future.

VIIl. CONCLUSION

In conclusion, this review article has
provided an in-depth exploration of metal-organic
frameworks (MOFs) as carriers for drug delivery.
MOFs, with their unique structural properties and
tunability, offer immense potential in overcoming
the limitations of traditional drug delivery systems.
By summarizing the recent advancements, design
strategies, and applications of MOFs in drug
delivery, this review has highlighted the promising

DOI: 10.35629/7781-08048498

| Impact Factor value 7.429  1SO 9001: 2008 Certified Journal Page 91



|\

IJPRA Journal

International Journal of Pharmaceutical research and Applications
Volume 8, Issue 4, Jul.-Aug. 2023, pp: 84-94 www.ijprajournal.com

opportunities for targeted and controlled drug
release. Despite current challenges related to
biocompatibility,  stability, and  regulatory
considerations, the future of MOFs in the
pharmaceutical industry appears bright. With
ongoing research efforts and advancements in
MOF synthesis, characterization, and
functionalization, MOFs hold the promise of
revolutionizing drug delivery, enabling
personalized medicine, and enhancing therapeutic
outcomes. The insights provided in this review lay
the foundation for further exploration and
development of MOFs as innovative carriers for
drug delivery in the quest for improved healthcare
solutions.
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