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Abstract

Background and purpose: Metal-organic frameworks (MOFs) have gained incredible consideration in the
biomedical field due to their flexible structural configuration, tunable pore size and tailorable surface
modification. These inherent characteristics of MOFs portray numerous merits as potential drug carriers,
depicting improved drug loading, site-specific drug delivery, biocompatibility, biodegradability, etc. Review
approach: The current review article sheds light on the synthesis and use of MOFs in drug delivery
applications. In the beginning, a brief overview of the key components and efficient fabrication techniques
for MOF synthesis, along with its characterization methods, have been presented. The MOFs-based
formulations have been critically discussed. The application of the design of experiments (DoE) approach to
optimize MOFs has been elucidated. The MOFs-based formulations, especially the application of stimuli-
responsive MOFs for site-specific drug delivery, have been deciphered. Along with drug release kinetic
models, several administration methods for MOFs have also been enunciated. Subsequently, MOFs as future
potential drug carriers have been elaborated. Key results and conclusion: Recently, MOFs have emerged as
versatile drug delivery carriers possessing customization potential and meeting the needs of spatio-temporal
drug delivery. Researchers have devised several environment-friendly approaches for MOF construction and
surface modification. Owing to stimuli-responsive potential, MOFs have demonstrated their prominent
therapeutic efficacy via several routes of administration. The numerous benefits of MOFs would certainly
open up a new vista for its novel drug delivery applications.

©2023 by the authors. This article is an open-access article distributed under the terms and conditions of the Creative Commons
Attribution license (http.//creativecommons.org/licenses/by/4.0/).
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Introduction

Conventional drug delivery systems (DDS) are available in a range of dosage forms, including tablets,

capsules, granules, ointments, syrups for oral administration, and suppositories or solutions for intravenous

administration. Conventional DDS fail to sustain the release owing to an array of drawbacks, such as
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frequent administration, a maximum dose demand, inadequate availability at target sites, fluctuations in
plasma drug level, challenges in drug level monitoring, poor bioavailability concern, serious adverse/un-
desirable effects, and premature elimination from the body [1]. With the continued advancement in the field
of nanotechnology, it has taken a lot of work to create nanocarriers for controlled drug release, which will
increase therapy effectiveness while lowering adverse effects [2]. Metal-organic frameworks (MOFs) are
porous compounds comprising metal ions and coordinated organic linkers, first reported in 1989 [3]. MOFs
can be designed in a variety of ways to have elevated porosity structures owing to the adaptable mix of metal
inorganic centres and organic ligands, which distinguishes them from other nanostructures. Considering their
distinctive qualities, including huge porosity, an array of porous designs, huge surface areas extended up to
8000 m? g, and customizable frameworks, these materials have attracted significant limelight as an
emergent and potential group of porous materials for a variety of applications [4,5]. Considering their
numerous benefits and broad applicability, the scientific community has paid a great deal of attention in the
past 10 years to the investigation of novel approaches for MOF synthesis [6]. Essentially, these conjugates
are made up of two ingredients: metal ions and organic linkers. Most synthesis methods include heating a
mixture of bridging ligand-metal salts dissolved in a solvent solution utilising microwaves, electrical heating
equipment, ultrasonic radiation, mechanical energy, etc. [7].

In recent times, MOFs have been thoroughly investigated as potential drug delivery system due to their
formidable structural attributes [8]. Currently, the Cambridge Structural Database (CSD) has roughly synthe-
sised 99,075 MOF and MOF-type compounds. As evidenced by the expanding number of studies examining
their uses, MOFs have drawn rising interest for diverse applications, such as intriguing and burgeoning porous
hybrid materials [9]. In addition to MOFs' beneficial characteristics for drug delivery applications, adding a
guest material or encasing a MOF in a host material has been speculated to boost a MOF's effectiveness,
resulting in MOF-composites [10]. With the ongoing advancement in MOFs, stimuli-responsive MOFs are a
prominent candidate for targeted delivery because of their modulation in the local physiological system,
which responds to the change in a milieu of the normal physiological system. A physical or chemical alteration
in the physiological microenvironment can release drugs to the targeted site [11].

Thus, the MOFs could be the choice for future carriers for drug delivery applications.

Synthesis of MOFs

The synthesis of MOFs is influenced by a variety of variables, including reaction duration and temperature,
solvent type, the type of metal ions and organic linkers, structural features, anion-cation existence, and crystal-
lisation kinetics, that may result in nucleation and crystal growth. MOFs are typically synthesized in the liquid phase
by combining mixtures of the linkers and the metal ions. The solvent is chosen according to its reaction capacity,
solubility, and redox capacity. The thermodynamics and energy of activation of each reaction are significantly
influenced by the solvent. Despite challenges with single-crystal formation, solid-state synthetic techniques have
occasionally been employed. MOF crystals have frequently been grown via the gradual evaporation of the
resulting solution [12]. MOFs are synthesised by various methods, such as conventional methods, microwave-
assisted synthesis, dry gel conversion, ionothermal synthesis, diffusion synthesis, microfluidic methods, reverse-
phase microemulsions, electrochemical synthesis, mechanochemical methods, and sonochemical methods [13].
Along with their peculiarities, the limitations of such methods are briefly discussed below in Table 1.
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Table 1: Methods of MOF synthesis along with their properties and limitations

Synthesis method Properties Ref.

Conventional synthesis methodology entails a mixture of polar solvent and a metal

precursor in sealed vessels at specified reaction conditions. According to reports, this

method might produce crystalline MOFs with a higher output. This is supported by the
higher solubility of precursors under high pressure and temperature. This method has

several benefits, such as the fact that it can be used because it doesn't depend on a

complicated reaction setup. Solvothermal synthesis can take several days and frequently

calls for high pressure and temperature conditions. Consequently, safety concerns and
time-consuming (expensive) issues prevent the large-scale manufacture of nano MOFS

(nMOFs) by the hydro/solvothermal approach. Additionally, these syntheses frequently call

for hazardous solvents like DMF.

For the rapid synthesis of MOFs, the microwave method is extensively used. By exposing the

reaction mixture to microwave radiation, MOFs are synthesized. The morphology of the

Microwave ingredients can be altered by the MW approach, which also improves the performance of [15,16]
special MOF structures. The approach has many benefits, including monodispersed MOFs,
high yield, minimal toxicity, and quick processing times.
A gel precursor forms, and after being exposed to solvent vapour, it is transformed into a
crystalline MOF. The MOF crystal growth is guided by solvent vapour, which serves as a
template. The popularity of a recently created technique is attributed to its many benefits,

Dry gel conversion including feasibility, high efficiency, high yield, minimal waste, reaction volume reduction, [15,17]
etc. The two MOFs were produced using water as the solvent medium instead of a
traditional organic solvent like DMF, which is used in traditional synthesis techniques,
making the process more environmentally friendly and economically viable.

The strategy substitutes organic solvents and solvents like water with ionic liquids (ILs). The
mixture of metal salts and linkers is dissolved in IL and heated in order to get MOFs. Due to
lonothermal  their unique qualities, such as their excellent solvating properties (the ability to dissolve an  [17]
array of metal salts and linkers), zero vapour pressure, high thermal stability, and ease of
recycling, ILs have gained significant attention as a solvent.

The diffusion technique uses gas, liquid, and gel-phase diffusion. The center metal ions and

organic linkers are dissolved in an incompatible solvent using the liquid-phase diffusion

technique. Metal ions and organic ligands interact at the surface, forming MOF crystals. In

the gel diffusion approach, the two divisions of a set of MOFs are obtained as gel phase

crystals by mixing a solution containing metal ions and a gel component dispersed with [18,19]

organic ligands for a predetermined time. The volatile organic ligand solution is the solvent

in the gas-phase diffusion procedure. MOFs develop as the reaction between the metal ion
solution and the linker mixture is adequately reacted. A unique method that operates in

mild reaction conditions makes it advantageous for the synthesis of sensitive MOFs.

A microfluidic setup is used to synthesize MOFs. The syringe pumps are used for introducing

reactant solutions via microchannels, while a mixing chamber is used to combine both of

them. The MOF is subsequently produced by passing the combined solution through a

reaction chamber. To facilitate the formation of the MOF, the reaction chamber is normally

heated to a specified temperature. To meet the constantly rising commercial needs, it is
crucial to investigate quick and sustainable MOF synthesis methods.

Researchers frequently use the reverse phase microemulsion technique for synthesizing

Reverse phase uniform MOFs by introducing components to aqueous spherical that are reverse micelle-

microemulsion marinized for a reaction. Although it permits size control, the limited yield limits its

usefulness.

Electrochemical synthesis includes two approaches called the direct and indirect approach
of MOF synthesis. Direct method based on the continuous anodic dissolution of metal ions
into the organic linker-electrolyte combination to fabricate the MOFs. In comparison, the

Electrochemical indirect method produces the intermediates via an electrochemical reaction employed to  [23]

synthesis MOFs. Protic solvents are frequently used to prevent the breakdown of metals
via complete utilization of linkers, which offer high yield and function under benign
experimental conditions.

Conventional [14]

Diffusion
synthesis

Microfluidic [20,21]

(22]
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Synthesis method

Properties Ref.

Mechanochemical

This approach of MOF synthesis uses metallic precursors and linking organic ligands. When
these two components react chemically, coordination complexes are formed, and
intramolecular interactions are reoriented. A mechanical deformation of intramolecular
ties occurs before the chemical reaction and synthesis of the metal-organic complex. The
current technique utilized mechanical pressure to directly grind reacting species with or
without the use of a solvent. Mechanochemical milling is able to overcome the low melting
point of the reactants and form the desired MOF structure. Also the solvents, which can be
costly and dangerous for the environment, are not needed when using this method
confirms as a green method of synthesis.

[24-26]

Sonochemical

The precursor solution interacts with ultrasonic waves (20-1000 kHz), leading to alternate
compression and refraction areas and creating homogeneous nano-MOF (nMOF) via
synthesis. This is a swift and environmentally friendly approach to creating MOFs. This
process, which uses homogeneous and rapid nucleation, can result in substantially smaller
particles and a shorter crystallization period than conventional synthesis methodologies.

[12,27]

Characterization methods

To compare and thoroughly describe the created MOFs' characteristics, including their size, shape, surface

morphology, and thermal stability. The below-mentioned characterization techniques include TGA

(thermogravimetric analysis), NMR (nuclear magnetic resonance), vibrational spectroscopy, SEM (scanning

electron microscopy), PXRD (powder x-ray diffraction), SCXRD (single crystal X-ray diffraction), etc., along

with characterising certain MOF properties as depicted in Figure 1 [28]. TGA, which analyses a sample's mass

in relation to temperature, is a direct technique for examining the thermal stability of MOFs. Mass

spectrometers and thermogravimetric analysers frequently work together.
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Figure 1. MOF characterization techniques

30



ADMET & DMPK 12(1) (2024) 27-62 Drug delivery applications of metal-organic framework

