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Abstract. Researchers strive to develop novel delivery systems for therapeutic substances and
new therapies. The aim is to maximize the efficacy and effectiveness of conducted therapy
while maintaining controlled drug delivery profiles and minimizing the side effects of therapy.
Currently, numerous methods of drug administration are in use. Simultaneously, novel potential
drug cargos, such as metal-organic frameworks, quantum dots, carbon nanotubes, or
dendrimers, are under vigorous investigation. This paper aims to consider metal-organic
frameworks (MOFs), which are composed of metal ions/clusters coordinated to organic linkers
forming one-, two-, or three-dimensional materials with unprecedentedly large specific surface
areas, high porosity, and a capability of a high degree of modifications. They have found many
potential applications, and due to their low toxicity, high biocompatibility, and bioavailability,

they are considered materials of the “medicine of the future”.
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This review constitutes a state of the art concerning the recent progress on the metal-organic
frameworks, particularly on synthesis and characterization of MOFs, including their
classification and possibilities of their modification. In the present paper, a recent state of the
art of biomedical applications, such as innovative cancer therapy, bone regeneration,
bioimaging, biosensing, and upgrade delivery system based on MOFs is provided. Furthermore,

MOF’s toxicity and forward-looking perspectives have been thoroughly discussed.
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1. ABRIEF OVEREVIEW
Metal-organic frameworks (MOFs) belong to the group of highly porous materials with well-
defined structures. Exemplary MOF structures are shown in Figure 1. The organic part, called
ligand or linker, is made up of organic acids, mainly those containing a minimum of two
carboxyl groups in their structure, but it is also possible to use heterocyclic compounds, anions
of organophosphorus compounds, or salts of sulfonic acids. The ligand can be either in the form
of an alkyl chain or an aromatic ring (Gangu et al., 2016; Lawson et al., 2021b; Yusuf et al.,
2022a). Interestingly, MOFs constructed from linkers that are biological units are also known.
Examples of such bio-linkers are peptides, amino acids, carbohydrates, or porphyrin, classified
as endogenous ligands, or nicotinic acid or curcumin, known as exogenous ligands (Anderson
and Stylianou, 2017; J. Liu et al., 2022; Yusuf et al., 2022a). The choice of ligand greatly
influences the physicochemical properties of the material, including, for example, chemical or
thermal stability (Yusuf et al., 2022a). The inorganic type of block forming the MOF structure
constitutes inorganic nodes occurring as metal clusters or ions (Howarth et al., 2016). The metal
should be at least divalent to create coordination bonding with surrounding ligands, i.e., cross-
linking, which ensures the chemical stability of this system. The choice of the appropriate metal
source creating the MOF structure should also be related to its biocompatibility, non-toxicity,
and safety for humans. The commonly used metal ions forming MOF structures include Mg?",
Ca®*, Fe**, Fe’", and Zn**. Their median human lethal dose, defined as LDso (mg/kg), is equal
to 5000, 1940, 984, 450, and 100-600, respectively (Rojas et al., 2019). It was also found that
MOFs containing traces of Cu, Mn, Se, Mo, Cr, and V could be beneficial for the functioning
of the human body (Wisniewska et al., 2023). In turn, metals such as Zr, Au, and Ag are
attracting much attention as potential building blocks of MOFs for biomedical applications (W.
Hu et al., 2024). These unique building blocks (organic and inorganic) provide control in the

construction of MOFs. Moreover, the strong bond between ligand and metal gives thermal,



chemical, and even architectural stability. It is worth emphasizing that MOFs fill the gaps in
reticular chemistry, especially in 2D and 3D structures. Information on the unique nature and
prospective character of metal-organic frameworks can be found in the article (Gagliardi and
Yaghi, 2023). A very attractive feature is the entrance of the molecule into the pores of the MOF
and then observation of the phenomena occurring inside the structure. Such a phenomenon
occurs when substrates (drugs, gases, organic compounds, or other reagents) bind to the atoms
of the metal-organic framework. Another feature highlighting their forward-looking nature is
the possibility of multi-stage synthetic MOF modification. That results in an increase in the
heterogeneity and multifunctionality of the MOF structure. Multi-variant MOFs outperform
their “pure, homogeneous” analogs in terms of their impact on programmed drug release, highly
selective separation, and enzyme-like catalysis. Importantly, almost every aspect of MOF
chemistry provides multi-variants. Moreover, given that computational chemistry is a very
important field in MOF development, artificial intelligence (Al) is worth paying attention to.
The integration of Al with computational chemistry has the potential to revolutionize the field,
not only in reticular chemistry but also in broader chemistry, including metal-organic structures.
An important aspect that would form the future of artificial intelligence computational
chemistry is the reproducibility of calculations and results generated by Al It is necessary to
make an effort to provide transparency and facilitate verification and validation of

computational results. (Gagliardi and Yaghi, 2023).
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Figure 1. Exemplary MOF structures (De Villenoisy et al., 2023).



Considering the steadily growing popularity of metal-organic frameworks, there are many
examples of review articles in the literature. However, very often, such papers are limited to
specific issues. For example, on the application of MOF-type materials in adsorption
(Akeremale et al., 2023) or degradation of organic pollutants as photocatalysts (Khan et al.,
2023). There are also review articles dedicated to bio-MOFs and their applications (J. Liu et al.,
2022), MOFs with superconducting properties (Gao et al., 2021) or MOF applications in the
field of biotechnology (Chattopadhyay et al., 2021). In addition, a large number of articles focus
on biomedical applications of metal-organic frameworks, including drug delivery systems (S.
He et al., 2021) or anticancer therapies (Rojas et al., 2019). General reviews concerning the
synthesis, characterization, and properties of metal-organic frameworks can also be found
(Gangu et al., 2016; Yusuf et al., 2022a). Due to the very high popularity of MOFs, and thus the
growing number of studies in this field, review articles should be constantly updated. The
number of new synthesis methods, including ecological and economical syntheses based on
Green Chemistry principles, is rising. Modification methods of metal-organic frameworks or
knowledge of structural defects are also changing. The number of potential applications of
MOFs is increasing every year. Therefore, frequent updating and publishing of new review
articles is essential, hence, the present review constitutes a compendium of knowledge. It
describes not only the methods of synthesis or characterization of metal-organic structures but
also addresses issues of surface modification, structural defects, or even the toxicity of MOFs
in both in vivo and in vitro systems. The presented manuscript is relevant from a biomedical
application point of view. However, it focuses on bioimaging, biodetection, innovative anti-
cancer therapies based on MOFs, or even bone regeneration using the mentioned materials.
Drug delivery systems based on MOFs with stimulated or targeted responses and multidrug
therapies also can be a reason for the production of large amounts of the review-type articles.
It must be pointed out that the section on overdose problems and body detoxification systems
based on metal-organic frameworks represents an innovative approach not previously
described, which raises the range and unique nature of this review. In the final part of the
presented article, the most important aspects of synthesis, characterization, properties, and
biomedical applications were shown. Nevertheless, it refers to those less obvious but equally

promising and forward-looking subjects.

1.1. Dimensions of Metal-organic Frameworks
The fundamental building blocks creating MOFs’ structure are the Secondary Building Units

(SBUs). They are a combination of a metal with an oxygen atom belonging to an organic linker.



SBUs occur in triangle, square, octahedron, or tetrahedron shape, and it is crucial to determine
the structure of the MOF. A further step in the construction of the metal-organic backbone is
the linking of multiple SBUs through ligand bonding, in which the ligand binds to two metal
centers. In this way, an internal lattice of the MOF is formed, known as the third level of the
MOF’s framework. At this stage, pores and cages of a certain size are formed. Furthermore, the
external morphology of the metal-organic framework crystals, including their shape, size, and
orientation, is determined. The fourth level of the MOF construction depends on the internal
growth of the framework. To some extent, the building blocks of MOFs are the so-called
coordinatively unsaturated metallic centers (CUSs). They act as acidic Lewis sites enabling the
incorporation of molecules (also therapeutic) into MOFs and leading to the functionalization of
MOF surfaces (Hyjek and Jodlowski, 2023; Lawson et al., 2021b). The metal-organic
framework can also occur in the form of one-, two-, or three-dimensional units. In a 1D unit,
the metal-ligand coordination bond extends in one direction. In 2D units, the resulting layers
bond together in an edge-to-edge or layer-by-layer pattern, accompanied by the generation of
weak interactions between the layers. Hence, it is possible to introduce a “guest” molecule (e.g.,
drugs) in the void between the layers or the same MOF layer. In turn, a 3D unit is a stable and
highly porous framework where coordination bonds extend into three dimensions (Yusuf et al.,

2022b). The levels of MOF structure are shown in Figure 2.

/ﬁ
J p¥)
J

Level: 1 Level: 2 Level: 4

e |—

—
Qrgamc Metal LG
Linker lon e
Bridging
Secgn@ary Morphology
Building
Unit

Inner-framework
Structure

Figure 2. The levels of metal-organic frameworks structure (Lawson et al., 2021a).

The building units that form the backbone, i.e., inorganic nodes and organic linkers, can be

modified by chemical reactions or external impulses to induce an alteration. This change can



occur at a specific location, such as in a point (non-dimensional system), along a specific 1D
pathway, over molecules lying on a 2D flat surface, or throughout the crystal, which is referred
to as a 3D structure. The metal-organic framework by itself is responsible for the orientation,
geometries, and resulting molecules’ spatial arrangement. Therefore, to a certain extent, it is
possible to control the final structure of the molecule arising from the skeleton. On the other
hand, by choosing certain building units, their influence on the change of the resulting molecule
at the level of its geometry, spatial arrangement, and orientation is also possible. The molecules'
lattice, resulting in large systems such as MOFs (metal-organic frameworks) or COFs (covalent
organic frameworks), can be used as catalysts in many reactions without deterioration of their
either crystallinity or porosity. It must be underlined that the ability to change the building units
provides rotation of specific bonds with organic linkers, which ensures the formation of free
spaces of specific dimensions and, thus, high selectivity. It is feasible to adsorb a guest
molecule, which modifies many physicochemical characteristics of the structure. Thus, control
of the structure, including the selection of appropriate building units, gives control over the
properties, as well as propagation in a specific dimension. It is these features of MOF structures
that are called addressability. This emphasizes the wide possibilities of changing, modifying,
and adapting the framework. Another important feature of MOFs is their rigidity, providing the
ability to pack or release a guest molecule without breaking the strong bonds forming the
backbone. Additionally, it allows for maintaining the pore size regardless of the environment,
making possible the separation of difficult-to-separate molecules. As highlighted by Yaghi et
al. (Yaghi, 2019) MOFs extend coordination chemistry and organic chemistry from 0D and 1D
dimensions to 2D and 3D while adding previously unknown structural diversity and multiplicity

(Yaghi, 2019).

1.2. Porous properties of metal-organic frameworks
Metal-organic frameworks are materials capable of structural modifications, which makes them
attractive in many potential applications. Interestingly, the first polymeric framework was
discovered by the team of Hoskin and Robson in 1998 (Hoskins and Robson, 1989), but in
1995, Yaghi was the first to successfully synthesize, characterize, and name metal-organic
frameworks (Yaghi et al., 1995). The number of discovered and synthesized MOF structures is
still increasing, and by 2023, more than 100,000 different metal-organic structures have been
discovered (Glasby et al., 2023). These materials are characterized by high chemical and
thermal stability, synthesis simplicity, low density, well-defined porosity, and ordered structure.

Both the porous properties and high accessibility make MOFs effective adsorbents, and even



high molar mass molecules, such as drugs or other therapeutic molecules, can be easily and
efficiently absorbed (Rocio-Bautista et al., 2019). In this regard, some MOF structures can
perfectly serve as future drug delivery systems (DDS). Specifically desirable features of MOFs
are the large specific surface area and the ability to modify the outer and inner surfaces, which
can contribute to drug stability, biodistribution, or targeted drug release. In addition, it is
possible to achieve gradual and controlled drug release profiles, avoiding the sudden drug
ejection known as the “burst effect” and a safe biodegradation of the carrier. The potential
biomedical applications of MOFs are thoroughly described in the literature (Awasthi et al.,
2022; Chedid and Yassin, 2018; Sun et al., 2020; Valizadeh Harzand et al., 2023).

Due to the broad spectrum of inorganic nodes and organic ligands, it is possible to obtain
materials with different pore diameters. Metal-organic frameworks may exhibit a wide range of
porosity that can be adjusted depending on their potential application (Abazari et al., 2018).
The porous composition of MOFs depends on the coordination of the metal, the extent of the
linker, and the number of functional groups, and even the method of their synthesis (Butova et
al., 2016; Valizadeh Harzand et al., 2023). Modification of porosity in MOFs is also achieved
through the use of modulators. As acids, they compete with the organic linker for the metal
node space and subsequently induce structural defects (Butova et al., 2016). The influence of
the coordination of metallic node bonded with the same ligand on the active surface and

porosity of MOF is illustrated in Figure 3.
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Figure 3. Diverse metal-organic framework based on a common ligand (Rocio-Bautista et al.,

2019).

An unquestionable advantage of MOFs is the simplicity of modifying their porosity, which
influences their use as drug carriers. A sufficiently small particle size can provide much deeper
penetration of therapeutic particles, increase biodistribution, and prevent embolism, which is
particularly important for intravenous administration. An average particle size diameter of 1-
100 nm is the most recommended for drug carriers, contrast agents, or sensitive probes (Rojas
et al., 2019). If injectable routes of administration are being considered, MOFs should be
characterized by particle size not exceeding 200 nm (Rojas et al., 2019). In the case of
gastrointestinal therapies, recommended particle size ranges within 50-1800 nm, which is
related to the intestinal mucosa, which acts as a sieve conditioning the passage and absorption

of delivered particles (Rojas et al., 2019).