As a result, it is able to identify the molecules responsible for the sample mass change as well as the
temperature at which this mass shift occurs [29]. TGA is a useful tool for characterising MOFs that may be
used to ascertain their thermal stability, activation conditions, and porosity. It has also been extensively used
to quantify the compositional makeup of MOFs [30]. SEM is a crucial technique to analyse the varying surface-
architecture attributes like size, surface morphology, and elemental configuration of MOFs [31]. This
technique scans the surface of a solid sample with an electron beam with an intensity of almost 5 keV. The
concentrated incident beam's electrons impact the specimen's surface and produce secondary electrons.
These electrons are captured using a detector and used to generate the sample image [32]. In the
transmission electron microscopy (TEM) experiment, a high-energy electron beam (200 keV) is focused on a
thin sample (usually less than 200 nm) formed of a carbon grid where a drop sample has been evaporated.
The electrons travelling through the sample, or being transmitted, are dispersed at multiple angles and then
concentrated on a detector using a lens system to produce micrographs with great lateral spatial resolution.
High magnification ranging from 50 to 10° and the potential to furnish image and diffraction pattern
information are big pluses of TEM. This is particularly important for MOF NPs because it demonstrates
crystalline structure [32]. NMR spectroscopy is widely employed in the chemical sciences as a structural
characterization tool. The utilisation of solid-state NMR spectroscopy (SSNMR) is required for the
investigation of host-guest interactions in MOF-biomolecule systems [33]. SSNMR is an effective method for
MOF characterisation since it provides details complementary to X-ray diffraction (XRD). Researchers are
making innovative efforts in the three key aspects of SSNMR for MOF characterization: investigating the
metal centre, focusing linker molecules, and investigating guests. MOFs have a lower density, and the
inserted metals are frequently quadrupolar nuclei, rendering SSNMR identification problematic. Awhile back,
researchers used SSNMR to investigate the structures of metal centres in prominent MOFs at a high magnetic
field of 21.1 T, mentioning multiple critical topics such as (1) resolving chemically and crystallographically
non-equivalent metal sites; (2) investigating the roots of disorder around metals; (3) refining local metal
geometry; (4) probing the effects of activation and adsorption on the metal local environment; and (5)
tracking in situ phase transitions in MOFs [34]. SCXRD has unquestionably been regarded as the most
straightforward technique in the structural elucidation of crystallographic frameworks for conclusively
clarifying the structure-property correlations. This handy tool can be used to directly see precise and
comprehensive structural information such as atomic coordinates, bond angles, bond lengths, and atomic
occupancies [35]. On the other hand, the size and quality of the crystal produced, as with XRD on any material,
are the key constraints in gathering valid data. In general, crystals should be larger than 5-10 um, which can
be difficult to achieve for particular MOF classes. Infrared (IR) and Raman spectroscopy are the two basic
types of vibrational spectroscopy. IR spectroscopy relies on absorbing infrared light, which induces a direct
transition between the vibrational energy levels of molecules, whereas Raman spectroscopy relies on photon
inelastic scattering. Since they are sensitive to various types of vibrations, the two strategies are
complimentary. The infrared area is potentially split into three subregions. The fundamental vibrations are
usually noticed in the mid-infrared (4000-400 cm™). Overtones and combination modes are most commonly
recognised in the near-infrared (14000-4000 cm™). The low-energy far-infrared (ca. 400 to-10 cm™) contains
the terahertz region, which can be used to monitor intermolecular vibrations (external modes). In summary,
IR is more responsive to hetero-nuclear functional groups (polar functional groups) than Raman is to
homonuclear molecular bonds. Consequently, the IR and Raman spectra typically vary. Due to the differing
basis sets, both methods (IR and Raman) are thought to be highly complementary [36]. Guest molecules
immobilized on activated metal centres have been discovered to possess a wide range of vibrational
frequencies and intensities, allowing IR spectroscopy to precisely ensure the presence of single metal sites in
both amorphous and crystalline substances. Based on these, IR spectroscopy can provide useful and relevant
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insight into metal sites by analysing the adsorption performance of appropriate molecules such as CO, CO,,
NO, and H,. CO, in particular, is a common probe due to its tiny size and sensitivity to reactivity with cationic
or metallic sites [35].

Drug loading strategies to MOF

MOFs exhibit the distinctive features of extensive surface area and structural divergence that simplify
drug loading on the exterior or enclosed inside the pores by various loading strategies. Two types of drug-
loading strategies are widely used, called the one-step and the two-step methods [37].

One-step

In a one-step method, therapeutic actives are directly integrated with the MOFs during synthesis. This
strategy employs uniform distribution and high drug-loading capacity. Nevertheless, controlling particle size,
morphology, and physiochemical characteristics of prevailing MOFs is challenging. Additionally, it is crucial
to take extra precautions to ensure that a drug is not damaged during the synthesis process [38].

One-pot method

The one-pot method includes the co-precipitation of the drug with the MOF amidst the synthesis. As a
result, drug molecules are homogenously distributed inside the pores of MOFs [39]. It is a cost-effective
technique for drug loading during the synthesis of MOFs. It speeds up the reaction process, minimises waste
and gets beyond the MOFs' restrictively tiny porous structure [37]. Zeolitic imidazolate framework (ZIF)
crystals have been demonstrated by Zheng et al. [40] to be capable of entrapping large drug and dye
molecules. Molecule loadings can be adjusted and uniformly dispersed throughout the crystals. Additionally,
scientists have shown that the one-pot method may be used to concurrently encapsulate target molecules
and metal nanoparticles (NPs) inside ZIFs.

Co-crystallization

In laboratory research or industry, it is frequently used for drug loading. Drug and MOF co-crystallization
could result in a 3D supramolecular structure incorporating the actives under minimal reaction conditions. Most
notably, co-crystallization does not change the drug's physicochemical characteristics, which can be utilised to
increase the drug's solubility and loading effectiveness [37]. Terekhova and colleagues [41] demonstrated that
leflunomide could be loaded into y-CD-MOF by impregnation and co-crystallization strategies, and the drug
loading was equivalent to or greater than that achieved by an impregnation approach.

Drugs as organic linkers for MOFs

Drugs or their prodrugs could act as organic ligands to create MOFs and serve as MOF reservoirs by
coordinating their respective functionalities with particular metal ions [37]. Vassaki and co-worker’s [42]
reported phosphonate MOF-based drug delivery systems. They used a number of anti-osteoporosis
bisphosphonate drugs (etidronate, pamidronate, alendronate, and neridronate) and bio-suitable metal ions
(such as Ca?*and Mg?*) as the organic ligands.

Two-step

The second method of drug loading involves encapsulating drugs within the structure of nMOFs that have
already been manufactured in order to preserve particle form. Drugs are typically predicted to be entrapped
into the scaffolds by hydrogen bonding, interaction, or other host-guest interaction when their molecular
dimensions are less than the pore diameter of nMOFs. However, larger molecules of drugs with opposing
charges are likely to be adsorbed by nMOFs by electrostatic interaction [38].
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Impregnation

Due to their porous structure and accessibility to metal ions and tiny molecules, MOFs can be impregnated
with precursors by a diffusion/deposition method. The process usually entails two steps: the MOF solids were
submerged in the precursor-containing solution for impregnation, and the precursors that were adsorbed
either became the final active species or underwent additional reactions (by reduction, decomposition or
other chemical pathways) to create new functional phases inside the MOF matrices. MOFs offer a constrained
environment to restrict the expansion of these useful species and prevent their aggregation. As a result, very
stable MOFs are frequently needed since a series of reactions may be required before the synthesis of final
MOF composites [43]. Devautour-Vinot et al. [44] performed caffeine encapsulation by the simple impreg-
nation method in a series of UiO-66(Zr)-family MOFs.

Mechanochemical method

This method involves mechanically combining drugs and MOFs in a solid state, which is solvent-free, envi-
ronmentally friendly, and cost-effective [37]. Nadizadeh et al. [45] synthesized, ibuprofen (IBU) -loaded- nMOFs
{Cu2(1,4-bdc)2(dabco)}n and {Cu2(1,4-bdcNH;)2(dabco)}n (bdc=benzenedicarboxilic acid, and dabco=diaza-
bicyclooctane) by ball-milling at room temperature in 2 hours. Noorian et al. [46] used a simple ball milling
technique to load the model drugs 5-fluorouracil, caffeine, para-aminobenzoic acid, and benzocaine effici-
ently.

Covalent binding

The covalent binding method uses organic linkers and inorganic metal clusters to form covalent bonds in the
MOF structure. Even though the attractive technique inserts different cargos into MOFs, there are frequently
issues with the drugs slowly leaking out due to the very weak interaction force between the drugs and MOFs
[37]. Morris et al. [47] developed the UiO-66-N3 (Zre0,0H4(CsH304N3)s) nanostructures of a MOF. Using a strain-
promoted click reaction, oligonucleotides were covalently functionalized onto the MOF's surface.

Formulation development for MOF

As previously reported, controlling particle size is an important constraint in the field of biomedicine,
particularly when taking into account how they are administered via the most popular routes (e.g., oral,
intravenous, intranasal, cutaneous, ophthalmic, otic, and so on) [48]. The NPs' physicochemical character-
ristics, such as particle size, surface charge, rheological characteristics, and colloidal stability, will dictate how
well they interact with various biological components and/or frameworks (formulations), how they are
distributed in the body, and how effective they are. As a result, careful control over the particle size yields a
necessary foundation for successfully implementing any form of NPs in biological applications [49]. In the
case of nMOFs as nanocarriers for the delivery of therapeutics, recent studies have concentrated on
morphology, particle size, and particle size distribution, which determine the final formulation according to
the route of administration [48]. As previously mentioned, controlling particle size is the biggest task during
the administration of the formulation via various routes, and it is also important to design a stable and
reproducible formulation. When administering nMOFs in vivo, specific sets of criteria must be met in order
to prevent embolism, including uniform particle sizes (<200 nm) and highly stable water-based suspensions
(free of aggregates or precipitation) [50]. In the case of optimisation of MOFs by the DoE approach, MOFs
are promising candidates for DoE applications. By properly optimising synthesis parameters, including
residence time, linker concentration, metal/linker volumetric ratio, and solvent selection, there are multiple
orders of magnitude [51].
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Design of experiment

To develop an effective formulation of any drug, the screening and optimisation of components involved
in it are extremely crucial. They also need to be optimized to identify and screen the various parameters that
are likely to impact the final formulation. To optimise formulation, the most popular design of experiment
(DoE) tools have been used. In this regard, understanding and optimising the variables that affect the
production of NPs has been facilitated by focusing on quality manufacturing. DoE techniques have been used
to this end to produce high-quality formulations by learning sufficient about the process [52]. DoE is a potent
tool that particularly seeks to optimise and reduce the number of trials statistically, recognise the impact of
the explored variables on the results, and anticipate the response of unproven circumstances within the
range of the investigated experimental areas [51]. Regarding MOF formulation optimisation, the process of
optimisation started with the synthesis of MOFs. Yingpeng Li and co-workers [53] designed the Hong Kong
University of Science and Technology HKUST-1 for the efficient delivery of 5-FU. Researchers employed a
central composite design to optimise the percent drug loading. They employed three independent variables
for the optimisation: contact time, ethanol concentration and the 5-FU: material ratio. The effect of these
variables is checked at three experimental levels, 1, 0, and -1, which are tested against response variables
such as drug entrapment efficiency and percent drug loading. The designed three batches showed 40.23,
34.58, and 38.43 %, percent drug loading, respectively, with a standard deviation of 2.89 and p-value < 0.05,
proving that the optimized process was stable and reproducible. In a similar vein, P. Kush et al. [54] reported
the optimisation and synthesis of MIL-101-NH; by the microwave-assisted method. Further researchers and
team used the central composite design for the optimisation, including three independent variables: reactant
composition, pH and temperature. The resultant variables were observed in percent yield, size of MOF and
surface area. The ANOVA test showed that the p-value < 0.05, revealing a significant impact of selected
independent variables on selected dependent responses.

Types of drug delivery systems

During the last few decades, DDS has taken advantage of MOFs and novel frameworks [55]. Drug
administration has always been a challenge for formulation scientists by virtue of the low aqueous or lipidic
solubility, stability-related concerns, toxicity and limited biodistribution. But the advancement of MOFs in DDS
has recognised that MOFs can address these issues [48]. Their amphiphilic internal environment, multifaceted
composition, and adaptive porosity make them particularly appealing for hosting large numbers of guest
moieties with varying physicochemical features. Along with the wide array of therapeutic compounds, the
different types of active constituents can also be entrapped as a core part of the MOF [56]. In parallel, as it is
possible to introduce a large variety of stimuli-responsive groups ranging from porphyrin, which is responsive
to light, pH-responsive imidazolyl, etc., groups into the MOF skeleton, the system can be designed to release
drugs under stimuli of interest. In this part, we will get insights into different types of drug delivery systems,
which can be either nonresponsive, single stimuli-responsive or multi-stimuli responsive [57].

Nonresponsive MOF

Nonresponsive DDS based on MOF does not show any response to external stimuli. In such systems, drug
release can result from dissolution, diffusion or ion exchange mechanisms and with a change in the release
mechanism, the drug release profile also changes. If the drug release from the MOF occurs owing to slow
degradation or merely by diffusion, the drug release will be sustained for a longer time. On the other hand,
if under any specific condition or in specific media, dissolution of MOF occurs, the resulting drug release will
be a burst release. In general, for reducing toxic effects and getting steady blood concentrations, one might
believe that a sustained release is preferable. Furthermore, the sustained release can protect the drug from
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undergoing any degradation as it increases its plasma half-life, resulting in better bioavailability and
enhanced efficacy. Sustained release is not always preferred as it allows the drug to remain in the blood for
a prolonged period. The release profile is solely dependent on the application, and accordingly, one should
go for a selection of MOF. To tackle the problem of premature drug release, assorted preventive measures
can be taken, which comprise coating lipid or silica layers and exosomes on the surface of MOF, which also
results in improved solubility of MOF [58].

Stimuli-responsive MOF

As mentioned earlier, MOFs are exceptional drug carriers because they have the least cytotoxicity, superior
loading capacity, and compelling cell and tissue permeation. Even so, one of the dominant issues with MOF is
the premature release of entrapped drugs. To tackle this problem, strategically designed MOFs responsive to
external stimuli can be a satisfactory solution [59]. The MOFs are especially useful when the external stimuli are
specific to disease pathology, allowing the MOFs to respond specifically to the pathological triggers. Generally,
the stimuli can be categorized into external and internal groups. The internal stimuli include temperature,
concentration of enzymes between diseased cells and normal cells, temperature, hypoxia, pH and redox
potential. This type of stimulus, as illustrated in Figure 2, depends on the various physicochemical environments
available at the site of action. On the contrary, external stimuli depend on external factors like light, ultrasound,
heat, electric current and magnetic field. By this virtue, optimal spatio-temporal drug release in a controlled
manner can be attained [9]. In the stimuli-responsive MOF, drug release can be attained by a single stimulus or
by the combination of multiple stimuli.
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Figure 2. Different stimuli for stimuli-responsive MOFs

Single stimuli responsive MOF

In this type of system, drug release can be attained by the application of single external or internal stimuli,
which can be either pH, temperature, light, redox or ATP.
a. pH-responsive

Among the assorted classes of MOFs responsive to external stimuli, pH-responsive MOFs are one of the most
studied, notably for cancer therapy. The change in the pH of the external environment may result in the
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pH-responsive breakdown of the MOF structure [57]. The release of the drug is due to the structural breakdown
of MOF structures due to pH-dependent instability. In addition, MOFs responsive to pH have been widely inves-
tigated for the oral delivery of chemotherapeutics and anti-inflammatory agents [60]. In contrast to cancer
therapy, in the case of oral delivery of anti-inflammatory agents in the acidified medium, the burst effect must
be smaller in the acidic medium, i.e., in the stomach and the drug release is mostly expected in intestinal condi-
tions. The most preferable mechanism for the pH responsiveness of the MOFs is the utilization of the bond
breaking by the protonation. When exposed to acidic circumstances, MOFs made with an organic ligand conta-
ining ionizable chemical groups are prone to be protonated for charge reversal; nevertheless, they stay
deionized or deprotonated when pH is about 7.4. In another approach, the MOFs are attached to the thera-
peutic agent using covalent bonds, which results in a highly selective targeting response. This method involves
hydrolysing acid labile bonds between MOF and therapeutic agent at low pH, which releases the therapeutics
[61]. For the first time, Sun et al. [62] outlined a drug delivery system 5-FU@ZIF-8 (5-FU =5-fluorouracil). For
this delivery system, the induced controlled drug release was obtained and the system showed a booming drug
loading capacity of up to 60 %. The drug release experiments showed that in phosphate buffer saline (PBS),
5-FU demonstrated faster drug release at pH 5.0 than at pH 7.4. The percent drug release demonstrated that
>45 % of drug release is obtained in the first hour at pH 5.0, while on the other hand, only 17 % was obtained
at pH 7.4. In another work, Duan et al. [60] synthesized pH-responsive NPs based on MOFs for the delivery of
drugs. This system was utilized for cancer immunotherapy, containing tumor-associated antigens (TAAs) and
immunostimulatory unmethylated cytosine phosphate- guanine oligonucleotide (CpG). At pH 5.0, around 60 %
antigen release was obtained and enhanced antitumor activity was exhibited when in-vivo studies were carried
out on B16-OVA melanoma cancers. In the recent era, S. Guillen and his team [63] developed the pH-responsive
thin film MIL-88 to analyse its potential against healthy and inflammatory or cancerous cells. The real-time
observations of the designed film were made using surface plasmon resonance spectroscopy. The dissociation
constant of the pH-responsive film was measured in an acidic microenvironment (pH 6.3), which was found to
be 6.10 + 0.86 ms™, while in neutral pH conditions, it was ten times less in dissociation than in an acidic medium.
The MIL-88 film was also examined by quartz crystal microbalance (QCM) to demonstrate IBU loading ability,
which was nearly 6.0 ug cm™. Moreover, the drug release profile of the film was performed in both acidic and
neutral pH conditions (pH 6.3 and 7.4), respectively, to simulate the normal body and inflammatory or
cancerous cell conditions. Over a span of 55 h of testing, it came to light that the amount of IBU released in
acidic pH settings was much larger than that in neutral pH, i.e., a healthy body system. In an acidic environment,
the cleavage of bonds between the Fe3* and carboxylate ligands triggers the release of IBU. The findings of the
present study point out its potential in future applications as a pH-responsive MOF device. In 2023, Zi-Jian Zhang
et al. [64] came up with a new approach for osteoarthritis (OA) therapy via the co-delivery of pH-responsive
MIL-101-NH, for co-delivery of curcumin (CCM) and small interfering RNA (siRNA) for hypoxia-inducible factor
(HIF-2a). HIF-2a aggravates the hypoxia in OA, characterised by chronic, severe inflammation and irreversible
cartilage loss and is strongly connected with decreased joint lubrication effectiveness. Still, pending concerns
include the poor response to monotherapy approaches, unfavourable bioavailability-induced poor
effectiveness, short retention, and inadequate stimulus reactivity. Herein, the si-RNA@CCM-loaded-MIL-101-
NH, system, designed by the encapsulation of CCM and si-RNA in MIL-101-NH,, has the ability to protect CCM
and si-RNA by nuclease degradation from lysosomal escape. In acidic media, the MIL-101-NH, started
disintegrating, leading to the release of encapsulated CCM to minimise pro-inflammatory cytokinin’s level while
releasing siRNA in order to act as gene-silencing therapy by cleaving the target HIF-2 mRNA. Eventually,
demonstrating the effectiveness of therapy through the inhibition of OA's inflammation mechanism and
cartilage deterioration by suppressing HIF-2 genes, owing to the findings of in-vitro and in-vivo studies, the pH-
responsive MIL-101-NH, has potential for OA therapy and may provide a platform for future OA therapies.
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b. Light responsive

As the light-responsive approach has the upper hand in being eco-friendly, as well as serving some
advantages such as spatial and temporal control over release, a non-invasive approach, easy fine-tuning, and
operability, it has gained many researchers limelight for designing drug delivery applications [65]. All these
applications considered, the light-responsive approach has been used to deliver the MOFs to attain spatio-
temporal delivery. The prime mechanism involved in light-responsive delivery is the light-mediated chemical
bond cleavage, reversible or irreversible conformational changes or photothermal transformation of
molecules or groups [66]. Also, the ligand-based approach can be utilized for designing light-responsive MOFs
by incorporating light-responsive molecules as ligands. For attaining light-responsive MOFs like UiO-ABZ and
porphyrin MOFs, approaches like integrating photoactive moieties like indocyanine green (ICG), porphyrin,
anthracene and its derivatives and, azobenzenedicarboxylate (AZB) into the MOF structure or by scheming
reactive oxygen species are being utilized. These systems can generate singlet oxygen (0,) in the presence
of visible and NIR, which abolishes MOF structure to release drug molecules. This approach is collectively
recognized as photodynamic therapy [66-68]. In line with this, Park et al. [69] utilized photodynamic therapy
for targeted delivery by intending NIR light-induced reactive oxygen species (ROS) generating Zr(IV)-based
porphyrinic MOF (Zr-MOF). These MOFs had the ability to accumulate at tumor sites through enhanced
permeability and retention (EPR) effects upon injecting. While targeting ability is unsatisfactory, there may
be an increased chance of side effects. To overcome this challenge, folic acid modification of Zr-MOF was
done, which resulted in improved targeting and improved photodynamic therapy efficacy. In another case,
Liu and co-workers [70] designed the double silica-shelled upconversion nanoparticles (UCNPs)
nanostructure proficient at delivering bio-reductive tirapazamine (TPZ, a prodrug) and photosensitizer (PS)
molecules. This system could achieve a synergistic effect first by UC-based photodynamic therapy under a
standard oxygen environment and when oxygen is depleted by UC-PDT, the cytotoxicity of activated TPZ is
then produced. In contrast to UC-PDT alone, treatment with TPZ-UC/PS and NIR laser resulted in noticeably
decreased tumour growth, suggesting that the way TPZ is given has a significant impact on the effectiveness
of treatments for the much-amended cytotoxicity of TPZ under PDT-induced hypoxia. In 2018, Dandan Xu
[71] created the ZnPc@ZIF-8 with a one-step coprecipitation approach. ZnPc@ZIF-8 contains the water-
insoluble photosensitizer zinc(ll) phthalocyanine (ZnPc), a typical hydrophobic PS. ZIF-8's micropores serve as
molecular cages that keep hydrophobic ZnPc monomeric and prevent it from self-aggregating. This allows
the encapsulated ZnPc to produce lethal 0, in the presence of light irradiation (650 nm) in an aqueous
environment. Cancer cells can endocytoze the ZnPc@ZIF-8 nano-system that has been created, and it exhibits
red fluorescence emission with good photodynamic activity for cancer therapy in vitro. The self-quenching of
ZnPc's fluorescence emission can also be used to monitor the acid sensitivity of ZnPc@ZIF-8, which would
fully degenerate following PDT. The use of MOFs as nano-carriers in this research provides the path for an
easy solution to the issue of the solubility and bioavailability of hydrophobic PS. In 2019, Aziza Sharsheeva
and coworkers [72] proposed a study in which the research team combined drug delivery nanocarriers with
a semiconductor photocatalytic component that could produce a local pH gradient in response to
electromagnetic radiation from the outside. To put this theory to the test, researchers looked into a model
drug-releasing nanocomposite made of ZIF-8, photocatalytic titania nanotubes, and the anticancer agent
doxorubicin (DOX). Compared to the release duration in systems without a photocatalyst, which normally
ranges from several hours to several days, this outcome was accomplished with locally applied UV irradiation
in just 40 minutes, which was a comparatively very short period. The chances of survival of patients with
malignant tumours could be significantly improved by immunotherapy testing utilising immunoadjuvants and
tumour antigens. MOFs have been widely used in cancer therapy as efficient carriers because of their
exceptional histocompatibility and minimal toxicity. Considering this, Zhijin Fan et al. [73] used a specific MOF
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(MIL101-NH;) as the core carrier to develop a multimodal imaging-guided synergistic cancer
photoimmunotherapy. The MOF was dual-dressed in photoacoustic and fluorescent signal donors
(indocyanine green, ICG), immune adjuvants (cytosine-phosphate-guanine sequence, CpG), and was given
the name ICG-CpG@MOF. Through the EPR effect, this nanocarrier might passively target the tumour site
and produce multimodal tumour imaging (fluorescent, photoacoustic, photothermal, and magnetic
resonance imaging). Synergistic cancer photoimmunotherapy was accomplished through simultaneous
photodynamic and photothermal approaches with 808 nm laser irradiation. Immunoadjuvant was success-
sfully released into the tumour microenvironment under GSH control thanks to ICG-CpG@MOF. Further-
more, the immune system might be stimulated by the secreted tumour-associated antigen and CpG to cause
the transition of tumour cells from cold to hot. This dramatically increased tumour cytotoxicity and led to
high cure rates with few side effects. A promising method for the detection and treatment of cancer is offered
by this approach, which combines multimodal imaging and cancer photoimmunotherapy.