1.3. Classification and nomenclature of MOFs
The nomenclature and classification of metal-organic frameworks can be determined by the
name referring to the type of framework, the name of the institution where the material was
first synthesized, or its potential application. Some examples of MOF nomenclature regarding

their construction are described below. For instance, isoreticular frameworks are classified as



materials built of octahedral units with micropores. Their building unit is [Zn4O]®* surrounded
by aromatic, carboxyl ligands (e.g., IRMOF-3). Another common group of MOFs is the so-
called ZIFs, which stands for Zeolitic Imidazolate Frameworks. In their structure, the angle
between the imidazolium derivative and the metal node is about 145°, which is similar to the
angle in the Si-O-Si bond that forms molecular sieves (e.g., ZIF-8, ZIF-67). Other groups are
stereo-octahedral materials, creating a three-dimensional structure in the form of a hole-cage-
hole (Sundararaman et al., 2024). This group is classified as porous coordination frameworks
(PCNs), which is particularly important in electrochemical applications (e.g., PCN-222, PCN-
333). The next group with a similar name is porous coordination polymers (PCPs). In this case,
SBUs are formed by transition metal ions coordinated by linkers in the form of carboxylic acids
or pyridines. These materials are of great importance in heterogeneous catalysis (Butova et al.,
2016; Hyjek and Jodtowski, 2023; Yusuf et al., 2022b). In the concept of nomenclature related
to building blocks, it is worth noting the relatively new Bio-MOF group, meaning biological
metal-organic frameworks. Some of its building blocks are bio-elements such as adenine,
nitrogenous bases, saccharides, or amino acids. This group exhibits great biomedical potential
(Anderson and Stylianou, 2017; J. Liu et al.). Passing to the nomenclature based on the place
of discovery of MOFs, it is worth highlighting a few examples. The well-known UiO group -
Universitetet 1 Oslo (University of Oslo), based on zirconium centers and dicarboxylic ligands
(L. Hao et al., 2018), MIL - Materials Institute Lavoisier (Souza et al., 2020), NU -
Northwestern University (Webber et al., 2020), POST - Pohang University of Science and
Technology (Seo et al., 2000), DUT - Dresden University of Technology (Griinker et al., 2014),
NOTT - University of Nottingham (S. Yang et al., 2012), HKUST - Hong Kong University of
Science and Technology (Baheri et al., 2021), CAU - Christian-Albrechts-University (Ahnfeldt
etal., 2009), and JUK —Jagiellonian University in Krakow (Roztocki et al., 2020). Other criteria
for the classification of metal-organic frameworks are the types of metallic nodes and organic
ligands resulting in differentiated topology, dimensionality, cages, functional groups, and
supermolecules. The topology-based group assigns MOFs based on their framework and
structure, distribution, and connection of metallic nodes (e.g., UiO-66 or MIL-53). The
subsequent group is based on the number of dimensions in which the structure grows. Hence,
0D structure denotes clusters or isolated metallic sites, 1D are chains, 2D is formed by layers,
whereas 3D constitutes porous structures. The unusual classification refers to the functional
groups occurring in organic ligands. Their presence significantly affects the reactivity of the
framework, its stability, or its adsorption capacity. The most common existing groups are

carboxylate, pyrazolate, imidazolate, phosphonate, amine, or hydroxyls. Classification based



on supermolecules plays a significant role in the design of new MOFs and the understanding of
their performance in a variety of applications. It is based on the presence of hydrogen bonds, as
well as interactions between m-mt, host-guest, or coordination interactions between metal nodes
and guest molecules. Knowledge of the metal-organic framework, the size of the cages, the
dimensionality of the framework, as well as interconnections and interactions between MOF’s
building blocks, allows not only to design materials for specific applications but also to more
profound understand their behavior, and potential benefits and risks associated with their
potential medical application (Wisniewska et al., 2023). Examples of different MOF structures
are illustrated in Figure 4. Most of them were previously described by Lillerud et al. (Cavka et
al., 2008) and Hao et al. (L. Hao et al., 2018). Inorganic building blocks for MOFs were
contained in papers. It is worth emphasizing that this inorganic unit, especially the geometry

and coordination of metal ions, had a great influence on creating frameworks.
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Figure 4. Framework structures (center) and the corresponding secondary building units

(SBUs) of some of the most commonly used MOFs (Deria et al., 2014).



2. METAL-ORGANIC FRAMEWORKS — METHODS OF SYNTHESIS AND
CHARACTERIZATION

Currently, numerous methods of metal-organic framework synthesis can be distinguished.
Some of them are based on conventional techniques without the necessity of using specialized
equipment, whereas others require conditions of elevated temperature and pressure to promote
the formation of crystalline framework (D. Ma et al., 2023). Furthermore, modern methods
based on "green chemistry" like microwave radiation, ultrasound irradiation, or
mechanochemical forces are currently under vigorous investigation (Rocio-Bautista et al.,
2019). In turn, Gangu et al. (Gangu et al., 2016; Lawson et al., 2021b) reported that the choice
of the synthesis pathway, the type of solvent, temperature, or the power of radiation influenced
not only the synthesis yield but also the crystallinity of the final form of a product. Exemplary
descriptions of the selected MOF synthesis techniques, including their physicochemical

characterization, are listed below.

2.1. Methods of MOFs synthesis
In order to simplify the review of the most common techniques currently used to obtain metal-

organic structures, in addition to brief descriptions, their graphical representation is provided in

Figure 5.
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2.1.1. Solvothermal methods
Solvothermal synthesis of metal-organic frameworks is one of the most utilized due to its
simplicity and easy accessibility. The method provides highly crystalline products and very high
yields. This technique is based on a metallic precursor and an organic ligand dissolution in a
protic (methanol, ethanol, water) or aprotic solvent (DMF, DMA, DMSO, acetonitrile). The
synthesis is usually conducted in stainless-steel autoclaves or glass vessels at a temperature
exceeding the normal boiling point of the solvent and at elevated pressure (solvothermal
conditions). This method leads to the development of products with large crystals due to slow

crystallization (Gangu et al., 2016; Lawson et al., 2021b; D. Ma et al., 2023).

2.1.2. Microwave radiation-assisted technique

Microwave (MW) radiation is often applied in organic syntheses to facilitate the formation of
nanocrystals. Heat is generated by the interaction of an electromagnetic wave with the charge
of a polar solvent, or, more precisely, with the permanent dipole moment of the solvent
molecules. That leads to the growth of the solvent temperature followed by the reaction between
mixture components. Both the applied energy (300-300,000 MHz) and the solvent are crucial
for the physicochemical properties of the resulting product. The method provides very fast
crystallization and is particularly popular for producing nanoparticles, e.g., for MOF-based

catalysts (Couzon et al., 2022; X. Ma et al., 2019; Mao et al., 2022; Rocio-Bautista et al., 2019).

2.1.3. Sonochemical method

In this method, an inorganic precursor in the form of salt and an organic linker are mixed in a
liquid solvent. The whole mixture undergoes ultrasonic cavitation (a phenomenon based on the
development of cavitation bubbles and their subsequent collapse under the influence of
ultrasonic irradiation, forming spots of very high temperature of 4000-5000 K and a pressure
exceeding 1000 bar) (Yusuf et al., 2022b). The method results in the very rapid crystallization
of MOF materials. This technique was used for the first time in MOF synthesis in 2008 (Qiu et
al., 2008), and its popularity is still increasing, e.g., in the syntheses of MOF-5 (Son et al., 2008)
or Hf-MIL-140A and Zr-MIL-140A (Jodtowski, Kurowski, et al., 2023).

2.1.4. Mechanochemical method

This solvent-free technique is characterized by its simplicity and eco-friendliness. It is based
on grinding inorganic salts and organic ligands in a ball mill or mortar. During milling agents,
an evaporation of the volatile components and water formed as a by-product takes place. This

method easily enables a high-scale production of MOFs (Uzarevi¢ et al., 20113).



2.1.5. Electrochemical method

In this method, the source of metal is deposited on the anode, whereas an organic linker is
dissolved in a liquid medium. With the application of suitable voltage, the metal dissolves and
reacts with the linker, forming MOF close to the electrode immersed in the solution. The
reaction usually does not reach as high yields as competitive techniques (Martinez Joaristi et
al., 2012).

There are also many other alternative methods for MOF production, such as diffusional,
ionothermal (using ionic liquids), solvent evaporation, and spray-drying methods. These
techniques are rarely used, but their interest is growing (Hyjek and Jodtowski, 2023; Yusuf et
al., 2022b).

2.2. Characterization of metal-organic frameworks

Synthesized metal-organic frameworks undergo physicochemical characterization. One of the
features of prepared MOF-type materials is their crystallinity determined by the powder X-ray
diffraction technique (PXRD). The comparison of the PXRD patterns of the synthesized
material with the PXRD patterns available in the literature allows for the determination of the
reproducibility of the MOF preparation method (Chattopadhyay et al., 2021; Lawson et al.,
2021b). However, due to a high electron density of the inorganic nodes or large parameters of
units, neutron diffractometry can be considered an alternative technique. The main
disadvantages are the large amounts of studied material required for this analysis and the need
for the exchange of hydrogen by deuterium atoms in the organic ligand, which generates high
costs. Another solution is using a single-crystal X-ray diffraction (Butova et al., 2016).
Exemplary diffractograms are depicted in Figure 6. The local atomic and electron structure of
the investigated materials can be obtained from X-ray absorption near edge (XANES) and
extended X-ray absorption structure (EXAFS) analysis (Jodtowski, Kurowski, et al., 2023).
The subsequent characterization of MOFs is to recognize their surface area and porosity.
Fundamental parameters are specific surface area, pore sizes, and their distribution. The
adsorption isotherm measurements can be analyzed using the Langmuir and the Brunauer-
Emmett-Teller methods, which postulate the monolayer and multilayer adsorption, respectively.
The porosity parameters of the studied sample are determined based on the content of N>
adsorbed on the surface of the material at a specific temperature and pressure.

To characterize the porous structure of the prepared MOF-based materials, many other
specialized techniques can also be used, including Atomic Force Microscopy or gas adsorption

thoroughly described in (Chattopadhyay et al., 2021; Dymek et al., 2024; Jodtowski, Kurowski,



et al., 2023). Exemplary results from the porosity measurements of MOF samples are given in

Figure 7.
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Figure 6. Rietveld plots for MIL-140A with Hf and Zr as a metallic node (Jodtowski,
Kurowski, et al., 2023).
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Figure 7. N2 adsorption isotherms (A) and DFT pore size distribution of MIL-140A samples
(B) (Jodtowski, Kurowski, et al., 2023).

The existence of functional groups in MOF materials can be confirmed using Fourier Transform
Infrared Spectroscopy (FTIR). Concerning infrared spectroscopy, several IR measurement
techniques are crucial for the complementary characterization of metal-organic frameworks.
One of them is the Attenuated Total Reflectance (ATR) technique, which allows for the rapid
characterization of both pure MOFs and composite materials (Dymek et al., 2024). Another
method is related to transmission measurements, where a thin wafer (with or without KBr
addition) is prepared. It must be pointed out that studied samples are usually thermally
pretreated to remove any impurities from the sample surface to receive spectra free of bands
stemming from contamination (Hyjek et al., 2024). Another FTIR-based method is Diffuse
Reflectance Infrared Fourier Transform Spectroscopy (DRIFT). This type of IR measurement
may be performed in a flow of inert or reaction gas, leading to the recording of spectra
appropriate for highly sensitive surface analysis of the material, e.g., after the sorption process.
For example, if a MOF sample is used as a catalyst in a reaction where adsorbed probe
molecules are reagents, the DRIFT technique is used to explain at least a partial mechanism of
the catalyzed reaction at the catalyst surface (Chattopadhyay et al., 2021; Dymek et al., 2021).
As a complementary method to FTIR spectroscopy, Raman spectroscopy (RS) is usually
performed.

MOF thermostability is usually determined by thermo gravimetric analysis (TGA). The factor
under study is the decrease in sample weight as a function of increasing temperature. Thermal
analysis provides information on the potential degradation of the MOF over a range of

temperatures studied. Directly combining thermal analysis with mass spectrometry can make it


https://www.sciencedirect.com/topics/physics-and-astronomy/adsorption-isotherm
https://www.sciencedirect.com/topics/chemistry/pore-size-distribution

possible to determine the mechanism of structure decomposition (Butova et al., 2016; Hyjek et
al., 2024).

In turn, the purity of the MOF samples, the presence or absence of solvent in the pores of the
MOF, or the unreacted ligands can be determined by the Nuclear Magnetic Resonance
technique (NMR). The limitations of this method are related to the very low solubility of MOFs
in most solvents (Butova et al., 2016; Jodtowski, Dymek, et al., 2023).

The morphology and surface topology of the MOF can be observed by microimaging using
Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), or Atomic
Force Microscopy (AFM) (Dymek et al., 2024; Hyjek et al., 2024; Jodtowski, Kurowski, et al.,
2023). Exemplary microphotographs illustrating the studied MOF by the SEM technique are
presented in Figure 8.

Apart from the physicochemical characterization of the prepared samples, theoretical
calculations, e.g., using Density Functional Theory (DFT), are usually utilized to determine the
nature and energetics of host-guest interactions at the molecular level (Jodtowski, Dymek, et
al., 2023; Jodtowski et al., 2024). DFT is a method of choice for solid-state systems comprising
both organic fragments and the transition metal atoms (Piskorz and Zasada, 2019). The
calculations can be performed with or without the influence of the polarizable solvent and,
hence, can give insight into the kinetics of the desorption or dissolution of the guest molecules
from the MOF frameworks. The computational methods can also help attribute the IR or RS
bands with accuracy close to the experimental spectroscopy, even in the so-called "fingerprint"
regions of the spectra where the number of bands overlap and cannot be distinguished and

attributed separately without modelling.
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Figure 8. SEM microphotographs of composites acriflavine@MOF: ACF@MOF-808 (A),
ACF@Ui0O-66 (B), ACF@UiO-67 (C), ACF@NU-(D) (Jodtowski et al., 2022).