c. Thermoresponsive

The thermoresponsive MOFs have the ability to release the active moiety under the influence of a
temperature change. In the case of thermoresponsive MOFs, the m-it interactions between host and guest
get cleaved with a rise in temperature, causing the drug to get resealed [74]. From the class of numerous
thermosensitive materials, poly(N-isopropylacrylamide) (PNIPAM) is recognized as a popular thermos-
responsive material having a low critical solution temperature. This material gets easily dissolved in water
below its cloud point, which is Tc =31 °C, due to its hydrophilic nature while remaining undissolved above the
cloud temperature [75]. With this background, Nagata et al. [76] utilized thermoresponsive polymer
(PNIPAM) for the preparation of thermoresponsive MOFs (UiO-66-PNIPAM) by surface modification. Through
conformational variations of PNIPAM implanted onto the MOF, this accomplished polymer-modified MOF
nanocarrier demonstrated regulated release of the encapsulated guest molecules such as resorufin, caffeine,
and procainamide with temperature variation. Drug-loaded UiO-66-PNIPAM showed fast drug release at a
low temperature (25 °C). However, at a high temperature (40 °C), the drug release phenomena were
suppressed above its Tc (31 °C). On the other hand, the tumors have the ability to undergo localized heating,
which results in an increased temperature of the nanocarriers within the tumors. In this regard, the MOF's
structural changes brought on by the temperature shift result in cargo release. It is crucial for these systems
that MOFs maintain their stability at 37 °C, which is the average body temperature [77]. In another study, by
using zincions, the biomolecular linker adenine, and carboxylate-based ligands, two zinc-based porous MOFs,
ZJU-64 and ZJU-64-CH3, sharing the same crystal structure, have been synthesised by Wenxin Lin [78]
resulting in 3D frameworks with 1D channels (about 1.6 nm and 1.9 nm). The 3-(4,5-dimethylthiazol-2-yl)-
-2,5-diphenyl tetrazolium (MTT) assay, microscope images, and cell-cycle analysis of the materials ZJU-64 and
ZJU-64-CH; demonstrate low toxicity, indicating their potential applications for human health care.
Methotrexate (MTX), an anticancer medication, may be successfully loaded into MOFs using a straight-
forward impregnation process. The drug payloads for ZJU-64 and ZJU-64-CH; are approximately 13.45 and
10.63 wt.%, respectively. For several days, the sustained drug-release behaviour of MTX from MTX-loaded
ZJU-64 and ZJU-64-CHs is observed. The temperature-responsive drug delivery of ZJU-64 and ZJU-64-CHs;
demonstrates that hyperthermia can regulate the drug release. It paves the way for a novel therapy that
combines drug therapy and thermal therapy to kill more cancer cells while causing fewer side effects. This
demonstrates the usefulness of ZJU-64 and ZJU-64-CH; as "smart" drug carriers with greater therapeutic
efficacy. In another study, the design, synthesis, characterization, and application of an adsorbent-heater-
thermometer nanomaterial, (ZIF-8,EuxTby)@AuNP, based on ZIF-8 (adsorbent), incorporating Eu®** and/or
Tb* ions (thermometer), and gold nanoparticles (AuNPs, heater) was done by José Yago R. Silva [79]. These
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composite materials were identified as core-shell nanocrystals, with the crystalline ZIF-8 acting as the shell
and the lanthanide ions being incorporated into or chemosorbed onto the AuNPs, which serve as the
structure's core. The AuNPs serve as heaters, the ZIF-8 shell as a drug adsorbent, and the ligand and
lanthanide ion luminescence intensities are employed to measure temperature. As demonstrated with the
examples of 5-FU and caffeine, visible irradiation can be used to activate this thermoresponsive material and
cause it to release tiny molecules under regulated conditions. It has been demonstrated through computer
simulations and calculations using the transition state theory that the diffusion of tiny molecules between
adjacent pores in ZIF-8 is extremely constrained and involves high-energy barriers. These results suggest that
these molecules are uploaded onto and released from the ZIF-8 surface instead of being inside the holes. This
is the first report of ZIF-8 nanocrystals (adsorbents) containing both heaters for regulated drug release in a
physiological temperature range and lanthanide ions as sensitive nanothermometers. These findings offer a
proof-of-concept that may be extended to other types of materials and a fresh viewpoint on the creation of
multifunctional, self-assembling, thermoresponsive adsorbing materials that are quick to prepare and easy
to regulate. In another study, Wei Wu and team [80] created soap-free emulsion polymerization, a core-shell
nMOFs@poly(N-isopropylacrylamide) (PNIPAm) microgel hybrid through one-pot. By adjusting the
concentration of the monomer and crosslinker in the reaction, the PNIPAm microgel layer on the surface of
nMOFs can form in any pattern. By adjusting the temperature below and above the lower critical solution
temperature, reversible swelling-collapsing behaviours of the hybrid are achieved. When employed as a
water lubrication additive, the hybrid permits a decrease in friction coefficient and wear volume. In vitro
thermal-responsive drug release is shown by manipulating the PNIPAm nanolayer's swelling and collapsing
states on the diclofenac sodium-loaded hybrid. Additionally, the hybrid's strong biocompatibility is confirmed
through the cultivation of HeLa and BEAS-2B cells. These findings build a nMOFs@microgel hybrid capable of
reducing wear and friction while enabling thermally responsive drug release. In 2021, To increase the
anticancer potential of norcantharidin (NCTD) and lower the dosage of the medication, Xiu-Yan Li [81] created
a nanomaterial carrier, NCTD-loaded IRMOF-3 coated with a temperature-sensitive gel (NCTD-IRMOF-3-Gel).
A coordination reaction produced NCTD-IRMOF-3-Gel. We looked into the apparent properties and in-vitro
release of NCTD-IRMOF-3-Gel. The anti-liver cancer effectiveness of NCTD-IRMOF-3-Gel in in-vitro models
was assessed using cell cytotoxicity tests, flow cytometry, and apoptosis investigations in mouse hepatoma
(Hepal-6) cells. NCTD-IRMOF-3-Gel had consistent particle size distribution and its particle size ranged from
50 to 100 nm. The release curve demonstrated the clear sustained-release impact of NCTD-IRMOF-3-Gel.
According to the results of the cytotoxicity tests, the free drug NCTD and NCTD-IRMOF-3-Gel treatments
significantly reduced the proliferative ability of Hepal-6 cells, and the inhibition rate rose with increasing drug
concentration. The Hepal-6 cell cycle was found by flow cytometry to be blocked by NCTD-IRMOF-3-Gel in the
S and G2/M phases, and the thermosensitive gel nanoparticles may prevent cell growth by causing cell cycle
arrest. Studies on apoptosis demonstrated that NCTD-IRMOF-3-Gel caused Hepal-6 cells to die. The
outcomes suggested that the NCTD-IRMOF-3-Gel would be useful for treating liver cancer.

d. Redox responsive

When it comes to smart stimuli-responsive delivery systems, redox-responsive MOFs have become a topic
of interest. This drug delivery system is based on the different redox concentrations in normal and tumor cells
[82]. Redox-responsive frameworks have a sweeping influence on the delivery of antigens and other
immunological areas. Glutathione (GSH) is present in much higher quantities in tumor cells than in normal body
cells and acts as a potential reducing agent. The rapid splitting of the redox-sensitive S-S bond in the presence
of GSH makes it an intriguing receptor location for the development of redox-responsive drug delivery systems.
Considering this, Zhao et al. [83] synthesized a MOF system sensitive to GSH, which consists of Mn?* ions and
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disulfide (S-S)-containing dithiodiglycolic acid as a ligand. This system (Mn-S-S) has the DOX loaded via
hydrophobic interactions. Mn-S-S was coated with polydopamine (PDA) and further enhanced with
polyethylene glycol (PEG) to create Mn-SS/DOX@PDA-PEG NCPs. For the effective release of the DOX
encapsulated in the NCPs, the disulfide bond was severed in the presence of GSH. Magnetic resonance imaging
(MRI) also revealed a higher T1 contrast for the Mn?* in NCPs. The simple approach used for attaining redox-
induced release is post-synthetic modification. This can be done by loading the MOFs with the active moieties
and then blocking the pores with a disulphide-containing surface coating. The release occurs when MOFs come
in contact with GSH present in cells, which causes the coating breakdown[84]. In this line, Ma and co-workers
[85] used cystamine to coat ZIF-8 material for redox-induced paclitaxel (PTX) release. Researchers used
cystamine as the linker and a redox-sensitive substance to create a redox-responsive PTX drug delivery platform
based on MOFs. ZIF-8 served as the drug delivery vehicle. TEM was used to analyse the morphology of ZIF-8,
and XRD was used to analyse the crystal structure. The surface modification of ZIF-8 was investigated using FT-
IR spectroscopy. According to the BET analysis, surface modification had no effect on ZIF-8's specific surface
area and pore size distribution. Under various pH and GSH concentrations, the drug release of ZIF-8, cystamine,
and PTX was investigated. In a different work, Binggian Lei [86] used iron, aluminium, or zirconium as the metal
nodes and 4,4'-dithiobisbenzoic acid (4,4'-DTBA) as the organic ligand to construct a novel intrinsic redox-
responsive MOFs carrier, MOFM(DTBA) (M = Fe, Al or Zr). It is possible for GSH, frequently overexpressed in
tumour cells, to break the disulfide link in 4,4’-DTBA. It was discovered that MOF-Zr(DTBA) produced at 40 °C
has the right shape and characteristics for a drug carrier. CCM was added to MOF-Zr(DTBA) to create
CCM@MOF-Zr(DTBA) nanoparticles, which released more quickly in-vitro and caused more cell death than free
CCM. According to in-vivo anticancer tests, CCM@ MOF-Zr(DTBA) has much better antitumor activity than free
CCM. This method for creating responsive MOF-based nanocarriers may present fresh opportunities for using
MOFs in theranostics, molecular imaging, and drug delivery. In a similar line, Haozhe He [87] demonstrated that
a hybrid PFP@Fe/Cu-SS MOF increased intratumoral LPO content by redox reactions producing OH. LPO level
also increased as a result of the inactivation of glutathione peroxide 4 (GPX4) caused by the depletion of GSH
through disulfide-thiol exchange. This MOF significantly slowed their growth when Huh-7 tumours were
xenografted onto mice. When a ferroptosis inhibitor is also administered, the MOF's anticancer action is
lessened, which results in a recovery of GPX4 activity and an acceleration of tumour growth. Additionally, by
including Cu in mesoporous PFP@Fe/Cu-SS, the MOF was able to retain its photothermal conversion capability
while simultaneously serving as a contrast agent for T1-weighted magnetic resonance imaging. As a result, near-
infrared light caused photothermal treatment and turned the liquid perfluoropentane enclosed into
microbubbles for ultrasound imaging.