2.3. Defect engineering and structure modification
Metal-organic frameworks, similar to other crystalline materials, are characterized by the
occurrence of some kind of structural defects. Their presence was first noted by Behrens et al.
(Schaate et al., 2011) who observed changes in the crystallinity of the UiO-66 framework as a
result of the addition of monocarboxylic acid terminating linker chains. Subsequent studies
confirmed that the addition of various acids affected not only the crystallinity and porosity but
also the stability or reactivity of the MOF structure. Structural defect-inducing acids added
during MOF synthesis are referred to modulators. The positive effects of defective structures
on their catalytic, adsorption, or conductivity properties were reported in (Y. Feng et al., 2019;
Shearer et al., 2016). The current classification of defects in MOFs distinguishes two types:
missing linker or missing cluster (node), as shown in Figure 9. However, it must be pointed out

that those effects usually coexist in the MOF structure (L. Liu et al., 2019).
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Figure 9. Diagram illustrating the structure and composition differences between ideal and

defective UiO-66 unit cells (Shearer et al., 2016).

The missing cluster (node) defects can be generated using formic acid during the synthesis of
Ui0-66, evidenced in the reo topology. The charge imbalance is compensated by formate
anions, which allows for preservation of the geometry of Zrs(OH)sO4(CO2)12 in the UiO-66
framework. In turn, the missing ligand defect occurs when acetic acid is used for the preparation
of Ui0-66. Similar observations were reported in the case of trifluoroacetic acid (Shearer et al.,
2016). It was found that the application of monocarboxylic acid influenced the physicochemical
properties of the obtained defective MOFs, particularly acidity and crystallinity, e.g., the type
and the concentration of defects in the UiO-66 structure. Both types of defects affect the MOF's
physicochemical properties, but the effect of the missing node is responsible for increased
catalytic activity on a higher scale than the effect of the missing ligand. Other positive aspects
of the presence of defects in the UiO-66 structure were reported (L. Liu et al., 2019; Shearer et
al., 2016). Among others, the resulting defects contribute to the exposition of unsaturated Zr
atoms as active sites, increasing the population of Brensted or Lewis acidity. Another effect of
defecting is a rise in the absorbance of visible light, as well as an increase in hydrophilicity.
Research on defective metal-organic frameworks was performed for UiO-66, MOF-808, MOF-
802, and NU-1000 by Taddei et al. (Y. Feng et al., 2019; Taddei, 2017). The most commonly
used defecting agents were hydrochloric acid, hydrofluoric acid, formic acid, acetic acid, di-
and trifluoroacetic acid, and benzoic acid (Vermoortele et al., 2013; L. Zhang et al., 2016).

The use of a single type of organic or metal SBU linker in the MOF results in a material with
uniform chemical and physical properties. However, multiple types of organic linkers can be
used to create a compositionally aperiodic MOF with the same topology as a compositionally
periodic MOF. Such materials are defined as multivariate MOFs (MTV-MOFs) (Osborn Popp
and Yaghi, 2017). The difference between MTV-MOF and MOF is shown in Figure 10. Apart

from the synthesis of defective metal-organic frameworks, it is possible to enrich existing



MOFs (both defective and pristine) with functional groups, e.g., -COOH (Custelcean and
Gorbunova, 2005), -NH> (Hashemzadeh et al., 2021; Mocniak et al., 2015), -SO3;H (Mortazavi
et al., 2020; T. Xu et al., 2020), and -OH (X. B. Yin et al., 2022). The beneficial effect of
incorporating the mentioned functional groups into the MOF’s structure on its sorption
properties and improved catalytic properties was emphasized (Ghorbani-Vaghei et al., 2016;
Jrad et al., 2019). On the other hand, a decrease of thermal stability and porosity was observed
in -amino functionalized MOFs. Regarding biomedical applications, a slower release of the
therapeutical substances from functionalized MOFs was indicated (Hashemzadeh et al., 2021).
For instance, higher levels of drug incorporation into the MOF structure were indicated by
Hashemzadeh (Hashemzadeh et al., 2021), whereas the successful synthesis of UiO-66 with -
Br, -H, -NO., -Cl, -CH3s, and -2CF3 functional groups was reported in (Cunha et al., 2013;
Molavi et al., 2020).

The introduction of functional groups can occur during so-called de novo synthesis or in post-
synthetic processing. Functional groups attached in this way decorate the pores, and while it is
easy to determine the functionality of such materials, their spatial structure is hard to establish
(Kong et al., 2013). Wang and Zhou et al. (L. Feng et al., 2018) described the possibility of
creating multivariant arrangements, not only in terms of functional groups but also MOF-on-
MOF arrangements. A MOF-on-MOF arrangement refers to a structure in which a MOF is
surrounded by another MOF, where each MOF has its variable functionalities (Yaghi, 2019).
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Figure 10. MTV-MOF-5 decomposed into a compositionally and structurally periodic
backbone (violet) and an aperiodic decoration of the backbone by four different hypothetical
functional groups (red, blue, green, and yellow spheres) (Osborn Popp and Yaghi, 2017).

3. THE APPLICATION OF METAL-ORGANIC FRAMEWORKS FOR MEDICAL
PURPOSES

Metal-organic frameworks can be potentially applied for medical purposes in many aspects. It

is commonly known that the medical or pharmaceutical market is highly flexible and thus



allows for much higher prices of the final products, especially in the context of specialized
therapies, than for their usage in, e.g., water purification or gas separation. Other advantageous
factors are small doses of precursors needed to produce MOF-based materials used in medicine
(in the range of milligrams), as well as their high purity, which makes the whole procedure more
economically effective. Furthermore, the applied materials should demonstrate non-toxic
character, adequate metabolism, biocompatibility, and bioavailability. The scientific value of
the research dedicated to the medical applications of metal-organic frameworks is still
increasing. The undertaken studies refer to the synthesis of the advanced MOF systems
connected with their detailed characterization, including their effectiveness, and toxicity in the
context of their possible medical applications (Filippousi et al., 2016; X. Liu et al., 2021; Saeb,
Rabiee, Mozafari, and Mostafavi, 2021).

3.1. Diagnosis and treatment of diseases with MOF assistance

3.1.1. Biosensing

One of the promising biomedical MOF applications is biosensing. Biomedical sensors are
designed to determine the presence and quantity of a selected biological agent. They should be
characterized by exceptionally high sensitivity, selectivity, and thermal or chemical stability.
Other desired properties are non-toxicity and rapid biodegradation in the human body. All the
mentioned requirements are fulfilled by the metal-organic frameworks. The MOFs act as
biosensors in various ways. Usually, the detection of a given molecule by electrochemical,
luminescent, electroluminescent, or calorimetric methods takes place. The former technique
involves the use of an electrode made of conductive or semiconducting materials, also known
as a transducer. It is immersed in an electrolyte solution in which the potentially present
molecule can be detected. Subsequently, the chemical energy of the sensing molecule binding
to the electrode is converted into electrical energy. The second technique is based on the color
change induced by a physical or chemical stimulus. The luminescent method can be based on
chemiluminescence, thermo-chemiluminescence, or electrochemiluminescence reactions. Most
often, luminescent biosensors are used to record images (Tran et al., 2023). MOFs can be used
for the biodetection of a wide range of molecules. For instance, the detection of proteins and
enzymes can be realized by using the well-known zirconium-based PCN-222 framework. In
this way, research detects alpha-casein protein (G. Zhang et al., 2016). Another example is the
ytterbium-based framework as a detector of protein S of the SARS-CoV-2 virus. The minimum

protein detection sensitivity was 72 ng/L, making MOFs extremely sensitive sensors (Rojas et



al., 2019). Furthermore, the performance of MOFs as DNA and RNA detectors was
investigated, which is relevant for identifying many viruses. Another groundbreaking discovery
was the use of zinc MOFs as detectors of HIV-1 based on its DNA, whereas Cu-MOFs were
used as detectors of HBV virus (X. Zhu et al., 2013).

3.1.2. Bioimaging

Bioimaging, being one of the branches of medicine, is one of the most important techniques for
diagnosis or prevention of many diseases where metal-organic frameworks have also found
their potential application. They can be used to find and identify many diseases and to induce
the corresponding image or increase the contrast of tissue images (Munawar et al., 2023). The
most widely used techniques are magnetic resonance imaging (MRI), positron emission
tomography (PET), and computer tomography (CT). The MRI technique is based on the finding
of the nuclear spins changing their orientation in a magnetic field. Metal-organic frameworks
can also be given as a kind of contrast agent (Saeb, Rabiee, Mozafari, Verpoort, et al., 2021b).
Another way to obtain MOF-based contrast agents is to encapsulate superparamagnetic
nanoparticles in their structure. Gd-based MOFs are of particular interest. They have a
relaxation value much higher than those currently available on the market. The possibility of
using Gd-MOF-808 and Fe-MIL-53 as contrast agents has been explored, and the results have
been highly satisfactory. Bioimaging can be realized using the PET method based on radioactive
ions emitting positrons, which then decay into easily detectable y-ray photons, creating a very
clear and accurate 3D image. Hence, the application of MOFs leads to adding a radioisotopic
element required for safe and stable imaging (Demir Duman and Forgan, 2021). The application
of Ui0-66 based on *'Zr as a metal center as an imaging agent was reported in (Dekrafft et al.,
2012). The half-life of this MOF was 72 h, which was significantly higher than for the currently
used °F (2 h) and in the case of **Cu MOF (12.7 h) (D. Chen et al., 2017). In turn, the CT
technique involves exposing the patient to X-rays, using different angles of incidence, and
collecting and combining the images. In this technique, the use of MOFs containing elements
of high atomic number is particularly valuable. Zhao (D. Zhao et al., 2022a) demonstrated that
MOFs applied in vivo experiments accumulate on the tumor surface, enhancing image contrast.
This effect was observed for gold nanoparticles on the surface of MOFs, improving the quality
of the obtained images. The use of the aforementioned techniques and combining them with the
capabilities of MOFs offers many possibilities for bioimaging (D. Zhao et al., 2022b). Thus,
MIL-88 (Fe) with introduced gold particles has been selected as a means for glioma imaging
with MRI, PET, and CT techniques (S. He et al., 2021). Moreover, it was indicated that UiO-

66 stopped the fluorescence of peptide nucleic acids being microRNAs of cancer cells (Zheng



et al., 2021). A graphical representation illustrating all the above-mentioned techniques using

MOFs is shown in Figure 11.
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Figure 11. Scheme of the fluorescence quenching-regeneration mechanism of viral RNA
detection using a MOF-based sensing platform. Reprinted with permission from (Hadynski et

al., 2023). Copyright 2023 American Chemical Society.

3.2. Innovative cancer therapy based on metal-organic frameworks
Undoubtedly, one of the most problematic and timeless medical issues is efficient cancer
treatment. Scientists from all over the world are striving to achieve the highest possible
effectiveness of treatment while minimizing the side effects of therapy. Apart from conventional
forms of treatment, new techniques are proposed; the degree of healing of patients, however, is
still not satisfactory. In the context of novel technologies against cancer, metal-organic
frameworks could constitute a promising remedy through the use of MOFs in photothermal
(PTT), photodynamic (PDT), and chemo-photothermal therapies. In the latter kind of therapy,
the drug as a chemotherapeutic agent is released from a carrier upon the irradiation of light with
a specific wavelength (Deng et al., 2020; J. C. Yang et al., 2017). Shang et al. (Shang et al.,
2020) synthesized a MOF that incorporated two chemotherapeutics (doxorubicin and
gemcitabine). Afterward, they functionalized the MOF’s surface with an arginine-glycine-
aspartic acid peptide (RGD). This peptide revealed a high affinity for intergene av3 occurring
on the surface of tumor cells. In the undertaken studies, the formed composite Zr-Fc MOF (Fc
= 1,1'-ferrocenedicarboxylic acid [Fc(COOH)]) underwent exposure to a near-infrared beam

followed by the measurements of drug release from MOFs. The antitumor rate of this



synergistic chemo-phototherapy was 82% with high biocompatibility and no toxicity (Shang et

al., 2020). The experiment is summarized in Figure 12.
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Figure 12. Illustration on the synthesis of the Zr-Fc MOF nanosheet synergetic PTT and
Fenton reaction-based CDT. Reprinted with permission from (Deng et al., 2020). Copyright
2020 American Chemical Society.

Another example was the introduction of sorafenib into the ZIF-8 structure, which was then
modified with polydopamine. Polydopamine is an agent that absorbs NIR radiation, making it
applicable to the PTT technique and reducing the toxicity of ZIF-8. On the other hand, ZIF-8 is
sensitive to a low pH environment. The combination of polydopamine and ZIF-8 properties
facilitates receiving a dual drug delivery system, which can be controlled by light of a certain
wavelength and low pH prevailing in the environment of the cancer cell. Experimental results
evidenced the high efficacy of the therapy against HepG2 cancer in a mouse model (Q. Hu et
al., 2023).

One of the PDT experiments focused on the synthesis of MOFs in which photosensitizer (PS)
was the ligand. The functionalized surface enabled the MOF to create bonds with the cancer
cells. Subsequently, LED light irradiation caused the release of reactive oxygen species (ROS),
destroying the cancer cells. It also reported the research on combining PTT and PDT with other

forms of cancer treatment, such as immunotherapy and radiation therapy (Hyjek and Jodtowski,
2023).