e. ATP responsive

Adenosine triphosphate (ATP), a high-energy unstable compound, is widely present throughout all living
organisms. The mechanism for ATP responsiveness can be classified into two groups: 1) ATP-aptamer
complex formation and 2) ATP-ion complex formation. In the first case, a stable ATP-binding DNA structure
is formed by binding DNA to the agarose column with two piled G-quartets. The two conserved adenosine
residues can stack between the top G-quartets and the short stems, forming a pocket structure where the
adenosine or ATP ligand can attach. It is demonstrated that the synthesis of nucleic acid hairpins or the
complexation of SDNA with complementary DNA might lock cargos in the pores of MOFs [88]. In this regard,
Chen and co-workers used an nMOF for drug delivery that contained Zr* ions, amino-triphenyldicarboxylic
acid, and a complementary nucleic acid (the ATP aptamer sequence or the ATP-AS1411 hybrid aptamer
sequence). The release of drugs is followed by the unlocking of these frameworks in the ATP environment by
the formation of an ATP-aptamer complex. Only 10 % of MCF-10A epithelial breast cells perished under
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comparable circumstances when DOX-loaded ATP aptamer-gated or ATP AS1411 aptamer-gated nMOFs
were used to treat MDA-MB-231 breast cancer cells. The targeting and efficient penetration of the ATP-res-
ponsive nMOFs into the cancer cells increased the cytotoxicity because ATP is overexpressed in cancer cells
and the AS1411 aptamer recognises the nucleolin receptor sites on their cell membranes [89]. Another facet
for targeting breast cancer through the ATP-responsive coating of nucleic acid-based polyacrylamide
hydrogel @DOX-loaded-MOF was introduced by Wei-Hai Chen and colleagues [90]. The linkage of a pair of
polyacrylamide chains, PA and PB, which are modified with two nucleic acid hairpins (4 made up of
5'-ACATCCCCTTCCTCCGAGCTGACCTGGGGGAGTATTGCGGAGGAAGGTACCAGATCTAGAGC-3'; sequences of DNA)
and (5 made up of 5-Acryd/TTTTTTTTCCTGGGGGAGTATTGCGGAGGAAGGGGATGTCTCCCCCAGGTCAGCT-3’
sequences of DNA) utilising the strand-induced hybridization chain reaction, promotes the production of the
hydrogel. The generated anti-ATP aptamer repeat is enclosed in the polyacrylamide gel with duplex bridges.
The hydrogel shell secures the drugs contained in the nMOFs. The hydrogel layer is broken down by creating
the ATP-aptamer complex in the vicinity of ATP, which is elevated in cancerous cells. This resulted in the
release of the DOX. The modified nMOFs address important shortcomings of the previously outlined nucleic
acid-gated drug-loaded nMOFs in lieu of providing an umbrella approach for the synthesis of drug-loaded
ATP-responsive polyacrylamide hydrogel-coated nMOFs. The research clarifies that the hydrogel-coated
nMOFs have substantially greater drug loading than the nucleic acid-gated nMOFs, preventing off-target drug
leakage reported with the nucleic acid-secured nMOFs. In comparison with healthy MCF-10A breast cells, the
dox-encapsulated, ATP-responsive, hydrogel-coated nMOFs exhibit specific and potent cytotoxicity towards
MDA-MB-231 breast cancer cells. In a similar vein, Xiaoti Yang et al. [91] reported the ZIF-90 nanoplatform
for the delivery of cytosolic protein along with clustered regularly interspaced short palindromic repeats
(CRISPR/Cas-9) genome editing. Imidazole-2-carboxaldehyde, Zn* and protein self-assemble to generate
ZIF-90/protein nanoparticles, effectively enclosing protein. It was discovered that the competitive coupling
between ATP and the Zn?* of ZIF-90 causes the degradation of ZIF-90 NPs in the vicinity of ATP to liberate
protein. According to intracellular delivery research, the ZIF-90 NPs are capable of delivering a wide range of
proteins inside the cytosol, irrespective of protein size and molecular mass. As cytotoxic RNase A is effectively
delivered, tumour cell development is inhibited, and while the genome-editing protein Cas9 is successfully
delivered, Hela cells' expression of the green fluorescent protein (GFP) has been wiped out with an
effectiveness of up to 35 %. The levels of ATP are elevated in disease cells, so it is anticipated that the admini-
stration of an ATP-responsive protein would create new possibilities for enhanced protein delivery and
CRISPR/Cas9 genome editing to treat target-specific ailments.

Multi-stimuli responsive MOF

a. pH and temperature-responsive

Cancerous cells have certain distinct features, such as a lower pH and higher temperature. These features
have opened the doors for new ways of controlling and treating cancer growth. Owing to the pH and
temperature features, new gates have benefited by designing a dual pH and temperature-responsive system.
Certain types of amino acids have a tendency to act as a pH-responsive ligand. In 2018, Lin and his collea-
gues [92] created the biocompatible MOF (Zn-GA) by combining L-glutamic acid with zinc ions. The MOFs
were created by reacting L-glutamic acid with Zn(NO3),x6H,0 and adding it to DMF/H,0. The resulting Zn-GA
has been separated and MTX-loaded after being heated to 80 °C. The nanocomposite demonstrated a
suitable loading capacity of 12.85 wt.% and the ability to release drugs in response to heat and pH stimuli.
Notably, at an acidic pH of 5.0, only 43 % of the medication was released in a normal physiological fluid;
however, when the temperature rose, the drug release rate climbed to 68 %. The drug-free nanocarriers
demonstrated high biocompatibility, whereas the PC12 cell viability was drastically reduced to 12 % following
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drug loading, demonstrating their anticancer potential. The outcomes confirmed the possibility of using
nanocarriers for cancer treatment. A study by Li-Li Tan [93] provided a novel method for creating "gated
scaffolds" that are sensitive to multiple stimuli, combining capped MOFs with supramolecular
pseudorotaxanes. These mechanical Zr-MOFs demonstrated minimal cytotoxicity, great drug encapsulation,
minor premature release, and good biocompatibility. The pH, lysosomal pH, and osteoclast pH are seen to
be decreased around or inside the bone tumour cells (acidosis), and the ensuing osteolysis raises the Ca?*
concentration (hypercalcemia). The simultaneous changes in pH and Ca?* content in bone cancer cells caused
the mechanised MOFs to release their drugs. As a well-liked method of cancer treatment, hyperthermia, also
known as thermal therapy or thermotherapy, can regulate medication release in the aforementioned system.
The development of intelligent biomaterials for cancer treatment and bone regeneration is now possible
because of this design. In another study, Shunjiro Nagata [94] showed that an MOF may release a guest
molecule (procainamide) under regulated conditions. Researchers coated the MOF in post-synthetic
modification coats with a copolymer of N-isopropyl acrylamide (NIPAM) and acrylic acid (AA). The hypothesis
was that the guest molecule may be released from the MOF in an "on-off" fashion thanks to the polymer's
quick and reversible coil-globule transition, which is pH- and thermosresponsive. The release of the guest
molecule from the MOF is repressed at low pH (4.01) and high temperature (> 40 °C), where it was rapidly
released at high pH (6.86) and low temperature (25 °C), respectively, when the polymer adopts a coil
conformation. Even once the release has begun, it can be stopped by adding external stimulation. Targeted
medication distribution and the regulated release of therapeutic substances will be made easier by the
controllable container generated from MOF. A multifunctional nanoplatforms designed to offer PDT, PTT,
and CT was described by Yao et al. [95]. Initially, a dispersion of zirconium tetrachloride in DMF, 2-amino-
terephthalic acid, benzoic acid, and hydrochloric acid was heated at 120 °C for 48 hours to create the
zirconium framework (UiO-66-Ns). In order for the framework to function as a photosensitizer, it has been
conjugated with a Ru(ll) polypyridyl alkyne group. Additionally, DOX has been loaded as a prototype
chemotherapy drug. After that, CuS nanoparticles were physically adsorbed onto the nanoplatform's surface
to serve as a PTT agent (UiO-Ra-DOX-CuS). Here, the conjugate's ideal drug loading capacity (13.5 %) has been
observed. It's interesting to note that UiO-Ra-DOX-CuS successfully produced 10,, ensuring its potential in
PDT. Notably, the temperature has linearly increased as the concentration of nanoparticles has continuously
increased, pointing to a photothermal action. Approximately 30.5 % of DOX was released at physiological pH,
whereas 48.5 % of the medication was released at pH 5. Importantly, after NIR irradiation, drug release was
significantly encouraged. The UiO-Ra-DOX-CuS treatment had a greater synergistic impact (almost 100 % of
the cells were eliminated) compared to monotherapy CT-42 % and laser irradiation (59 %), according to the
cell line investigation on MDA-MB-231.

b. pH and magnetic-responsive

Under the influence of alternating magnetic fields, magnetic materials tend to generate heat through
hysteresis losses caused by magnetic fields. This phenomenon can be applied to magnetic hyperthermia therapy
(MHT). Magnetic stimuli MOFs are the potential candidates for improving the therapeutic efficacy of MHT.
Recently, to understand the synergistic activity of MHT along with chemotherapy, the Fe304@PDA@ZIF-90
framework has been synthesized. The pH-dependent release profile has been studied as the system showed
the highest release of 88.7 % of DOX at pH 4.5[96]. A lot of consideration has been given to the Cu-BTC
framework in recent years as a potential drug carrier for cancer treatment because of its distinctive structural
characteristics and prospective biocompatibility. A magnetic nano/microscale MOF has been successfully
fabricated by Zahra Gharehdagh and coworkers [97] by incorporating FesO4 nanoparticles as an imaging agent
into the porous isoreticular MOF [Cu3(BTC),] as a drug carrier. However, this material's inherent incapacity
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for medical imaging may limit its bio applications. The synthetic magnetic MOFs display an outstanding pH-
responsive drug release and a high loading capacity (40.5 %) towards the model anticancer DOX. The
suggested nanocomposite not only has a lot of surface area, a lot of magnetic response, a lot of mesopore
volume, a lot of transverse relaxivity (r2), and good stability, but it also has a lot of tumor-specific cellular
uptake and significantly inhibits cancer cell viability without the use of any targeting agents. The synthesised
magnetic nano/microcomposite is anticipated to be useful in medicine and to operate as a platform for
pH/GSH/photo-triple-responsive nanocarriers and photoactive antibacterial treatment. In another study,
Rezvan Shahin et al. [98] designed a nanocomposite, Fe;0,@UiO-66-NH,@PEwith pH-responsive and
magnetic responsive ability for drug delivery. After being artificially modified via the Schiff base reaction
between the amino groups in UiO-66-NH, and the aldehyde groups in glutaraldehyde, a functional MOF
based on zirconium was created: Fe;0,@UiO-66-NH,. Analysis techniques such as FT-IR, XRD, VSM, TGA, and
SEM were used to find the synthesised carriers. The encapsulation effectiveness of core-shell nano-
composites was determined using UV spectrophotometry and obtained at 94 % due to the drug's non-volatile
nature. Additionally, the drug load efficiency findings and the MTT technique, which revealed little
cytotoxicity of nanomaterials even after that, are in excellent agreement. The resultant nanomaterials may
contain any tiny biological molecule inside their channels and porosity, stabilise the environment, and do so
with minimal cytotoxicity thanks to polymer coatings. However, the polymers gradually broke down and
constantly released the drug after being exposed to various buffers and time. Furthermore, the
nanocomposites exhibited pH-sensitive behaviour. Last but not least, the MTT test demonstrated efficient
cytotoxicity, a positive finding for future biological applications [98]. By grafting -cyclodextrin onto the surface
of Fes0,@silica@MIL-100(Fe), Aseman Lajevardi and his colleagues [99] created a new magnetic and pH-
responsive porous nanocomposite. Cephalexin's adsorption on the produced nanocomposite and its release
behaviour were examined in relation to pH and temperature. The highest adsorption was discovered to occur
at ambient temperature, whereas quick release occurred at higher temperatures. According to the data, the
Langmuir isotherm model outperformed other two-parameter isotherm models in terms of accurately
describing the drug's adsorption. To examine the mechanism of adsorption, a variety of kinetic models,
including film transfer, intra-particle diffusion, and pseudo-second-order kinetic models, were utilised.
Thermodynamic analyses showed the spontaneous and exothermic adsorption of cephalexin onto the
nanocomposite. The nanocomposite further exhibited sensitive pH-dependent behaviour. The kinetics of
release were well captured by the Higuchi model, which was researched to explore the drug release profile.
Other mathematical kinetic models studied were zero-order, first-order, Korsmeyer-Peppas, and Higuchi.

¢. Thermal and ion-responsive

Zn** has a crucial role in the different organs of the body, especially the nervous system. By considering this,
the researcher has investigated Zn*-responsive MOFs that respond to the Zn?" imbalance in neurons and can
effectively treat nervous disorders. Tan et al. used quaternary ammonium salt (Q) to modify UiO-66-NH, and
cap it with CP5 to assess the release of 5-FU under elevated temperature and increased Zn?* concentrations.
When Zn?* builds up in the medium, the Zn*ions have a tendency to bind to CP5 and open the drug-loaded
pores. In this investigation, 5-FU released less than 25 % in Zn?* free medium, but when Zn?* concentration
grew, 5-FU release increased to 75 % in 10 mM Zn?* containing media. Also, as the release of 5-FU at 60 °C has
risen to approximately 70 %, the interaction between CP5 and Q may be sensitive to temperature rise [100].