3.3. Bone regeneration with metal-organic frameworks
A particularly interesting application of MOFs is innovative bone regeneration therapy. The
topic is timely due to an increasing number of accidents, diseases, and postoperative
complications that still take place. Currently conducted therapies are expensive, time-
consuming, and often mentally and physically exhausting. Thus, the remedy for improving this
branch of medicine could be the introduction of MOFs as materials used in the process of bone
regeneration. This idea can be supported by the high susceptibility of MOFs to modifications,
taking into account their porous structure, crystallinity, and chemical composition followed by
their chemical and thermal stability (Ghovvati et al., 2024). The MOF structures can be
composed of elements such as Ca®" and Sr**, promoting the formation of new bone tissue or
restoring the function of mesenchymal stem cells. In turn, MOFs based on Mg?* can improve
angiogenesis during bone repair. The metallic part of MOF structures may influence bone
regeneration by promoting osteoblast activity, enhancing bone formation, and supporting
structural integrity (Y. Zhao et al., 2024). An idea related to the potential use of metal-organic

frameworks in bone regeneration is depicted in Figure 13.
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4. DRUG DELIVERY SYSTEM BASED ON MOFs
The use of MOFs as novel drug carriers for various therapies seems attractive and is, thus, one
of their most thoroughly studied applications. MOF-based drug delivery systems indicate many
unique features related to their design, modifiability, and functionalization. The very slow and
gradual release of drugs from MOFs reduces the side effects of therapy, as well as the so-called
burst effect (S. He et al., 2021). In addition, the drug-releasing at the target site, e.g., in the
tumor cell environment, eliminates the drug-transfer effect and increases the effectiveness of
the therapy. Drugs are released from metal-organic frameworks for a long time so that the
therapeutic dose persists in the patient's bloodstream throughout this period. That reduces the
need for frequent dosing and minimizes the risk of the patient skipping a dose (intentionally or
by accident), which is a common problem in mental illness. The above-mentioned features of
MOFs connected with their high susceptibility to various modifications allow for the use of
metal-organic frameworks as Drug Delivery Systems and adjust them to the chosen

“personalized” applications (Sun et al., 2020; Valizadeh Harzand et al., 2023).

4.1.Targeted drug delivery systems
Targeted drug delivery systems intend significant growth in therapy effectiveness. It is realized
by the coating of the MOF surfaces with molecules oriented in a specific direction. The most
often applied solutions are folic, lactobionic, or glyceric acids, which provide targeted drug
release in the cancer environment. For example, there are folates on the surface of cancer cells,
which have an affinity for folic acid (Abazari et al., 2019; Dong et al., 2018). If the surface of
the MOF framework is functionalized with this acid, its molecule directs the carrier in the
cancer environment, and drug release occurs there. It was evidenced by an experiment in which
S-fluorouracil, doxorubicin, and curcumin were introduced into a metal-organic framework,
and their delivery efficiency was studied after the functionalization of the MOF surface with
folic acid (Alves et al., 2021). Another molecule used for such purposes was poly(acrylic acid-
mannose acrylamide) (PAAMAM) (Demir Duman et al., 2022). Duman et al. (Demir Duman
et al., 2022) coated the surface of MOF-808 with two chemotherapeutics, noticing a synergistic
effect between floxuridine and carboplatin. They observed a very high cytotoxicity against
HepG2 human liver cancer cells (Demir Duman et al., 2022). In other studies, Mugaka et al.
(Mugaka et al., 2021) synthesized a zinc MOF containing modified histidine acting as a linker
(Bio-MOF series). The prepared system was functionalized with the Fmoc-His-Asp-Gly-Arg
peptide, and doxorubicin was incorporated into its structure. That allowed the MOF-based

carrier to attach to the cancer cell and migrate into the cell interior, leading to drug release and



making the proposed therapy direct and thus extremely effective (Mugaka et al., 2021). A

scheme illustrating the work of the designed system is given in Figure 14.

/'N\\

Fmoc-His AV

¢ {
X - - \
Fmoc-HDGR  ANVVWA 15 min in water A% (e
G S I
Zinc ion ~ OH7.0 0 : £ ’ o N Y
Encapsulating substance (g Ve <
i3 Substance-loaded ZFH-DGR Fmoc-His
q ) s ~ - NH
B )J\ [ N.__COOH
COOH §
NH
% Integrin e DG HN=(

NH,

NP Nucleus
g ¢ o ¢ —
- - \
e x000800K (A
Lysosome . ® A A | O |
Daxorubicin J
ey )|
.
Chemotherapy Tumor cell Mouse

Figure 14. One-Pot Preparation of ZFH-DGR/Cargos and Their Targeted Delivery for Precise
Therapy of Tumor. Reprinted with permission from (Mugaka et al., 2021). Copyright 2021

American Chemical Society.

Another research is related to the functionalization of the MOF surface with L-a-phosphatidyl-
ethanolamine (DOPE) or hyaluronic acid in the therapy against leukemia (M. Cai et al., 2020).
The use of those modifiers for MOF’s functionalization turned out to be particularly important.
It enabled offsetting the disadvantages of the therapies proposed and known so far, fighting
against limitations and leading to enormous growth in the therapy effectiveness, which was

connected directly with the enhancement of the patient's comfort (H. Zhang et al., 2018).

4.2.Stimulated-response drug delivery system
Metal-organic frameworks differ in crystallinity, porous structure, and chemical and thermal
stability. Their sensitivity to certain external conditions, such as pH, temperature, or the
presence of specific chemicals, makes them useful as stimulated drug carriers. This means that
the drug can be released from the metal-organic framework due to the presence of external

factors such as elevated temperature. This is due to the degradation of the structure under the



influence of factors to which it is sensitive. The crucial issue is a correct selection of the MOF
structure to ensure its stability under conditions occurring in the human body with simultaneous
degradation in the microenvironment of the diseased cell, tissue, or organ (Akbar et al., 2022;

W. Cai et al., 2019; Y. Wang et al., 2020).

In the case of pH-stimulated responses, the use of MOFs unstable under acidic conditions is
particularly important for the development of cancer therapies. Several MOF structures seem
to be good candidates for this purpose. For example, the MOF-74 (Zn) was modified with
arsenic trioxide, and for the prepared system, the drug release profiles in media with different
environmental pH levels were determined. The optimal results were obtained for a pH equal to
6.0. The proposed solution is expected to be used in the therapy against leukemia (Schnabel et
al., 2020). A similar situation occurred for ZIF-8, revealing a highly pH-stable structure. The
ZIF-8 can be used in the treatment of breast cancer (MCF-7 cell line). Moreover, the ZIF-8

framework is sensitive to H2S occurring in the tumor environment.

Another possibility of the use of metal-organic frameworks refers to the drug release under
redox reaction conditions known as redox-responsive release (H. Zhao et al., 2021). This
phenomenon often takes place in the presence of glutathione (GSH), glucose, or selected
enzymes. Cancer tissues are characterized by GSH concentrations from 100 to 1000 times
higher than in healthy tissues or the extracellular matrix. GSH is a highly reducing agent that
simply undergoes oxidation. The presence of disulfide bonds in metal-organic frameworks
facilitates the oxidation of GSH, reduction of the MOF, and release of the drug (Y. Wang et al.,
2020). An example of the MOF containing the aforementioned bond is DTBA, consisting of a
Zr node and the linker in the form of 4,4'-dithiobisbenzoic acid, which constitutes an ideal
material for GSH-stimulated response (Lei et al., 2018). In turn, for glucose-sensitive carriers,
the simulated response involves the oxidation of glucose to gluconic acid and H>O». Hydrogen
peroxide generates acidification of the environment, followed by the degradation of MOF and
the drug release. This solution is helpful for insulin tuning based on glucose oxidase. Suitable
MOFs for such types of purposes are MIL-100 (Fe) (L. Zhang et al., 2018) and ZIF-8 (Y. Zhang,
Lin, et al., 2019).

The application of MOFs is also possible in the case of enzyme-stimulated responses. However,
the encapsulation of the metal-organic frameworks in hyaluronic acid or pectin can turn out to
be necessary. For instance, the MOF envelope is degraded in the human body, and the drug is
released very slowly. It was found that PCN-224 encapsulated in hyaluronic acid was

functionalized and revealed high effectiveness in cancer therapy.



Another effect was elevated MOF stability, allowing it to remain stable under the conditions
occurring in the human body, whereas the acid degraded minimalizing sudden drug release at a
non-target site (Y. Wang et al., 2020). A simulated response can also occur under the presence
of adenosine triphosphate (ATP), which is a highly energetic molecule commonly existing in
living organisms. The formation of ATP complexes with DNA and RNA can occur, which
promotes the release of the drug directly into their structure, as well as a coordinated response
if there are free electron pairs in solution, originating from the imidazole ring, benzene, or
amino groups. Other examples are the ion-stimulated response, as well as simulated drug

release affected by physical factors such as light, pressure, or temperature.

For light- or temperature-dependent responses, light-sensitive materials such as PCN-222 (Kim
etal., 2019), PCN-224 (D. Feng et al., 2012), or USTC-8M should be used (W. Xu et al., 2015).
They are proposed for photodynamic therapies due to their good oxidative properties. Metal-
organic frameworks have also found application in transferring NO molecules for medical
purposes, including cancer or cardiac therapies (D. Zhao et al., 2022a). Metal-organic
frameworks unstable at elevated temperatures are also used as carriers for treatment, mainly for
anti-cancer therapies, which are associated with the temperature prevailing around the tumor.
In this case, the weakening of the host-guest interaction takes place, which is directly affected
by entropy values. The [J-[] stacking interaction is cleaved as the temperature increases (Y.
Zhang et al., 2020). Such a phenomenon was observed in ZJU-801 (Ke et al., 2016). The effect
of pressure was also investigated. Jiang et al. (Ke et al., 2016) observed a significant time
prolongation of the drug release with rising pressure. An example of a MOF-based stimulated

DDS response is depicted in Figure 15.
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4.3. Magnetic drug carriers
Some metal-organic frameworks indicate magnetic properties. In others, nanoparticles of such
properties can be introduced. Another example is MOFs demonstrating magnetic-stimulated
responses. The release profile of acidic dye AO7 — Orange II sodium salt in UiO-66-type MOF
containing Fe3;O4 nanoparticles was studied by Zhan et al. (Zhan et al., 2018). Similar studies
were performed for MIL-88B (Akbar et al., 2022). Based on the results from the undertaken
research, it was concluded that ferromagnetic metal-organic frameworks contained lower
maximal amounts of the drug; however, they revealed a lack of toxicity. The study was

performed on the HEK293 T-line cells (Akbar et al., 2022).

It was also found that the magnetic properties of the metal-organic frameworks can be generated
by applying cobalt, nickel, iron, or oxides as inorganic nodes occurring in the MOF structure.
Another observation was the high impact of MOF magnetic properties on its adsorption
capacity, which opens a wide perspective for new opportunities in therapeutics. Thus, the
appropriate carrier of selected properties adjusted to the patient's needs and therapeutic
requirements can be chosen. However, the applied MOF-based carrier should be biocompatible

and completely safe for humans (Chowdhuri et al., 2016; Shi et al., 2021).

4.4. Multidrug therapy
Introducing the drug mixture into the MOF structure is another groundbreaking approach in the
application of MOFs as drug carriers. This action is feasible due to the unique porous properties
of MOF materials (particularly large specific surface areas) and their crystallinity. Scientists
consider such multi-drug therapies as two approaches. According to the former model, it is
possible to combine the packing of a therapeutic particle as an active substance with a second
compound as a non-drug. This approach assumes a synergistic effect between two substances.
A drug delivered to the bloodstream is strengthened by the second compound coupled with the
drug, which enhances the final effect of the whole therapy without affecting side effects or other
complications during treatment. In the case of the latter approach, there are two kinds of drugs
in one MOF structure. This solution seems to be particularly useful in the treatment of serious
diseases such as cancer (Abanades Lazaro et al., 2020), however, the drug doses should be
limited, and the applied drugs should not cancel their effects on each other. For multidrug
therapy, the MOFs of UiO-66, MIL-53 (Al), and MIL-100 (Fe) structures were investigated,
whereas the studied drugs were ibuprofen and caffeine. In the case of the first two MOF
structures, the release of both drugs was in the range of 80-100% (X. Li et al., 2023). Other

compounds with therapeutic potential were tested as gallic acid (Sharma et al., 2019) or



hydroxycinnamic acid (L. Zhang et al., 2016). Another research referred to chemotherapeutics
- floxuridine and carboplatin incorporated into MOF-808. Based on the obtained results from

in vivo studies, an efficient and gradual drug release was found (Demir Duman et al., 2022).

5. TOXICITY, BIOSAFETY AND BIOCOMPATIBILITY OF MOF
The aforementioned wide medical applications of metal-organic frameworks refer to cancer
therapies, bioimaging, contrast agents, and novel drug delivery systems that can trigger a
stimulated response or targeted DDS. Their popularity in biomedical applications is still
growing, as are innovative ideas for further use. The growing potential for medical applications
of MOFs prompted scientists to study their toxicity and possible effects on the human body.
The research highlighted the possibility of MOFs interacting with cells or tissues and the
influence of MOF structure on their toxicity, however, an overwhelming amount of research
indicated the lack of toxic effects of the metal-organic framework and their high
biocompatibility. To prove the absence of toxic effects, several in vitro and in vivo tests were
conducted (Wisniewska et al., 2023). For example, MOF-74 (Mg) with nanometric and
micrometric particle size was investigated. The obtained results showed a lack of cytotoxicity
on the HeLa cell line below concentrations of 1000 pg/ml and 500 pg/ml (for nano- and micro-
sized particles, respectively) with the absence of cardiotoxicity, the nano-sized particles,
however, revealed higher biosafety in in vivo studies (Z. Zhu et al., 2020). In other research,
the influence of MOFs' molecular size on their toxicity was determined (D. Wang et al., 2022).
It was evidenced that ZIF-67 particle size below 400 nm caused notable growth in this MOF
toxicity (D. Wang et al., 2022). In turn, Daun et al. (Duan et al., 2018) developed composite
materials by loading doxorubicin (known as a chemotherapeutic agent) into the structure of
amorphous ZIF-8 (AZIF-8). The composite was incubated in a 4T1 line for 48 h, and the release
of the drug from the structure was observed for this system with a simultaneous drop in toxicity
compared to pure MOF. On the other hand, the highly aggressive character in contact with
cancer cells, rapid drug release, and high drug accumulation in the tumor were evidenced (Duan