Routes of administration for MOF

The drug delivery applications of MOFs have greatly drawn out in recent years as these systems can deliver
therapeutics with high precision and loading due to their large surface area. Conventionally, only small
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molecular therapeutics were thought of as being administered via MOF delivery, but now, a large variety of
macromolecular therapeutics like nucleic acids and proteins are being administered via MOFs. In this part of
the review, we discuss the various routes of administering MOFs, as portrayed in Figure 3, for selective and
non-selective delivery.
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Figure 3. Routes of MOF administration

a. Oral

Nanosized biocompatible MOFs have always been significantly premeditated for drug delivery
applications through different routes of administration but used less extensively than conventional oral
routes of administration as, until now, the main focus was on increasing the bioavailability of the loaded drug
without taking into account the intestinal permeability. In comparison with Fe(iron) -based nano MOF
systems, newly synthesized MLL-127 has a better permeation through the intestine. Further intestinal perme-
ability was improved by surface modification through chitosan coating. The intestinal permeability and
biocompatibility were confirmed by the Caenorhabditis elegans in vivo model. Caenorhabditis elegans are
worms that can ingest a large number of nano MOFs. At last, the ex vivo rat intestinal model confirmed the
system's passage across the intestinal barrier for only 2 hours. The study showed that MOFs can act as a
potential system for oral administration and improve intestinal permeability [101]. Previously, a similar study
was carried out by Yuhao Zhou and his research team [102]. The team developed a nanocomposite-based
MOF system for the oral delivery of insulin to tackle problems of low intestinal permeability and gastric
degradation. They synthesized a nanocomposite biodegradable microsphere incorporating MOF NPs to
overcome these barriers. A Fe-based MOF was fabricated first as a carrier with a loading capacity of 35 % and
these were modified with sodium dodecyl sulfate for improving permeation across the Caco-2 monolayer in-
vitro models. Further, these NPs were incorporated into biodegradable microspheres to protect the system
from gastric degradation, which showed better stability in acidic media while releasing insulin in simulated
intestinal fluid. In-vitro studies performed on BLAB/c nude mice showed that following oral administration,
this system showed improved insulin availability compared to free oral insulin administration and showed
improved plasma insulin levels for more than 6 h in diabetic rats, proving that these insulin containing MOF
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loaded microspheres can act as an effective means of oral delivery. In 2018, Siamak Javanbakht [103] used Cu-
MOF porous blocks to be immersed in a pharmacological solution while loading IBU into two-dimensionally
shaped tunnels and empty face-centered cubic cubes. The pH-sensitive biopolymeric gelatin microspheres were
used to preserve the Cu-based MOFs-IBU Nanohybrid (Cu-MOF/IBU). According to the results, the manu-
factured gelatin microsphere may serve as a suggested capsule for the medication under gastrointestinal tract
conditions. Utilizing FT-IR, XRD, UV-Vis, and SEM analyses, the gelatin-encapsulated Cu-MOF/IBU microsphere
(Cu-MOF/IBU@GM) was characterised. In vitro drug delivery tests were conducted to demonstrate the
effectiveness of the innovative microsphere as a controlled drug delivery device. The MTT assay was used to
determine the cytotoxicity of the Cu-MOF, Cu-MOF/IBU, and Cu-MOF/IBU@GM compounds. Cu-MOF/IBU@GM
showed very little cytotoxicity to Caco-2 cells after being incubated at various periods and concentrations, and
the cell viability remained over 60 %. In contrast, Cu-MOF and IBU/Cu-MOF showed substantial cytotoxicity to
Caco-2 cells even at low doses. Drug release studies showed that Cu-MOF decomposition in an acidic solution
caused fast drug release at pH 1.2 (95 % of the drug released at 2 h) for Cu-MOF/IBU while Cu-MOF/IBU@GM
released the drug in a controlled manner (pH 1.2:pH 6.8:pH 7.4-3:3:2) that may be related to the gelatin
polymer's pH sensitivity and the polymeric network's diffusion barrier. A greater defense against drug release
at low pH and a controlled release in alkaline conditions are demonstrated by primary drug release tests of
IBU liberation from the Cu-MOF/IBU@GM processes. The results summarize that the system can be
effectively used for oral delivery. On the other hand, although oral peptide or protein delivery is regarded as
a ground-breaking substitute for daily subcutaneous injections, significant obstacles still exist in the
stomach environment and the intestinal epithelium, which is obstructed by mucus and the epithelial cell layer
and results in low bioavailability. Yuhao Zhou and team [104] created a pH-triggered self-unpacking capsule
containing zwitterionic hydrogel-MOF NPs to prevent gastrointestinal degradation and encourage penetration
across the intestinal mucosa. The zwitterionic hydrogel layer gives the nano-vehicles a special ability to
penetrate past the mucus layer and effective internalization by epithelial cells. The MOF nanoparticles have
a high exendin-4 loading capacity. Along with their gastro-resistance, pH-responsive capsules also drastically
dissociate in the intestinal environment due to the quick formation of numerous CO; bubbles, which leads to
the abrupt release of the nanoparticles. In a diabetes rat model, orally administering the capsules containing
exendin-4-loaded nanoparticles results in markedly elevated plasma exendin-4 levels for over 8 hours, which
triggers noticeably boosted endogenous insulin release and an outstanding hypoglycemic effect with a
relative pharmacological availability of 17.3 %. This oral exendin-4 method will offer significant potential for
everyday and simple diabetic therapy due to the reduced risk of hypoglycemia. In 2022, Meng Gao and
coworkers [105] developed a hybrid hydrogel-MOF system for the oral delivery of siRNA for the management
of ulcerative colitis. Small interfering RNAs can be effective means of treatment for various inflammation-
related disorders. Even though the gastric degradation of siRNA limits its use in cases of ulcerative colitis. To
overcome this, the research team has attempted to load siRNA in MOF followed by sodium alginate
encapsulation (SA@MOF-siRNATNFa) to promote oral absorption and stability. These hybrid platforms not
only withstand low gastric and intestinal pH but also show improved intake by the inflammatory
macrophages, resulting in a better release of SA@MOF-siRNATNFa. This results in better delivery of
SA@MOF-siRNATNFa into local colon tissues and reduces the progression of colitis, which was confirmed by
the in vivo mice model and treated mice do not exhibit any signs of weight loss, diarrhea or bloody stools. A
conclusive study has long-established that designing hydrogel-MOFs hybrids can act as an effective means of
delivery of therapeutics that tend to degrade in gastric media and can be a potential means of the oral
delivery system for the delivery of siRNA in ulcerative colitis. As in another case, colon cancer is the fourth
most prevalent type of cancer overall. Designing effective oral delivery systems received increasing focus in
the development of novel controlled-release approaches. To do this, Siamak Javanbakht et al. [106]
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encapsulated 5-FU within the porous MOF-5 made of Zn. The 5-FU encapsulated MOF-5 nano-hybrid (5-
FU@MOF-5) was protected and transported through the digestive system using a pH-sensitive
carboxymethylcellulose (CMC) biopolymer. Different methods were used to characterize the CMC-coated 5-
FU@MOF-5 bio-nanocomposite hydrogel bead (CMC/5-FU@MOF-5). FTIR studies proved that the FT-IR
spectrum of 5-FU@MOF-5 is a mixture of the FT-IR spectrum of MOF-5 and 5-FU and has the characteristic
bands associated with the MOF-5 and 5-FU. It was discovered that there was a rise in the intensity of a smaller
band in the 400-800 cm?! range associated with the Fe-O band by comparing the FT-IR spectra of pure CMC
and CMC/5-FU@MOF-5 beads. Additionally, after the production of the CMC/5-FU@MOF-5 hydrogel bead,
the distinctive CMC bands at 1322 cm! were reduced. The CMC/5-FU@MOF-5 hydrogel bead's cross-linked
CMC polymeric chains with Fe3* successfully, according to the FT-IR data. For MOF-5 and 5-FU@MOF-5, the
BET surface area measurements yielded 147.8 and 106.4 m? g, respectively. The MOF-5 showed an
entrapment efficiency of 84.1 %. To determine the potential of the synthesised carrier as an oral 5-FU delivery
method, drug release studies were conducted in a simulated GIT. All medicines were released from the 5-
FU@MOF-5 over 3.5 hours due to MOF-5's breakdown at an acidic pH [65]. Contrarily, in CMC/5- FU@MOF-
5, the amount of medication released is 70 % at 8 hours in a regulated way (pH 1.2: pH 6.8: pH 7.4-2:4:1),
which is connected to the pH-sensitive nature of CMC biopolymer and the diffusion barrier of the hydrogel
beads. The 5-FU@MOF-5 could be protected from potential degradation by CMC with shrinking at acidic pH,
and CMC with time-dependent swelling at pH 6.8 and 7.4 demonstrated sustained release of 5-FU. Overall,
the produced bio-nanocomposite hydrogel beads could be suggested as a possible drug delivery device for
the colonic administration of 5-FU in light of the results obtained. In a different study, Ke Jiang and colleagues
[107] created and synthesised ZJU-64-NSN, a novel anionic MOF having 1D channels adorned with highly
polarized thiadiazole groups. Using a straightforward and environmentally friendly method, this MOF's crystal
size could be systematically adjusted from 200 to 300 nm. This leads to the discovery of the ideal nanosized ZJU-
64-NSN, which enables very quick loading of the cationic API procainamide (PA) (21.2 wt.% in 1 min). Moreover,
the surface coating of polyethylene glycol (PEG) biopolymer significantly increases the unfavorable chemical
stability of PA@ZJU-64- NSN. Due to the intensive host-guest interaction, the final drug delivery system
PEG/PA@ZJU-64-NSN successfully blocks PA from premature release under tough stomach conditions and
primarily releases PA to the targeted intestinal surroundings. The study on the dynamic behaviour of drug
release and UV-Vis absorption spectrum clearly demonstrates that such controlled drug delivery is caused by
endogenic Na ions rather than H ions. Using the MTT assay and confocal microscope imaging, the good
biocompatibility of ZJU-64-NSN and PEG-coated ZJU-64-NSN was demonstrated. In a different study, Jun-lie
Zou [108] created highly effective oral insulin administration using acid-resistant MOF NPs (UiO-68-NH,) that
were coated with targeting proteins (transferrin). High insulin loading was made possible by the UiO-68-NH,
nanocarrier with the right pore size, which also prevented acid and enzymatic destruction of the insulin. The
transferrin-coated nanoparticles achieved effective transport across the intestinal epithelium and controlled
insulin release under physiological settings, resulting in a substantial hypoglycemic impact and a high oral
bioavailability of 29.6 %. This was accomplished by receptor-mediated transcellular route. The research
showed that oral biomacromolecule distribution is possible because of the ability of functional MOFs to shield
proteins from the gastric environment and cross the intestinal barrier.

b. Parenteral

Since the discovery of MOFs and their use in drug delivery applications, the parenteral route, which might
involve the intravenous route, intramuscular route, subcutaneous route and many more, is a convenient
route for the rapid delivery of cargo into the systemic circulation. In this regard, Gong Cheng and his
team [109] developed a biomimetic platform based on MOFs for the intracellular and systemic delivery of