et al., 2018). The proposed therapy revealed high efficacy, which is depicted in Figure 16.
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Figure 16. DOX@AZIF-8 of different sizes exhibited significant differences in tumor
accumulation and anticancer efficacy. Reprinted with permission from (Duan et al., 2018).
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A separate group of research was to evaluate the biodistribution of ZrO», which can form the
inorganic ingredient of the metal-organic framework. A single dose of zirconia in the range of
100-350 mg/kg was selected as safe for humans, and it was observed that the injection of this
dose into the human body did not change weight, blood biochemistry, histomorphology, and
hematology. However, further and more detailed study of the metabolism of zirconium-based
carriers is needed (Y. Yang et al., 2019). Another study indicated the toxicity of Fe carriers such
as nanoMIL-53, nanoMIL-88, nanoMIL-100, and nanoMIL-101 on mouse macrophage
J774.A1, human leukemia (CCRF-CEM), human multiple myeloma (RPMI-8226), and human
cervical adenocarcinoma (HeLa) cell lines; no overall cytotoxicity, however, was evidenced.
The toxicity of ZIF-8 and UiO-66 was also compared, and higher toxicity was found for the
latter MOF on the HeLa cell line (Ruyra et al., 2015). The conducted tests indicated the lowest
toxicity for MOF-74 (Mg) among all studied materials, considering experiments on HepG2 and
MCFT7 cell lines and zebrafish embryos. An interesting situation was observed for nano-MIL-
101, which showed significantly higher toxicity in in vivo tests than on cell lines (Ruyra et al.,
2015). It was evidenced that the degradation of MOFs and the release of metal ions building
their structure can lead to the growth of the MOF's toxic nature similar to other parameters such

as the size and shape of MOF grains, as well as framework charge (Ruyra et al., 2015). In other



studies, the route of the drug administration on mechanisms of action and overall safety for
patients were investigated. In the case of inhaled MOFs, it was shown that hydrophilic
molecules can overcome the epithelial cell barrier and migrate into the circulatory system safely
and effectively (F. Hao et al., 2022). Rojas et al. (Rojas et al., 2018) indicated that oral
administration of MOFs can lead to the penetration of the circulatory system by overcoming
the gastrointestinal barrier without its disruption. The oral absorption of the drug released from
MOFs is highly effective, indicating the extremely large bioavailability of metal-organic
frameworks (Rojas et al., 2018). Furthermore, it was evidenced that the functionalization of
MOFs’ surfaces improved their framework stability in the digestive system and the efficiency

of their penetration, as shown in Figure 17.
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Figure 17. Schematic of the gastrointestinal tract and its uptake route of MOFs (F. Hao et al.,
2022).

The dermal administration of drug-containing MOFs can also be realized due to the positive
electric charge of the metal-organic frameworks or deposited nanoparticles (Rojas et al., 2018).
He et al. (Y. He et al., 2021) reported the high bioavailability of doxorubicin-loaded MOFs and
their high efficacy in this way of administration, evidenced by a significant reduction in tumor
size associated with lung cancer (Y. He et al., 2021). In turn, Jodtowski et al. (Jodtowski et al.,
2022) studied the effectiveness of COVID-19 treatment with Zr-MOF doped with acriflavine.
They reported a very high treatment efficacy and an inhibitory effect of the MOF-released drug

on viral activity. Even at low concentrations of the released drug, activity was detected,



highlighting the high bioavailability of the metal-organic framework-based carrier (Jodtowski
et al., 2022). Additionally, it was shown that MOFs can have a protective effect on the loaded
drug molecule and exhibit cardioprotective character due to the gradual and targeted release of
the drug (Jodlowski et al., 2021). Other studies showed the antibacterial properties of MOF-
based silk bandages loaded with levofloxacin (Dymek et al., 2024). The bandages released the
drug for 72 hours with continuous activity and efficacy. The antibacterial activity applies to
both Gram-positive and Gram-negative bacteria, emphasizing the wide potential application
and high efficiency of the studied system (Dymek et al., 2024).

Numerous metal-organic frameworks are considered as biosafe and biocompatible compounds,
however, non-toxic metals and ligands should be used to obtain this type of material. The
metallic part is responsible for the toxicity of the whole structure. The median lethal dose (LDso)
is used to verify this parameter. Metals such as potassium, zinc, iron, and zirconium have oral
LDso of 0.215 g/kg, 0.35 g/kg, 0.45 g/kg, and 4.1 g/kg, respectively (S. He et al., 2021). In
addition, copper and magnesium are biocompatible and suitable for drug delivery systems (S.
He et al., 2021). Moreover, zirconium and titanium exhibit poor adsorption in the human body,
making these blocks useful for cosmetic applications. The selection of linkers implicates unique
properties and also affects the toxicity of MOFs. For example, biphenylenedicarboxylic acid,
which is the building block of UiO-67, has a biosafety profile. On the other hand, fumaric acid
or benzenedicarboxylic acid derivatives increase toxicity (Tamames-Tabar et al., 2014). For
organic linkers, the hydrophobic and hydrophilic balance plays a major role. It was indicated
that hydrophobic and polar ligands were more biologically safe because the compound could
be easily excreted and did not accumulate in human tissues (Baati et al., 2013). Hence, both
linkers and metal can affect human health and life, but the toxicity of the organic part is more
complicated and not as clear as the metal part. One of the solutions to this problem is to develop
MOFs with biocomponents, such as carbohydrates, peptides, or amino acids, which are non-
toxic and only partially stable (Singh et al., 2021). Another parameter affecting MOFs’ toxicity
is their particle size. For biomedical applications, particles smaller than 200 nm should be most
suitable. Nanosized MOFs allow controlling the rate of drug delivery and efficacy (P. Chen et
al., 2020). Small and nano-sized particles can permeate through biological membranes and the
blood stream during inhalation (Wi$niewska et al., 2023). On the other hand, larger nanoMOF
sizes (>200 nm) increase toxicity and inflammation affect (F. Hao et al., 2022). Comparing the
size of micro and nanoparticles, the latter are characterized by a higher 1Cso (inhibitory
concentration), so high doses of this MOF are recommended. Last but not least is the MOF’s

biodistribution. It was also evidenced that MOF-based materials tended to accumulate in the



liver (Xie et al., 2020), kidneys (Zhuang et al., 2020), lungs (Maeda et al., 2000) and cancer
cells (Xiao et al., 2020). However, these materials were safe and harmless to the human heart.
Furthermore, metal-organic structures did not indicate toxicity in both in vitro and in vivo

studies, with simultaneous biosafety and feasibility.

6. METAL-ORGANIC FRAMEWORKS IN DEPENDENCY TREATMENT —
A POTENTIAL MEDICAL MILESTONE

Metal-organic frameworks seem to be desirable materials for medical applications. They
demonstrate high adsorption ability in the context of drug removal or release, biocompatibility,
and lack of toxicity. Although research on medical applications of MOFs is already advanced,
further knowledge development in this area is needed (Lawson et al., 2021b). Given the fast-
growing pharmaceutical industry and the ever-increasing needs of the market, there are
currently several shortcomings and elements for improvement, e.g., drug addictions. This
problem is still growing, and the average age of addicted people is still decreasing (Mercurio et
al., 2022). Furthermore, the accessibility of drugs such as amphetamine, methamphetamine,
cocaine, mephedrone, LSD, or MDMA is becoming increasingly easier with simultaneous
drops in price (Mead and Parrott, 2020). The remedy for these problems is the administration
of an antidote neutralizing the effects of the drug, including its overdosing (Miiller and Desel,
2013), according to the currently known Bremen list (Schaper et al., 2013). For instance, in the
case of the poisoning with compounds from the synthetic cathinone group, e.g., mephedrone
(4-methylmethcathinone, 4-MMC), the well-known [3-blocker propranolol (PRO) is used as an
antidote. Another example is poisoning with opioids, including heroin, morphine, or fentanyl,
for which naloxone is recommended. The next known compound is flumazenil, which is used
against the abuse of benzodiazepines (Miiller and Desel, 2013). Apart from applying antidotes
in the form of compounds, physical procedures can also be used, such as gastric lavage,
premature bowel lavage, or hemodialysis. However, these activities already require specialized
medical equipment and/or skilled staff (Madhuri et al., 2020). The only fully accepted adsorbent
that complies with the requirements of a medical product is activated carbon (Hassen and
Abdulkadir, 2022). Nevertheless, the application of activated charcoal as a medical adsorbent
of psychoactive substances is dangerous due to the risk of tachycardia, bowel blockages, and
dehydration as a result of the rapid removal of the drug from the body. Thus, it may be
concluded that in the pharmaceutical market, suitable adsorbents of high effectiveness and

safety during overcoming an overdose are needed. MOFs seem to be good candidates for the



adsorption of hazardous materials due to their features, such as large specific areas, and

ultrahigh overall porosity, and optimal adsorption kinetics.

6.1. MOFs — perspective medical adsorbent
As mentioned above, activated charcoal is used as a medical adsorbent against overdoses of
toxins such as ricin, strychnine, antidepressants, tetracyclines, or barbiturates. In this relatively
cheap material, the adsorption of toxic substances is based on the binding of the hazardous
compounds on its surface, preventing body poisoning. However, the adsorption can be limited
by the size of the absorbed toxin particle, pH, solubility, or surface charge. Despite its
availability, the use of activated carbon as an adsorbent during poisoning is not always possible.
It can take place in the case of the removal of psychoactive substances from a patient's body
when too sharp an adsorption kinetics is observed. It means that the drug removal is too fast
and can cause deoxygenation, tachycardia, or intestinal obstruction. It must be emphasized that
the administration of activated carbon in an unconscious state is life-threatening [132](Zellner
et al., 2019). In turn, other sorbent materials have not been approved for medical use.
Interestingly, for metal-organic frameworks, a very high potential was noticed (Gangu et al.,

2016).
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According to preliminary results, MOFs are completely safe for humans, biocompatible, and
they can be administered by various routes, such as oral, intravenous, subcutaneous,
intramuscular, and inhalation (Wisniewska et al., 2023; Z. Zhu et al., 2020). Furthermore, their
use was reported in the process of wastewater treatment from pharmaceuticals (Prasetya and
Li, 2021; Wu et al., 2018; H. Yang et al., 2020). Therefore, a medical application of this mode
of operation is possible. Zirconium-based MOFs were investigated as adsorbents of 4-MMC
(Jodtowski, Dymek, et al., 2023). Among others, the kinetics of adsorption was studied, and an
efficient and fast adsorption of drugs over the MOF surface was found. Further comparison
between two media, i.e., distilled water and a solution of simulated body fluid (SBF), led to the
conclusion that the contact of MOF with the SBF solution resulted in the production of a
hydroxyapatite layer on MOF’s surface. For distilled water, this effect was not observed. The
obtained results reflect higher efficiency of the adsorption process in SBF solution with a
simultaneous maintaining a safe kinetics of the removal of toxins from the body. Figure 18
illustrates the results from kinetic calculations referring to sorption plots, equilibrium loading,
and cascade removal efficiency on chosen structures of metal-organic frameworks (Jodtowski,
Dymek, et al., 2023).

The research on the adsorption of hazardous substances over MOF materials was extended to
include a biological aspect. In paper (Jodlowski, Dymek, et al., 2023), the cardioprotective
nature of the Zr-MOFs was reported, as well as the positive effect of mephedrone on cardiac
defects and dysfunction. Furthermore, it was evidenced that in the presence of MOFs in
mephedrone solution, parameters such as locomotory and heart rate decreased, returning from
the ultrahigh (dangerous) values specific to the state in which mephedrone directly influenced
the work of internal organs. On the one hand, it was the lack of toxicity of MOFs (when the
studies involve MOFs deprived of 4-MMC solution) and the efficiency as medical adsorbents
during in vivo studies (for the studies conducted in the coexistence of MOFs and 4-MMC
solution). Based on a series of experiments on zebrafish (Danio Rerio), it was possible to
determine the IC50 (50% of mortality) for mephedrone. At concentrations above 1000 uM, the
fertilized Danio Rerio eggs were destroyed, and the embryos did not develop. However, after
the addition of MOFs, the fishes remained alive (Figure 19).

As a final experiment, for the determination of adsorption efficiency and its influence on living
organisms, a color preference test was performed. In the beginning, the default fish color
preference was determined. After 5 minutes of testing, it was observed that Danio Rerio

preferred a blue environment and spent more time in a blue area. In the second step, an



association between administering a given substance and being in a specific environment was
created. Therefore, mephedrone was added to a less preferred environment. In the last step to
determine the efficiency of MOFs for Danio Rerio, MOF was also added to the environment. It
was observed that fish, after the addition of MOF, did not stay preferably longer in either of the
areas, and their movement was stochastic. The observed phenomena can be explained by the
absorption of mephedrone by MOF, leading to the situation in which the larvae do not become
addicted to the adsorbed drug, thus, they return to the color preference before their addiction

(Jodtowski, Dymek, et al., 2023).
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Figure 19. Toxicity of 4-MMC alone and with MOFs. The value of LC50 for 4-MMC at 96
hpf (A), Effectiveness of MOFs (B) (Jodlowski, Dymek, et al., 2023).

Similar studies were performed for other psychoactive substances, such as amphetamine,
methamphetamine, cocaine, and MDMA (Jodlowski et al., 2024). The obtained results were
similar to those received for mephedrone, which confirmed the MOFs as effective and

promising adsorbents for further medical purposes (Jodtowski et al., 2024).

6.2. The incorporation of antidote into MOFss structure to create Antidote@MOFs
Promising results on the medical application of metal-organic frameworks in the context of
drug delivery and adsorption of hazardous substances for living organisms prompted us to reply
to the question of whether it is possible to use MOFs as carriers of well-known antidotes. It was
found that MOFs can be used as Drug Delivery Systems (DDS), and numerous biological
studies confirmed their non-toxic nature, which makes these materials future-oriented with a
high implementation potential. For instance, metal-organic frameworks as carriers for
propranolol (PRO) can be considered. Propranolol is known as a compound used against

mephedrone poisoning and belongs to the group of B-adrenergic receptor antagonists which,



apart from treating hypertension or heart problems, can minimize the effects of 4-MMC abuse
(Caplan et al., 2020; Sakagami et al., 2023). PRO reduces blood pressure and heartbeat rate,
preventing tachycardia and thus eliminating the potential side effects of mephedrone use

(Mercurio et al., 2022).

The possibility of using MOFs as PRO carriers was evidenced by the efficient and gradual
release of the drug from the metal-organic framework to the studied zebrafish (Hyjek et al.,
2024). The slow release of the therapeutic substance allowed for the maintenance of an adequate
dose in the bloodstream and a prolonged effect without the need for reapplication. Furthermore,
a slow drug release into the SBF solution allowed us to avoid side effects and confirmed the
high safety of MOF use. One research referred to biological studies, in which a propranolol-
containing composite (PRO@MOF) was immersed in the 4-MMC solution to use MOFs as
antidote carriers during an overdose. The studied systems were applied to zebrafish. The lack
of toxic effects of MOFs, their biocompatibility, and the high efficacy of the proposed therapy
was evidenced by, among others, a reduction of heartbeat, locomotion, and mortality for the

investigated living organisms (Hyjek et al., 2024).

6.3. Dual MOF-based detoxification system
A further step, being a continuation of the previous research, could be a dual-organism
detoxification system based on two kinds of metal-organic frameworks. The former MOF
material plays the role of adsorbent, which reduces the poison concentration in the studied
environment (e.g., in blood), whereas the action of the latter MOF 1is based on the release of
substances that could react with the poison (in this case drugs) leading to the formation of
products safe for the studied organisms followed by the reverse of the effects of an overdose.
The proposed assumption seems to be feasible based on the physicochemical properties of the
studied MOFs, including the results on the drug adsorption and release kinetics, as well as their
stability and cytotoxicity. Assuming small therapeutic doses, the synthesis of such systems
should be relatively cheap, and their administration would be easy, without the necessity of
professional staff employment. This approach could reduce overdose-related mortality. The
proposed dual detoxification system for living organisms seems to be an effective and forward-
looking step for the medical and pharmaceutical industries. Moreover, the proposed solution
would fill the currently existing gap of medical absorbents and could constitute a huge

milestone in addiction treatment.



Table 1. Biomedical applications of MOFs.

Application

Examples
Biosensing Detection of protein and enzymes (G. Zhang et al., 2016)
Detector of HIV-1 and HBV virus (X. Zhu et al., 2013)
Bioimaging Contrast of tissue imaging (Saeb, Rabiee, Mozafari, and
Mostafavi, 2021)
MRI, PET and CT technique (S. He et al., 2021)
Cancer therapy
e PIT PTT against HepG2 cancer by sorafenib@ZIF-8 (Q. Hu et al.,
2023)
e PTD Photosensitizers incorporate in MOF against cancer (Sharma et
al., 2019)

Bone regeneration Restoring the function of mesenchymal stem cell by Ca**, Sr**

MOFs (Y. Zhao et al., 2024)
Promoting osteoblast activity, enhancing bone formation, and
supporting structural integrity by Ca**, Sr** MOFs (Y. Zhao et

al., 2024)
Drug delivery system

e Targeted Folic acid (Abazari et al., 2019), peptide (Mugaka et al., 2021)

and polymer (Demir Duman et al., 2022) as an enhancement
factor in therapy
Dependent on pH (MOF-74) (Schnabel et al., 2020), H>S (ZIF-8)
(H. Zhao et al., 2021), H2O> (MIL-100) (L. Zhang et al., 2018),
light and temperature (PCN-224) (D. Feng et al., 2012)
Functionalized MIL-88A by Fe3O4 (Zhan et al., 2018)

e Stimulated

e Magnetic

e  Multidrug Combine floxouridne and carboplatine loaded into MOF-808 in
anticancer therapy (Demir Duman et al., 2022)

Medical adsorbent Removal psychoactive substances such as 4- MMC (Jodtowski,

and detoxification Dymek, et al., 2023), cocaine, amphetamine, methamphetamine,
system MDMA (Jodtowski et al., 2024) in human body

Deliver antidote during 4-MMC overdose (Hyjek et al., 2024)



7. OUTLOOK

Metal-organic frameworks are a group of materials developing very rapidly and in many
directions. On the one hand, methods of synthesizing MOF structures are still being improved.
Scientists are focusing on the use of ecological and economical ways, which would fit in with
the trends of Green Chemistry and take into account the growing environmental restrictions
while maintaining the efficiency and, most importantly, reproducibility of the synthesis (Souza
et al., 2020). Hence, the constant development of microwave radiation (Couzon et al., 2022),
ultrasound (Abazari et al., 2018) or electrochemical methods (Butova et al., 2016), or other
environmentally friendly methods is highly desirable. Above that, the phenomenon of “defect
engineering” is constantly being studied (Shearer et al., 2016). The influence on the type,
amount, or concentration of modulators used and the structure of MOFs, mainly their porosity
or specific surface area (X. Zhang et al., 2022) are still under vigorous investigation. On the
other hand, more and more potential applications of metal-organic frameworks are found every
year (D. Li et al., 2024). Their structure and closely related physicochemical characteristics of
the material allow for a variety of practically unlimited applications.

The use of metal-organic frameworks in catalytic processes is well known, mainly as
heterogeneous catalysts (Gharib et al., 2021), in gas separation processes (H. Li et al., 2019),
purification of gases from gas mixtures (Lee et al., 2021), or gas storage (Peng et al., 2013).
This application, especially gas purification and gas storage, seems to be a very promising topic.
Given the growing problem with CO> and the need to reduce its emissions, capturing the said
gas from the air and then accumulating it in MOF structures seems to be a promising solution
(D. M. Chen et al., 2015; Y. Zhang, Zhang, et al., 2019). Metal-organic frameworks could also
revolutionize the future of energy, more precisely, the application of hydrogen. Due to their
excellent adsorption and storage capabilities, it is possible to use MOFs as H storage (Wong-
Foy et al., 2006). Again, this underscores their wide-ranging capabilities and, most importantly,
the possibility of practical application and usefulness in the problems of the modern world.
There are numerous examples, such as the use of MOFs in new types of batteries (Xue et al.,
2019) or as detection probes (Tran et al., 2023). Unsurprisingly, the greatest progress is in the
medical and pharmaceutical fields. This is because metal-organic frameworks are finding more
and more influential applications there (Awasthi et al., 2022). In fact, MOFs are used not only
as traditional drug delivery system (Maranescu and Visa, 2022) but also as stimulated (W. Cai
et al., 2019), targeted (Alves et al., 2021), or specially protected systems against adverse

conditions in the human organism (Liang et al., 2015). This approach significantly increases



the effectiveness of the therapy while minimizing its side effects. In addition, MOFs are used
in the fight against the most common and fatal disease, i.e., cancer. In this case, they can not
only be employed as carriers of chemotherapeutics (Saeb, Rabiee, Mozafari, Verpoort, et al.,
2021a) but can also be combined with other, less toxic compounds, increasing the effectiveness
of treatment (Ho et al., 2020). Above that, it is possible to utilize them in highly effective and
forward-looking photothermal (PTT) (Zheng et al., 2021) and photodynamic (PTD) therapies
(Ni et al., 2020), as well as in the diagnosis of diseases as biomedical sensors (Zhou et al.,
2018).

A breakthrough in the field of MOFs has been the development of structures based on fragments
of biological compounds that can reduce the toxicity of the framework and significantly affect
the bioavailability of administered drugs (J. Liu et al., 2022). Following modern trends, metal-
organic frameworks can also be used as micro-needles — new transdermal therapy systems with
high efficacy and minimized pain sensation compared to traditional injections (M. Yin et al.,
2021). In the field of hydrogel materials, MOF structures are also finding their place. Studies
have been conducted on MOF-hydrogel systems that accelerate the wound healing process (L.
Wang et al., 2019).

In this review, the wide range of applications of metal-organic frameworks was reviewed,
showing their unprecedented characteristics that can be successfully utilized, especially in
pharmacology and future medicine. Nevertheless, for biomedical applications, both low
performance and higher cost are not limiting due to the specificity of the mentioned therapies.
In addition, it is necessary to comprehend the physicochemical properties of MOFs to be able
to choose the appropriate application for a given framework. It is very helpful, and sometimes
necessary, to use computational chemistry methods. Besides the structure verification and the
IR/Raman spectroscopy interpretation, as was mentioned in the section 2.2, the computational
methods, in the case of MOFs at the DFT level of theory, are indispensable for the interpretation
of other experimental techniques like thermogravimetry, X-ray diffractometry, and all other
spectroscopies, e.g., XPS, NMR, EPR, or XAS.

Metal-organic frameworks, like any type of material, have many advantages and disadvantages.
However, the feature that distinguishes MOFs from other spatial structures is their unlimited
application potential. Therefore, it is necessary to conduct additional research on their
physicochemical properties, toxicity, and effects on the human body, as well as work on more
effective, efficient, and environmentally friendly methods of their synthesis. In addition, it is
necessary to develop new structures, for example, based on biological compounds or other

organic ligands, depending on the purpose. Undoubtedly, although these materials are



constantly being researched and new structures are being developed, their potential is

enormous, and the knowledge needs to be explored.

ACKNOWLEDGMENTS
The work was supported by the National Science Centre, Poland, under the research project
“MOF-antidote: Novel detoxification materials based on metal-organic frameworks for drugs

of abuse removal — synthesis, chemical characterization, toxicity and efficacy in vivo and in

vitro studies”’, no. UMO-2021/43/B/NZ7/00827.

REFERENCES

Abanades Lazaro I., Wells C.J.R., Forgan R.S., 2020. Multivariate modulation of the
Zr MOF UiO-66 for Defect-Controlled Combination Anticancer Drug Delivery.
Angew. Chem. Int. Ed., 59(13), 5211-5217. DOI:
https://doi.org/10.1002/anie.201915848

Abazari R., Ataei F., Morsali A., Slawin A.M.Z., Carpenter-Warren C. L., 2019. A
Luminescent amine-functionalized metal-organic framework conjugated with
folic acid as a Targeted Biocompatible pH-Responsive Nanocarrier for
apoptosis induction in breast cancer cells. ACS Appl. Mater. Interfaces,
11(49), 45442-45454. DOI: https://doi.org/10.1021/acsami.9b16473

Abazari R., Reza Mahjoub A., Slawin A.M.Z., Carpenter-Warren C. L., 2018.
Morphology- and size-controlled synthesis of a metal-organic framework
under ultrasound irradiation: An efficient carrier for pH responsive release of
anti-cancer drugs and their applicability for adsorption of amoxicillin from
aqueous solution. Ultrason. Sonochem., 42, 594-608. DOI:
https://doi.org/10.1016/j.ultsonch.2017.12.032

Ahnfeldt T., Guillou N., Gunzelmann D., Margiolaki I., Loiseau T., Férey G., Senker
J., Stock N., 2009. [Al4 (OH) 2 (OCH 3)4(H2N-bdc)s]-x H.O: A12-
Connected Porous Metal-Organic Framework with an unprecedented
aluminum-containing brick. Angew. Chem. Int. Ed., 48(28), 5163-5166. DOI:
https://doi.org/10.1002/anie.200901409

Akbar M.U., Badar M., Zaheer M. 2022. Programmable drug release from a Dual-
Stimuli Responsive Magnetic Metal-Organic Framework. ACS Omega, 7(36),
32588-32598. https://doi.org/10.1021/acsomega.2c04144

Akeremale O.K., Ore O.T., Bayode A.A., Badamasi H., Adedeji Olusola J., Durodola
S.S., 2023. Synthesis, characterization, and activation of metal organic
frameworks (MOFs) for the removal of emerging organic contaminants
through the adsorption-oriented process: A review. Results Chem. 5, 100866.
DOI: https://doi.org/10.1016/j.rechem.2023.100866



Alves R.C., Schulte Z.M., Luiz M.T., Bento Da Silva P., Frem R.C.G., Rosi N.L.,
Chorilli M., 2021. Breast Cancer Targeting of a Drug Delivery System through
postsynthetic modification of Curcumin@N3;-bio-MOF-100 via Click
Chemistry. Inorg. Chem., 60(16), 11739-11744. DOI:
https://doi.org/10.1021/acs.inorgchem.1c00538

Anderson S.L., Stylianou K.C., 2017. Biologically derived metal organic
frameworks. Coord. Chem. Rev., 349, 102-128. DOI:
https://doi.org/10.1016/j.ccr.2017.07.012

Awasthi G., Shivgotra S., Nikhar S., Sundarrajan S., Ramakrishna S., Kumar P.,
2022. Progressive trends on the biomedical applications of metal organic
frameworks. Polym., 14(21), 1-29. DOI:
https://doi.org/10.3390/polym14214710

Baati T., Njim L., Neffati F., Kerkeni A., Bouttemi M., Gref R., Najjar M.F., Zakhama
A., Couvreur P., Serre C., Horcajada P., 2013. In depth analysis of the in vivo
toxicity of nanoparticles of porous iron(iii) metal-organic frameworks. Chem.
Sci., 4(4), 1597-1607. DOI: https://doi.org/10.1039/c3sc22116d

Baheri T., Yamini Y., Shamsayei M., Tabibpour M., 2021. Application of HKUST-1
metal-organic framework as coating for headspace solid-phase
microextraction of some addictive drugs. J. Sep. Sci., 44(14), 2814-2823.
DOI: https://doi.org/10.1002/jssc.202100070

Butova V.V, Soldatov M.A., Guda A.A., Lomachenko K.A., Lamberti C., 2016. Metal-
organic frameworks: structure, properties, methods of synthesis and
characterization. Russ. Chem. Rev., 85(3), 280-307. DOI:
https://doi.org/10.1070/rcr4554

Cai M., Chen G., Qin L., QuC., Dong X., Nil., Yin X., 2020. Metal Organic
Frameworks as Drug Targeting Delivery Vehicles in the treatment of cancer.
Pharm., 12(3). DOI: https://doi.org/10.3390/pharmaceutics12030232

CaiW., WangJ., Chu C., Chen W., Wu C., Liu G., 2019. Metal-Organic Framework-
Based Stimuli-Responsive Systems for Drug Delivery. Adv. Sci., 6(1). DOI:
https://doi.org/10.1002/advs.201801526