46 (co) X



ADMET & DMPK 12(1) (2024) 27-62 Drug delivery applications of metal-organic framework

functional therapeutic proteins and biofunctional enzymes. The MOFs showed a high loading capacity of 94 %
of proteins, 50 times greater than surface conjugation. Further surface modification with extracellular vesicle
membrane was done. The in vitro and in vivo studies proved that the MOFs protected the proteins against
degradation by protease enzymes and bypassed immune system clearance. Furthermore, the system
targeted homotypic tumor sites, promoting the uptake of MOFs by tumor and burst release inside the tumor
cells and inhibiting tumor growth and around 14-fold improving therapeutic activity. Conclusively, this work
demonstrated that MOFs can be a potential platform for intracellular and systemic delivery. In another study,
Wenting Shang and team [110] demonstrated a MOF that, after labelling the targeted peptide iRGD, a
theranostic nanoplatform would combine medication treatment with phototherapy. The micropore Fe-MOF
was employed as a nanocarrier to upload chemotherapy medicines and MRI agents for identifying tumours.
Additionally, under various delivery methods, including intravenous injection for breast cancer and local
instillation for bladder cancer, MOF demonstrated outstanding targeting efficacy. In particular, the agent
exhibits excellent photothermal treatment effectiveness and medication heat release efficiency when
exposed to an 808 nm laser. The agent shows the great efficacy of photothermal therapy and the effectiveness
of the medicine in releasing heat from the tumour location. This combination therapy offers a different way
to administer medications and can be tailored to a variety of cancer cell types and molecular targets linked
to the development of the disease. In a similar vein, Khaled Abou and colleagues [111] developed two
nanoformulations consisting of two MOFs, Ti-MOF and Zr-MOF, both having surface changes, and each one
filled with rutin (Rut) and/or piperine (Pip). In vivo anti-inflammatory and antioxidant properties were tested
on MOFs and nanoformulations. It was possible to produce loadings of 27 wt.% for dual loading and 17 wt.%
for a single pro-drug. For the first 12-hour stage, the release patterns for Rut and/or Pip followed a zero-
order, and for the second stage, a stable, sustained release. The zero-order and Korsmeyer-Peppas kinetic
models best fit the release patterns at pH 7.4. The anti-inflammatory and antioxidant effects of the
nanoformulations were greater than those of either of their constituents, and those containing Rut or Pip
alone had more potent effects than those including both agents. Leukocyte migration, paw edema model,
and plasma antioxidant capacity assay results were consistent. The results showed that these drugs' anti-
inflammatory and antioxidant properties are enhanced in nanoformulations compared to free form. Cheng
Zhang [112] developed a new glucose-responsive delivery system (ZIF@Ins&GOx) for self-regulated insulin
release by encapsulating glucose oxidase (GOx) and insulin in pH-sensitive ZIF-8 nanocrystals. When glucose
enters the cavities of ZIF-8, GOx can convert it into gluconic acid, lowering the area's pH. The degradation of
ZIF-8 nanocrystals in the presence of an acidic microenvironment would thus result in insulin release in a
glucose-responsive manner. Studies conducted in vitro suggested that ZIF-8's stiff structure might shield
insulin's biological action and that insulin release might be adjusted in response to glucose levels. In vivo tests
showed that type 1 diabetes (T1D) patients could stabilize their blood glucose level at a normoglycemic state
for up to 72 hours after receiving a single subcutaneous injection of the ZIF@Ins&GOx. A new proof-of-
concept for the treatment of T1D is demonstrated by the multifunctional insulin delivery system using ZIF-8
nanocrystals loaded with an enzyme and insulin. Michael A. Luzuriaga [113] published a thorough analysis of
ZIF-8 and its capacity to shield a model viral vector from denaturing circumstances. Combined spectroscopy
and immunoassay analysis showed the improved thermal and chemical stability conformational makeup of
the enclosed viral nanoparticle. The virus-ZIF composite's long-term biological activity was explored in animal
models to clarify the consistency of the biosafety, immunogenicity, and encapsulated virus of the composite
overall. Furthermore, histological examination of mice's skin and essential organs revealed no discernible
tissue damage after numerous subcutaneous injections. This study demonstrates that ZIF-based protein
composites are excellent candidates for better proteinaceous drug storage, are biocompatible and can
regulate drug release and adsorption in vivo. In 2021, Mengyun He and team [114] proposed a type of "core-
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shell"-structured glucose-responsive nanoplatform for intravenous "smart" insulin delivery. The "inner core"
was created by co-encapsulating insulin, GOx, and catalase (CAT) into ZIF-8 nanoparticles using a finely
controlled one-pot biomimetic mineralization technique. An effective enzyme cascade system (GOx/CAT
group) served as an optimised glucose-responsive module that could quickly catalyse glucose to yield gluconic
acid to lower the local pH and effectively consume the harmful byproduct hydrogen peroxide. The "outer
shell" of the "inner core" was covered with the erythrocyte membrane, a type of naturally occurring
biologically derived lipid bilayer membrane with intrinsic biocompatibility, making the NPs injectable
intravenously and able to sustain a long-term existence in blood circulation. The in vitro and in vivo results
show that our expertly designed nanoplatform has excellent glucose-responsive properties and can keep type
1 diabetic mice's blood glucose levels at the normoglycemic state for up to 24 hours after being administered
intravenously. This supports the use of an intravenous insulin delivery strategy to make up for the
shortcomings of daily multiple subcutaneous insulin administration and provides a promising alternative.

c. Others

Even though nano MOFs are potential drug carriers, different formulations are the least explored, and
most of their formulations are limited to only intravenous routes. On the other hand, lungs have a vast
surface area, the least chances of enzymatic degradation, and can target both local and systemic delivery,
but still delivering MOFs by pulmonary route is a less explored area. Cristina Fernandez-Paz and team [115]
engineered nano MOF-based microspheres for pulmonary delivery. The team reported a simple and
convenient method for developing pulmonary-targeted composites based on MIL-100. For deep lung
deposition, these MIL-100 systems were then encapsulated into microspheres with a spray drying technique
using the negatively charged polysaccharide dextran, the oligosaccharide a-cyclodextrin, and the polyol
mannitol. The in vivo studies done on rats showed that upon intratracheal administration, the system showed
uniform release of the nano MIL-100 carrier inside the lungs, reaching the bronchioles and alveoli, proving
that the MOF system can act as a potential means for pulmonary delivery [115]. Xiaoxiao Hu [116] presented
a MOF platform for pulmonary delivery in a study they conducted. As a DPI (Dry Powder Inhaler) carrier for
the drug budesonide (BUD), neutralized nanoporous cyclodextrin-MOF crystals with cubic morphology and
uniform inhaling size were created and adjusted. To increase the flowability and particle aerodynamic beha-
viour of the CD-MOF powder, leucine (LEU)-poloxamer and cholesterol (CHO) were added, and the particle
size distribution, Carr's index, and in vitro pulmonary deposition were measured as a result. CHO-CD-MOF
outperformed CD-MOF or LEU-CD-MOF-BUD in terms of mass median aerodynamic diameter (4.35+£0.04 pum)
and inhalable performance (30.60+0.76 % fine particle percentage), both of which persisted after budesonide
loading (4.474£0.30 um, 24.95+4.33 %).Then, powder X-ray diffraction (PXRD), cell viability analysis, in vivo
fluorescence imaging, and pharmacokinetic investigations in rats were used to assess the crystallinity,
cytotoxicity, and in vivo deposition of drug-loaded materials (CHO-CD-MOF-BUD). After being loaded into
CHO-CD-MOF, budesonide's distinctive PXRD crystallinity peaks vanished, possibly indicating that budesonide
has been molecularly incorporated into the pores of CD-MOF. Due to CD-MOF's excellent biocompatibility,
the A549 cell's viability for CHO-CD-MOF-BUD was greater than 90 %. The fluorescent signal at the lung tissue
was significantly improved after cholesterol modification compared to CD-MOF when Rhodamine B was
carried by the DPI particles, and the bioavailability of CHO-CD-MOF-BUD in rats was comparable to that of
Pulmicort Turbuhaler, a commercial product. Therefore, the CD-MOF powders modified by cholesterol can be
employed as a promising inhalable carrier for the pulmonary administration of medicines in tiny doses. In
another study, CCM was loaded onto CD-MOFs in 2019 by Yixian Zhou [117] for pulmonary administration.
CCM-loaded CD-MOFs (CCM-CDMOFs) had exceptional aerodynamic performance in comparison to micro-
nized CCM generated by jet milling, which was attributed to the special porous structure and lower density
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of CD-MOFs. The dissolution test revealed that CCM-CD-MOFs released drugs at a rate that was significantly
higher than that of micronized CCM. According to the all-atom molecular dynamic simulation, CCM molecules
were found to be loaded into CD-MOFs' hydrophobic cavities or introduced into their vast hydrophilic cavities
to form nanoclusters. The improved dissolution rate may be facilitated by the increased wettability of CCM-
CD-MOFs and the distinctive spatial distribution feature of CCM in the porous interior of CD-MOFs. The DPPH
radical scavenging assay demonstrated CCM-CD-MOFs' strong antioxidant capacity. Consequently, it was
anticipated that CD-MOFs would be promising vehicles for the pulmonary administration of weakly water-
soluble drugs. A series of homogenous nanopore-containing CD-MOF particles were expertly crafted without
the use of porogens in a study by Yixian Zhou [118]. Due to its uniform nanoporous structure, CD-MOF
demonstrated superior aerosolization ability compared to commercial inhalation carriers. A number of
experiments, including cytotoxicity assays, hemolysis ratio tests, lung function assessments, in-vivo lung injury
indicators measurements, and histological analyses, further supported CD-MOF's excellent biocompatibility
in pulmonary delivery. The significant rate of CD-MOF deposition in the lungs was revealed by ex vivo
fluorescence imaging data. In light of all the findings, CD-MOF was shown to be a potential carrier for
pulmonary medication delivery. The nanoporous particles for efficient pulmonary delivery may be clarified
by this investigation. In a similar line, Bader M. Jarai and colleagues [119] examined the application of the
UiO-66 NPs for the targeted pulmonary drug delivery system. They evaluated the action of missing linker
defects in pulmonary delivery. They determined that the missing linker defects resulted in a contrast in the
aerodynamics of the NPs. On the other hand, it has a minimal effect on drug loading, drug release,
biocompatibility and biodistribution. Also, the UiO-66-based system showed better pH-dependent stability
and didn’t undergo degradation in extracellular conditions or breakdown in the intracellular environment.
Further, the in vitro study suggested that it showed minimum toxicity and better biocompatibility, while the
in vivo study showed good tolerance in murine evaluations after orotracheally administered NPs. The UiO-66
NPs remained in the lungs for seven days and showed localized action before clearance. Overall results
showed that UiO-66 could act as a potential platform for pulmonary delivery owning to the localization,
better release and biocompatibility. The volatile oil D-limonene (D-Lim), derived from citrus fruits, has anti-
inflammatory and anti-cancer properties, but its physical instability makes deep delivery difficult. D-Lim was
loaded into a biodegradable CD-MOF with an optimal loading efficiency of 13.79£0.01 % (the molar ratio of
D-Lim and -CD-MOF was 1.6:1), which had cubic shape and controllable particle size (1-5 m) in order to
prevent the volatilization of D-Lim and achieve effective pulmonary delivery. According to the experimental
findings, -CD-MOF could increase D-Lim's stability. The interaction between D-Lim and -CD-MOF was
discovered using several characterizations and molecular docking. The utilisation of D-Lim's inhalable dose
form, dry powder inhaler (DPI), was greatly aided by the solidification of D-Lim by -CD-MOF. D-Lim@-CD-MOF
was successfully aerosolized for inhalation with a fine particle fraction (FPF) of 33.12 + 1.50 % at a flow rate
of 65 L min'. Additionally, an in vivo investigation revealed that D-Lim solidified by -CD-MOF for inhalation
had a 2.23-fold higher bioavailability than D-Lim for oral delivery. As a result, it is thought that -CD-MOF could
be a great drug delivery system for the lungs to achieve the solidification and therapeutic benefits of volatile
oils [120]. While exploring the different means of administering MOF and its use in the arena of cosmetics,
Alfonso Garcia Marqueza et al. [121] proposed a convenient and eco-friendly method for the preparation of
cutaneous patches comprising of drug nanocarrier MIL-100(Fe) and biopolymers for cosmetic applications.
The ex-vivo and in-vitro models showed better release capabilities and encapsulation due to better
physicochemical properties like swelling properties, structure, bio-adhesion, and hydration. These were
evaluated using active pharmaceutical ingredients (APIs) like caffeine and IBU. Particularly, very large caffeine
loadings were held within these cutaneous devices, with gradual releases occurring as a result of the
hydrophilic patches expanding in simulated cutaneous physiological circumstances. These patches offered a
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gradual and appropriate penetration of their aesthetic payload through the skin, curiously reaching the
targeted adipose tissue despite lacking any cutaneous bio-adhesive character. This makes these composite
MOF-based patches for aesthetic applications, which include cosmetics, promising possibilities. In another
similar work by Sara Rojas [122] on understanding the cutaneous administration and release of MOFs, a
mixture of experimental and computational examinations was carried out to investigate the main physico-
chemical and structural parameters involved in the drug abortion kinetics of IBU and aspirin. For obtaining a
variety of drug-matrix complexes with varying structural and physicochemical characteristics along with these
two drugs, three model MOF systems were selected viz MIL-100(Fe), UiO-66(Zr), and MIL-127(Fe). This study
proved that structural parameters and MOF/drug hydrophobic/hydrophilic balance are the key mechanisms
governing drug loading and release. These devices were shown to meet the criteria for usage as topical drug-
delivery systems, such as releasing the payload between 1 and 7 days by delivering the drug under simulated
cutaneous conditions (aqueous medium at 37 °C). These findings demonstrate the significance of selecting
MOFs carefully by demonstrating how the geometrical and chemical properties of both the MOF and the
drug affect the adsorption and release of the drug. In another study, Sara Rojas and Patricia Horcajada [123]
synthesized eight different MOF platforms for the topical delivery of salicylic acid to tackle the stability issue.
Among the different structures, the microporous Zr amino terephthalate UiO-66-NH2 demonstrated the
most promising results for the loading of salicylic acid. When the delivery procedure was examined in a
simulated cutaneous condition comprising aqueous media at 37 °C, the maximum plasma concentration was
reached in 6 h with a 64 % release. These findings show that UiO-66-NH, is a viable option for the
development of novel skin-treatment devices since it is suitable for the topical controlled release of SA. In
another study, Mubarak G. Bello [124] used an easy green chemistry method to create a 2D nanosheet (NS)
of CD-MOFs. The water system was used to create the NS-MOF carrier in a straightforward one-pot synthesis
combining CD and potassium carbonate. By changing the reaction temperature and adding a crystal growth
inhibitor (the proper amount of acetone), particle size optimisation is accomplished. The crosslinked CD-MOF
(CL-CD-MOF) polymerization procedure increases the stability of NS-MOF in aqueous medium without
obstructing the cavity for drug loading. In order to assess the impact of particle geometry and size on the
pharmacokinetics of nanoporous materials during drug delivery, the same amount of dexamethasone (DXM)
was loaded into both the sheetlike DXM@CL-NS-MOF and the 3D-cubic-shaped DXM@CL-CD-MOF. In vivo
research is done to determine how well these carriers transport DXM through the tear and aqueous humours.
The outcomes show that the 2D-nanosheet particles greatly outperform the commercial Maxidex (0.1 %
dexamethasone) and its 3D-cube counterparts of similar chemical composition in terms of precorneal
residence duration and intraocular bioavailability. It implies that a carrier's geometry affects biodistribution
significantly, and the CL-NS-MOF carrier is an excellent choice for ocular drug administration. Similar research
was done by Gandara-Loe and colleagues [125]. Zr-based UiO-67 as a MOF and polyurethane (PU) as a
polymeric matrix was used to successfully construct novel MOF-based polymer nanocomposite films. The
enhanced stability of the UiO-67 implanted nanocrystals is confirmed by synchrotron X-ray powder diffraction
(SXRPD) analysis, and their homogeneous distribution (average crystal size of 100-200 nm) inside the 50 um
thick film is confirmed by SEM images. For N, at cryogenic temperatures, access to the implanted MOFs'
internal porous structure was prevented. At least 45 % of the MOF crystals are fully accessible for the gas
phase adsorption of non-polar molecules, according to ethylene adsorption studies at 25 °C. Although this
partial blocking hinders the embedded MOFs' ability to adsorb ocular medications (such as brimonidine
tartrate) as compared to the pure MOF, the integration of UiO-67 nanocrystals increased the PU matrix's
adsorption capacity by about 60 times. Brimonidine is released from UiO-67@PU nanocomposite over an
extended time (up to 14 days were measured). The presence of the drug in the nanocomposite film, the
stability of the MOF framework and the drug upon loading, and the existence of brimonidine in an amorphous
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phase after adsorbed were all validated by the combined use of SXRPD, TGA, and FTIR analysis. These findings
pave the way for the use of these polymeric nanocomposite films for drug administration in optical
treatments, whether as an element of contact lenses, a component of lacrimal stoppers (such as punctal
plugs), or as sub-tenon inserts.