Caplan R.A., Zuflacht J.P., Barash J.A., Fehnel C.R., 2020. Neurotoxicology
syndromes associated with drugs of abuse. Neurol. Clin.38, 983-996. DOI:
https://doi.org/10.1016/j.ncl.2020.08.005

Chattopadhyay K., Mandal M., Maiti D.K., 2021. Smart Metal-Organic Frameworks
for biotechnological applications: A Mini-Review. ACS App. Bio Mater. 4(12),
8159-8171. DOI: https://doi.org/10.1021/acsabm.1c00982



Chedid G., Yassin A., 2018. Recent trends in Covalent and Metal Organic
Frameworks for biomedical applications. Nanomater., 8(11), 916. DOI:
https://doi.org/10.3390/nano8110916

Chen D.M., Zhang X.P., Shi W., Cheng P., 2015. Microporous metal-organic
framework based on a bifunctional linker for selective sorption of CO, over N,
and CH.. Inorg. Chem., 54(11), 5512-5518. DOI:
https://doi.org/10.1021/acs.inorgchem.5b00561

Chen D., Yang D., Dougherty C.A., LuW., Wu H., He X., CaiT., Van Dort M.E., Ross
B.D., Hong H., 2017. In Vivo Targeting and Positron Emission Tomography
Imaging of tumor with intrinsically Radioactive Metal-Organic Frameworks
Nanomaterials. ACS Nano, 11(4), 4315-4327. DOI:
https://doi.org/10.1021/acsnano.7b01530

ChenP., He M., Chen B., Hu B., 2020. Size- and dose-dependent cytotoxicity of
ZIF-8 based on single cell analysis. Ecotoxicol. Environ. Saf., 205. DOI:
https://doi.org/10.1016/j.ecoenv.2020.111110

Chowdhuri A.R., Singh T., Ghosh S.K., Sahu S.K., 2016. Carbon Dots Embedded
Magnetic Nanoparticles @Chitosan @Metal Organic Framework as a
nanoprobe for pH Sensitive Targeted Anticancer Drug Delivery. ACS App.
Mater. Interfaces., 8(26), 16573-16583. DOI:
https://doi.org/10.1021/acsami.6b03988

Couzon N., Ferreira M., Duval S., El-Achari A., Campagne C., Loiseau T., Volkringer
C., 2022. Microwave-Assisted synthesis of porous composites MOF-Textile
for the protection against chemical and nuclear Hazards. ACS App. Mater.
Interfaces. DOI: https://doi.org/10.1021/acsami.2c03247

Cunha D., Gaudin C., Colinet ., Horcajada P., Maurin G., Serre C., 2013.
Rationalization of the entrapping of bioactive molecules into a series of
functionalized porous zirconium terephthalate MOFs. J. Mater. Chem. B, 1(8),
1101-1108. DOI: https://doi.org/10.1039/c2tb00366j

Custelcean R., Gorbunova M.G., 2005. A Metal-Organic Framework
functionalized with free carboxylic acid sites and its selective binding of a
Cl(H20)4 cluster. J. Am. Chem. Soc., 127(47), 16362-16363. DOI:
https://doi.org/10.1021/ja0555280

De Villenoisy T., Zheng X., Wong V., Mofarah S.S., Arandiyan H., Yamauchi Y., Koshy
P., Sorrell C.C., 2023. Principles of design and synthesis of Metal Derivatives
from MOFs. Adv. Mater. 35 (24).DOI:
https://doi.org/10.1002/adma.202210166



Dekrafft K.E., Boyle W.S., Burk L.M., Zhou O.Z., Lin W., 2012. Zr- and Hf-based
nanoscale metal-organic frameworks as contrast agents for computed
tomography. J. Mater. Chem., 22(35), 18139-18144. DOI:
https://doi.org/10.1039/C2JM32299D

Demir Duman F., Forgan R.S., 2021. Applications of nanoscale metal-organic
frameworks as imaging agents in biology and medicine. J. Mater. Chem. B,
9(16), 3423-3449. DOI: https://doi.org/10.1039/d1tb00358e

Demir Duman F., Monaco A., Foulkes R., Becer C.R., Forgan R.S., 2022.
Glycopolymer-Functionalized MOF-808 Nanoparticles as a Cancer-Targeted
Dual Drug Delivery System for carboplatin and floxuridine. ACS App. Nano
Mater., 5(10), 13862-13873. DOI: https://doi.org/10.1021/acsanm.2c01632

DengZ.,Fang C., Ma X.,, Li X., Zeng Y.J., Peng X., 2020. One Stone Two Birds: Zr-Fc
Metal-Organic Framework Nanosheet for Synergistic Photothermal and
Chemodynamic Cancer Therapy. ACS App. Mater. Interfaces, 12(18), 20321-
20330. DOI: https://doi.org/10.1021/acsami.0c06648

Deria P., Mondloch J.E., Karagiaridi O., Bury W., Hupp J.T., Farha O.K., 2014.
Beyond post-synthesis modification: Evolution of metal-organic frameworks
via building block replacement. Chem. Soc. Rev., 43(16), 5896-5912. DOI:
https://doi.org/10.1039/c4cs00067f

Dong H., Yang G.X., Zhang X., Meng X. Bin, Sheng J.L., Sun X.J., FengY.J., Zhang
F.M., 2018. Folic Acid Functionalized Zirconium-Based Metal-Organic
Frameworks as Drug Carriers for Active Tumor-Targeted Drug Delivery. Chem:
EurJ., 24(64), 17148-17154. DOI: https://doi.org/10.1002/chem.201804153

Duan D., Liu H., Xu M., Chen M., Han Y., Shi Y., Liu Z., 2018. Size-Controlled
synthesis of Drug-Loaded Zeolitic Imidazolate Framework in aqueous
solution and size effect on their cancer theranostics in vivo. ACS App. Mater.
Interfaces, 10(49), 42165-42174. DOI:
https://doi.org/10.1021/acsami.8b17660

Dymek K., Kurowski G., Hyjek K., Boguszewska-Czubara A., Biernasiuk A., Pajdak
A., Kuterasinski t., Piskorz W., Gajewska M., Bata J., Zapotoczny S., Jodtowski
P.J., 2024. Metal-organic frameworks@silk composites as efficient
levofloxacin carriers against nosocomial infections and pathogens.
Appl.Mater. Today, 36, 102044. DOI:
https://doi.org/10.1016/j.apmt.2023.102044

Dymek K., Kurowski G., Kuterasinski t., Jedrzejczyk R., Szumera M., Sitarz M.,
Pajdak A., Kurach t., Boguszewska-Czubara A., Jodtowski P.J. 2021. In search
of effective UiO-66 Metal-Organic Frameworks for Artificial Kidney



Application. ACS App .Mater. Interfaces, 13(38), 45149-45160. DOI:
https://doi.org/10.1021/acsami.1c05972

FengD., Gu Z.-Y., Li J.-R., Jiang H.-L., Wei Z., Zhou H.-C. 2012. Zirconium-
Metalloporphyrin PCN-222: Mesoporous Metal-Organic Frameworks with
ultrahigh stability as Biomimetic Catalysts. Angew. Chem., 51, 10307-10310.
DOI: https://doi.org/10.1002/anie.201204475

FenglL.,YuanS., LilJ.L., Wang K., Day G.S., Zhang P., Wang Y., Zhou H.C, 2018.
Uncovering two principles of Multivariate Hierarchical Metal-Organic
Framework synthesis via retrosynthetic design. ACS Cent. Sci., 4(12), 1719-
1726. DOI: https://doi.org/10.1021/acscentsci.8b00722

FengY., Chen Q., Jiang M., Yao J., 2019. Tailoring the properties of UiO-66 through
Defect Engineering: A Review. Ind. Eng. Chem. Res., 58(38), 17646-17659.
DOI: https://doi.org/10.1021/acs.iecr.9b03188

Filippousi M., Turner S., Leus K., Siafaka P.I., Tseligka E.D., Vandichel M., Nanaki
S.G., Vizirianakis | S., Bikiaris D.N., Van Der Voort P., Van Tendeloo G., 2016.
Biocompatible Zr-based nanoscale MOFs coated with modified poly(e-
caprolactone) as anticancer drug carriers. Int. J. Pharm., 509(1-2), 208-218.
DOI: https://doi.org/10.1016/j.ijjpharm.2016.05.048

Gagliardi L., Yaghi O.M., 2023. Three future directions for Metal-Organic
Frameworks. Chem. Mat., 35(15), 5711-5712. DOI:
https://doi.org/10.1021/acs.chemmater.3c01706

Gangu K.K., Maddila S., Mukkamala S.B., Jonnalagadda S.B., 2016. A review on
contemporary Metal-Organic Framework materials. Inorganica Chim. Acta,
446, 61-74. DOI: https://doi.org/10.1016/j.ica.2016.02.062

GaoH., ShenH., WuH., JingH.,SunY.,, LiuB., Chen Z., Song J., LuL., WuZ., Hao
Q., 2021. Review of pristine Metal-Organic Frameworks for supercapacitors:
recent progress and perspectives. Energy Fuels, 35(16), 12884-12901. DOI:
https://doi.org/10.1021/acs.energyfuels.1c01722

Gharib M., Esrafili L., Morsali A., Vande Velde C.M.L., Guo Z., Junk P.C., 2022.
Effective Dual-Functional Metal-Organic Framework (DF-MOF) as a catalyst
for the Solvent-Free Cycloaddition Reaction. Inorg. Chem., 61(18), 6725-
6732. DOI: https://doi.org/10.1021/acs.inorgchem.1c03122

Ghorbani-Vaghei R., Azarifar D., Daliran S., Oveisi A.R., 2016. The UiO-66-SO;H
metal-organic framework as a green catalyst for the facile synthesis of
dihydro-2-oxypyrrole derivatives. RSC Adv., 6(35), 29182-29189. DOI:
https://doi.org/10.1039/c6ra00463f



Ghovvati M., Bolouri K., Kaneko N., Zare E.N., 2024. Metal-Organic Frameworks in
bone regeneration. ACS Symp. Ser., 1463, 267-286. DOI:
https://doi.org/doi:10.1021/bk-2024-1463.ch011

Glasby L.T., Gubsch K., Bence R., Oktavian R., Isoko K., Moosavi S.M., Cordiner
J.L., Cole J.C., Moghadam P.Z., 2023. DigiMOF: A database of Metal-Organic
Framework synthesis information generated via text mining. Chem. Mater.,
35(11), 4510-4524. DOI: https://doi.org/10.1021/acs.chemmater.3c00788

Grunker R., Bon V., Muller P., Stoeck U., Krause S., Mueller U., Senkovska I., Kaskel
S., 2014. A new metal-organic framework with ultra-high surface area. Chem.
Commun., 50(26), 3450-3452. DOI: https://doi.org/10.1039/c4cc00113c

Hadynski J.C., Diggins J., Goad Z., Joy M., Dunckel S., Kraus P., Lufkin T., Wriedt M.,
2023. Metal-Organic Framework as a fluorescent and colorimetric Dual-
Signal Readout Biosensor Platform for the detection of a genetic sequence
from the SARS-CoV-2 genome. ACS App. Mater. Interfaces, 15(32), 38163~
38170. DOI: https://doi.org/10.1021/acsami.3c03518

Hao F., Yan Z., Yan X., 2022. Recent advances in research on the effect of
physicochemical properties on the cytotoxicity of Metal-Organic
Frameworks. Small Science, 2(9), 2200044.
https://doi.org/10.1002/smsc.202200044

Hao L., Li X., Hurlock M.J., Tu X., Zhang Q., 2018. Hierarchically porous UiO-66:
facile synthesis, characterization and application. Chem. Commun., 54(83),
11817-11820. DOI: https://doi.org/10.1039/c8cc05895d

Hashemzadeh A., Amerizadeh F., Asgharzadeh F., Darroudi M., Avan A.,
Hassanian S.M., Landarani M., Khazaei M., 2021. Delivery of oxaliplatin to
colorectal cancer cells by folate-targeted UiO-66-NH.. Toxicol. Appl.
Pharmacol., 423, 115573. DOI:
https://doi.org/https://doi.org/10.1016/j.taap.2021.115573

Hassen J.H., Abdulkadir H.K., 2022. Recent developments in the use of activated
charcoal in medicine. J. Med. Sci., 91(2), e647. DOI:
https://doi.org/10.20883/medical.e647

He S., Wu L., Li X, Sun H., Xiong T., Liu J., Huang C., Xu H., Sun H., Chen W., Gref
R., Zhang J. 2021. Metal-organic frameworks for advanced drug delivery. Acta
Pharm. Sin. B, 11(8), 2362-2395. DOI:
https://doi.org/10.1016/j.apsb.2021.03.019

HeY., XiongT., He S., Sun H., Huang C., Ren X., Wu L., Patterson L.H., Zhang J.,
2021. Pulmonary Targeting Crosslinked Cyclodextrin Metal-Organic



Frameworks for lung cancer therapy. Adv. Funct. Mater., 31(3). DOI:
https://doi.org/10.1002/adfm.202004550

Ho P.H., Salles F., Di Renzo F., Trens P., 2020. One-pot synthesis of 5-FU@ZIF-8
and ibuprofen@ZIF-8 nanoparticles. Inorganica Chim. Acta, 500, 119229.
DOI: https://doi.org/10.1016/j.ica.2019.119229

Hoskins B.F., Robson R., 1989. Infinite polymeric frameworks consisting of three
dimensionally linked rod-like segments. JACS, 111(15), 5962-5964. DOI:
https://doi.org/10.1021/ja00197a079

Howarth A.J., LiuY., Li P, LiZ., Wang T.C., Hupp J.T., Farha O.K., 2016. Chemical,
thermal and mechanical stabilities of metal-organic frameworks. Nat. Rev.
Mater., 1(3), 15018. DOI: https://doi.org/10.1038/natrevmats.2015.18