Drug release mechanism

Conventional release

It's important to note that the drug release mechanism from MOFs can be influenced by various factors,
including the specific MOF structure, pore size, drug loading method, and the physicochemical properties of
the drug molecules. Therefore, it's crucial to consider these factors and conduct experimental studies to
understand and optimize the drug release behaviour of MOFs for specific applications [126]. Drugs are
essentially released from the MOF by breaking the bonds between metal ions and linkers, which causes the
coordination structure to collapse and further releases the drug molecules at the precise location. The
conventional drug release is independent or lacks target-specific drug delivery because it is not predicated
on any particular stimuli [127].

Drug release kinetic models

The drug release from any drug delivery carrier is crucial, as it determines the efficacy of the dosage form.
To study the pattern of drug release, researchers used different types of drug release kinetic models such as
first order, zero order, Hixon-Crowell, Higuchi matrix, Korsmeyer-Peppas, Peppas-Sahlin, Baker-Lonsdale, etc.
[128]. As porous MOFs are used for drug delivery purposes, their developed formulations are also evaluated
for their drug release pattern. For example, Horcajada et al. [129] developed the nanoporous MIL-53 (Fe, Cr)
for the delivery of IBU. The delivery of IBU was demonstrated using simulated body fluid (SBF) at 37 °C under
continuous stirring, which was further analysed using HPLC. Unexpectedly, a very slow delivery that takes
three weeks to finish is seen. There are clearly two processes involved. The data were treated as a first
approximation and as having zero-order kinetics, as reported (R’ =0.99), regardless of minor changes in slope.
In another study, Maryam Esfahanian et al. [130] reported a Fes;0,@PAA®@ZIF-8 nanocarrier for the effective
delivery of ciprofloxacin (CIP) for antibacterial activity against Staphylococcus aureus (S. aureus) and
Escherichia coli (E. coli). The CIP release from nanocomposite was carried out in buffers pH 5 and 7.4. The
developed nanocomposite was evaluated for different kinetic models such as zero-order, first-order, the
Higuchi equation, and the Korsmeyer-Peppas equation. As far as results are concerned, the Higuchi and
Peppas models are the best-fitted kinetic models. In a similar vein of work, Mohaddeseh Nasrabadi and his
team [131] reported a CIP-UiO-66 nanoframework for the effective delivery of CIP for anti-bacterial activity.
The drug release studies were performed in phosphate buffer pH 7.4 and acetate buffer pH 5.0. Furthermore,
the data obtained from the CIP release was further evaluated for zero order, first order, Higuchi, Hixson, and
Kor's Peppas kinetic models. On the basis of the findings, the release kinetic process of CIP from UiO-66
follows the Higuchi model and Kor's Peppas at pH 7.4 and 5.0. Khaled AbouAitah and co-workers [111]
fabricated Zr-MOF (UiO-66-COOH) and titanium-based MOF (TiMOF) (MIL-125-NH,). They developed
nanocarriers used for plant-based medicine delivery: Ru-flavonoid and Pip-alkaloid, which exhibit anti-
oxidant and anti-inflammatory effects. Ru and Pip exhibited a zero-order release pattern for the initial 12
hours and further continued to follow the stable, sustained release. At pH 7.4, zero-order and Korsmeyer-
Peppas kinetic models are the best fits for the release patterns. A. Bazzazzadeh and his research team [132]
developed a magnetically responsive MIL-53 nanocarrier into core-shell nanofibers composed of polyacrylic
acid-grafted chitosan and polyurethane (PA-g-CS/PU). For the controlled release delivery of temozolomide
(TMZ) and PTX against U-87 MG glioblastoma cells during the chemotherapy/hyperthermia combined
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approach. Researchers investigated the effect of the hyperthermia phenomenon on the drug release pattern
of loaded drugs. The non-Fickian diffusion of the Korsmeyer-Peppas equation provided the best explanation for
the release data. In another work, Xin Leng and co-workers [133] developed a nanocarrier for efficient delivery
of oridon (Ori)-MIL-53 (Fe) against liver cancer therapy. The research work comprised the synthesis and
fabrication of MIL-53(Fe) nanocarriers along with different characterizations to evaluate their efficiency in
carrying Ori selectively to liver cancer cells. The nanosystem was further evaluated for the drug release
performance test; the evaluation was carried out in phosphate-buffered saline at pH 7.2 and 5.5, and findings
revealed that the Ori release lasted for seven days. Ori-MIL-53 (Fe) followed the sustained release kinetic model
for drug release; thus, it could be a promising candidate for sustained release drug delivery for anticancer
applications.

Current challenges and future prospects

In the present review, the MOFs' potential as intelligent theranostic nanosystems has been highlighted.
These systems have excellent features such as high drug loading, controlled cargo release, surface modifi-
cation, and stimulus responsiveness. The article also highlighted the synthesis and characterization tech-
niques, cargo loading methodologies, formulation development aspects, non-stimuli and stimuli-responsive
MOFs, drug release mechanism, and routes for delivering the MOFs [134]. The MOFs have a tunable surface
architecture, which makes them promising carriers for targeted delivery, gene therapy, antibiotic delivery,
and especially cancer targeting. Even though the study of MOF-based DDs has advanced quickly, numerous
problems still need to be resolved before they can be used in clinical settings [135]. The biostability of MOFs
is an important concern, as they need to be stable in the body so that they do not degrade before they release
the drug. Toxicity-wise, MOFs need to be non-toxic to cells and tissues. From a manufacturing viewpoint,
MOFs should be inexpensive to be used for wider clinical applications. These aforementioned hurdles need
to be addressed before the successful stabilisation of MOFs in clinical implementation [136].

Concluding remarks

In recent years, MOFs have secured a prime position as drug delivery carriers. The galoric MOF
developments can be attributed to their high porosity and surface area, structural flexibility, and diverse
functionality, leading to high drug loading and efficient drug release. Considering the potential of MOFs, the
current review provides insights into structural composition, conventional and novel synthesis methods,
characterization techniques, drug loading approaches, and formulation development strategies. Also, the
distinction between non-responsive and stimuli-responsive MOFs and their role in drug delivery has been
exhaustively discussed. Considering the distinct merits of MOFs, several routes, viz. oral, parenteral, etc.,
have been explored for the administration of MOFs. Moreover, the favourable routes for MOF administration
and drug release kinetics have been discussed in detail, providing in-depth peculiarities to serve as a potential
candidate in the upcoming years of drug delivery. Additionally, MOF-based formulation development and
optimisation considering DoE have been discussed thoroughly, which provides a platform for future
considerations for formulation development. In brief, the growing interest in the scientific fraternity for MOF
application in the biomedical field has provided many economical and green techniques for constructing
MOFs. Also, by employing analytical techniques, the structural and morphological peculiarities of MOFs can
be revealed and modified accordingly. The distinct analytical techniques give an idea of the versatility of
MOFs in a series of applications, which primarily include drug delivery aspects. In terms of drug loading,
several strategies have been offered to ensure uniform drug distribution. These strategies furnish the
suitability of methods according to the type of material used for the entrapment. Furthermore, the stimuli-
responsive potential of MOFs can efficiently provide site-specific drug delivery. Stimuli-responsive MOFs have
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several benefits, such as precise targeting of actives, controlled drug release, high drug loading ability, and
the utilisation of altered physiological changes to target relatable diseases. Along with the insights of stimuli-
responsive MOFs, the multiples of diseases with their background for development, targetability, and future
propensity in clinical applications were elaborated thoroughly. The routes of administration offer a
comprehensive aspect of several routes in alliance with different experimental research, which would be
beneficial while ensuring the safe targeting of actives via MOFs. As a result, the multifunctional potential of
MOFs can potentially offer a great avenue for drug delivery applications. Even though some important
aspects related to their biosafety, off-target accumulation and manufacturing setting should be critical
considerations.
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