Hu Q., Xu L., Huang X., Duan ., SunD., Fu Z., Ge Y., 2023. Polydopamine-Modified
Zeolite Imidazole Framework Drug Delivery System for photothermal
chemotherapy of hepatocellular carcinoma. Biomacromolecules, 24(12),
5964-5976. DOI: https://doi.org/10.1021/acs.biomac.3c00971

Hu W., Ouyang Q., Jiang C., Huang S., Alireza N.-E., Guo D., Liu J., Peng., 2024.
Biomedical Metal-Organic framework materials on antimicrobial therapy:
Perspectives and challenges. Mater. Today Chem., 41, 102300. DOI:
https://doi.org/https://doi.org/10.1016/j.mtchem.2024.102300

Hyjek K., Jodtowski P., 2023. Metal-organic frameworks for efficient drug
adsorption and delivery. Sci. Radices, 2(2), 117-189. DOI:
https://doi.org/10.58332/scirad2023v2i2a03

Hyjek K., Kurowski G., Dymek K., Boguszewska-Czubara A., Budzynska B.,
Wronikowska-Denysiuk O., Gajda A., Piskorz W., Sliwa P., Szumera M., Jelen
P., Sitarz M., Jodtowski P. J., 2024. Metal-organic frameworks for efficient
mephedrone detoxification or supervised withdrawal — synthesis,
characterisation, and in vivo studies. Chem. Eng. J, 479, 147655. DOI:
https://doi.org/10.1016/j.cej.2023.147655

Jodtowski P. J., Dymek K., Kurowski G., Hyjek K., Boguszewska-Czubara A.,
Budzyniska B., Mrozek W., Skoczylas N., Kuterasinski t., Piskorz W., Biatoruski
M., Jedrzejczyk R.J., Jelen P., Sitarz M., 2024. Crystal Clear: Metal-Organic
Frameworks Pioneering the path to future drug detox. ACS Applied Mater.
Interfaces., 16(23), 29657-29671 DOI:
https://doi.org/10.1021/acsami.4c02450

Jodtowski P.J., Dymek K., Kurowski G., Hyjek K., Boguszewska-Czubara A.,
Budzynska B., Pajdak A., Kuterasinski t., Piskorz W., Jelen P., Sitarz M., 2023.
In vivo and in vitro studies of efficient mephedrone adsorption over



zirconium-based metal-organic frameworks corroborated by DFT+D
modeling. Microporous and Mesoporous Mater., 359, 112647. DOI:
https://doi.org/https://doi.org/10.1016/j.micromeso0.2023.112647

Jodtowski P. J., Dymek K., Kurowski G., Jaskowska J., Bury W., Pander M.,
Whnorowska S., Targowska-Duda K., Piskorz W., Wnorowski A., Boguszewska-
Czubara A., 2022. Zirconium-Based Metal-Organic Frameworks as acriflavine
cargos in the battle against Corona viruses—A theoretical and experimental
approach. ACS App. Mater. Interfaces., 14(25), 28615-28627, DOI:
https://doi.org/10.1021/acsami.2c06420

Jodtowski P. J., Kurowski G., Dymek K., Oszajca M., Piskorz W., Hyjek K., Wach A.,
Pajdak A., Mazur M., Rainer D.N., Wierzbicki D., Jelen P., Sitarz M., 2023. From
crystal phase mixture to pure metal-organic frameworks — Tuning pore and
structure properties. Ultrason. Sonochem., 95, 106377. DOI:
https://doi.org/10.1016/j.ultsonch.2023.106377

Jodtowski P. J., Kurowski G., Kuterasiniski t.., Sitarz M., Jelen P., Jaskowska J.,
Kotodziej A., Pajdak A., Majka Z., Boguszewska-Czubara A., 2021. Cracking
the chloroquine conundrum: The application of Defective UiO-66 Metal-
Organic Framework Materials to prevent the onset of heart defects : the vivo
and invitro. ACS App. Mater. Interfaces, 13(1), 312-323. DOI:
https://doi.org/10.1021/acsami.0c21508

Jrad A. Abu Tarboush B.J., Hmadeh M., Ahmad M., 2019. Tuning acidity in
zirconium-based metal organic frameworks catalysts for enhanced
production of butyl butyrate. App. Catal. A: Gen., 570, 31-41. DOI:
https://doi.org/10.1016/j.apcata.2018.11.003

Ke J., ZhangL., Hu Q., Zhao D., XiaT., Lin W., Yang Y., Cui Y., Yang Y., Qian G., 2016.
Pressure-controlled drug release in a Zr-cluster-based MOF. J. Mater. Chem.
B, 4. DOI: https://doi.org/10.1039/C6TB01756H

Khan M.S,, LiY., Li D.S., Qiu J., Xu X., Yang H.Y., 2023. A review of metal-organic
framework (MOF) materials as an effective photocatalyst for degradation of
organic pollutants. Nanoscale Adv. 5 (23), 6318-6348). DOI:
https://doi.org/10.1039/d3na00627a

Kim K., Lee S., Jin E., Palanikumar L., Lee J.H., Kim J.C., Nam J.S., Jana B., Kwon T.-
H., Kwak S.K., Choe W., Ryu J.-H., 2019. MOF x Biopolymer: collaborative
Combination of Metal-Organic Framework and Biopolymer for Advanced
Anticancer Therapy. ACS App.Mater. Interfaces, 11(31), 27512-27520. DOI:
https://doi.org/10.1021/acsami.9b05736



Kong X., Deng H., Yan F., Kim J., Swisher J. A., Smit B., Yaghi O. M., Reimer J. A,,
2013. Mapping of functional groups in metal-organic frameworks. Science,
341(6148), 882-885. DOI: https://doi.org/10.1126/science.1238339

Lawson H. D., Walton S. P., Chan C., 2021. Metal - Organic Frameworks for drug
delivery: a design perspective. ACS App. Materi. Interfaces., 13 (6), 7004-
7020. DOI: https://doi.org/10.1021/acsami.1c01089

Lee )., Lee K., Kim J., 2021. Fiber-Based gas filter assembled via in situ synthesis of
ZIF-8 Metal Organic Frameworks for an optimal adsorption of SO,:
experimental and theoretical approaches. ACS App. Mater. Interfaces, 13(1),
1620-1631. DOI: https://doi.org/10.1021/acsami.0c19957

Lei B., Wang M, Jiang Z., Qi W., Su R., He Z., 2018. Constructing redox-responsive
Metal-Organic Framework nanocarriers for anticancer drug delivery. ACS
App. Mater. Interfaces, 10(19), 16698-16706. DOI:
https://doi.org/10.1021/acsami.7b19693

Li D., Yadav A., Zhou H., Roy K., Thanasekaran P., Lee C., 2024. Advances and
applications of metal-organic frameworks (MOFs) in emerging technologies:
a comprehensive review. Glob. Chall., 8 (2). DOI:
https://doi.org/10.1002/gch2.202300244

LiH.,LiL., Lin R.-B., Zhou W., Zhang Z., Xiang S., Chen B., 2019. Porous metal-
organic frameworks for gas storage and separation: Status and challenges.
Energy Chem, 1(1), 100006. DOI:
https://doi.org/10.1016/j.enchem.2019.100006

LiX., TanT.TY.,, Lin Q., Lim C. C., Goh R., Otake K., Kitagawa S., Loh X.J., Lim J.Y.C.,
2023. MOF-Thermogel composites for differentiated and sustained dual drug
delivery. ACS Biomater. Sci Eng, 9(10), 5724-5736. DOI:
https://doi.org/10.1021/acsbiomaterials.3c01103

Liang K., Ricco R., Doherty C.M., Styles M.J., Bell S., Kirby N., Mudie S., Haylock D.,
HillA.J., Doonan C.J., Falcaro P., 2015. Biomimetic mineralization of metal-
organic frameworks as protective coatings for biomacromolecules. Nat.
Commun., 6, 4-11. DOI: https://doi.org/10.1038/ncomms8240

LiulJ.,LiY., LouZ.,2022. Recent advancements in MOF/Biomass and Bio-MOF
multifunctional materials: A Review. Sustainability, 14(10), 1-17. DOI:
https://doi.org/10.3390/su14105768

Liu L., ChenZ., Wangl., Zhang D., Zhu Y., Ling S., Huang KW., Belmabkhout Y.,
AdilK., ZhangY., Slater B., Eddaoudi M., Han Y., 2019. Imaging defects and
their evolution in a metal-organic framework at sub-unit-cell resolution. Nat.
Chem, 11(7), 622-628. DOI: https://doi.org/10.1038/s41557-019-0263-4



Liu X., LiangT., ZhangR., Ding Q., Wu S., LiC,, Lin Y., Ye Y., Zhong Z., Zhou M.,
2021. Iron-Based Metal-Organic Frameworks in drug delivery and
biomedicine. ACS App. Mater. Interfaces, 13(8), 9643-9655. DOI:
https://doi.org/10.1021/acsami.0c21486

Ma D., Huang X., Zhang Y., Wang L., Wang B., 2023. Metal-organic frameworks:
Synthetic methods for industrial production. Nano Res.16 (5), 7906-7925).
Tsinghua University. DOI: https://doi.org/10.1007/s12274-023-5441-4

Ma X., Ren X., Guo X., FuC., Wu Q., Tan L., Li H., Zhang W., Chen X., Zhong H.,
Meng X., 2019. Biomaterials multifunctional iron-based Metal — Organic
framework as biodegradable nanozyme for microwave enhancing dynamic
therapy. Biomater., 214, 119223. DOI:
https://doi.org/10.1016/j.biomaterials.2019.119223

Madhuri P., Mukherjee A., Manna S., Dhar M., 2020. Amitraz poisoning: Early
gastric lavage can prevent life-threatening complications. J Family Med Prim
Care, 9, 4, 2129-2131. DOI: https://doi.org/10.4103/jfmpc.jfmpc_1268_19

Maeda H., Wu J., Sawa T., Matsumura Y., Hori K., 2000. Tumor vascular
permeability and the EPR effect in macromolecular therapeutics: a review.
JCR, 65(1-2), 271-284. DOI: https://doi.org/10.1016/S0168-3659(99)00248-5

Mao W., Huang R., Xu H., Wang H., Huang Y., Huang S., Zhou J., 2022. Effects of
acid modulators on the microwave-assisted synthesis of Cr/Sn Metal-
Organic Frameworks. Polym. 14(18). DOI:
https://doi.org/10.3390/polym14183826

Maranescu B., Visa A., 2022. Applications of Metal-Organic Frameworks as drug
delivery systems. Int. J. Mol. Sci., 23(8). DOI:
https://doi.org/10.3390/ijms23084458

Martinez Joaristi A., Juan-Alcaniz J., Serra-Crespo P., Kapteijn F., Gascon J., 2012.
Electrochemical synthesis of some archetypical Zn 2*, Cu ?*, and Al ** metal
organic frameworks. Crystal Growth and Design, 12(7), 3489-3498. DOI:
https://doi.org/10.1021/cg300552w

Mead J., Parrott A., 2020. Mephedrone and MDMA: A comparative review. Brain
Res., 1735, 146740. DOI: https://doi.org/10.1016/j.brainres.2020.146740

Mercurio |, Pellegrino A., Panata L., Filippucci F., Melai P., Gili A., Capano D.,
Troiano G., Rettagliata G., Lancia M., Bacci M., 2022. Toxicological findings in
fatal intoxications from synthetic cathinones: a narrative review. AJFS, 54(4),
480-498. DOI: https://doi.org/10.1080/00450618.2020.1841291



Mocniak K. A., Kubajewska I., Spillane D.E.M., Williams G.R., Morris R.E., 2015.
Incorporation of cisplatin into the metal-organic frameworks UiO66-NH, and
UiO66-encapsulation vs. conjugation. RSC Advances, 5(102), 83648-83656.
DOI: https://doi.org/10.1039/c5ra14011k

Molavi H., Moghimi H., Taheri R.A., 2020. Zr-Based MOFs with high drug loading for
adsorption removal of anti-cancer drugs: A potential drug storage. Appl.
Organomet. Chem., 34(4), 4-9. DOI: https://doi.org/10.1002/aoc.5549

Mortazavi S.-S., Abbasi A., Masteri-Farahani M., 2020. Influence of SO3H groups
incorporated as Brgnsted acidic parts by tandem post-synthetic
functionalization on the catalytic behavior of MIL-101(Cr) MOF for
methanolysis of styrene oxide. Colloids and Surfaces A: Physicochem. Eng.
Asp., 599, 124703. DOI:
https://doi.org/https://doi.org/10.1016/j.colsurfa.2020.124703

Mugaka B. P., Zhang S., Li R.-Q., Ma Y., Wang B., Hong J., Hu Y.-H., Ding Y., Xia X.-
H., 2021. One-Pot preparation of peptide-doped Metal-Amino Acid
Framework for general encapsulation and targeted delivery. ACS App. Mater.
Interfaces, 13(9), 11195-11204. DOI:
https://doi.org/10.1021/acsami.0c22194

Mduller D., Desel H., 2013. Common causes of poisoning: etiology, diagnosis and
treatment. Deutsch Arzteblatt Int, 110(41), 690-699; quiz 700. DOI:
https://doi.org/10.3238/arztebl.2013.0690

Munawar J., Khan M.S., Zehra Syeda S.E., Nawaz S., Janjhi F.A., UlHaq H., Rashid
E.U., Jesionowski T., Bilal M., 2023. Metal-organic framework-based smart
nanoplatforms for biosensing, drug delivery, and cancer theranostics. Inorg.
Chem. Commun., 147. DOI: https://doi.org/10.1016/j.inoche.2022.110145

Ni K., LuoT., Lan G., CulbertA., Song Y., WuT.,, Jiang X., Lin W., 2020. A Nanoscale
Metal-Organic Framework to mediate photodynamic therapy and deliver CpG
oligodeoxynucleotides to enhance antigen presentation and cancer
immunotherapy. Angew. Chem., Int. Ed., 59(3), 1108-1112. DOI:
https://doi.org/10.1002/anie.201911429

Osborn Popp T. M., Yaghi O. M., 2017. Sequence-dependent materials. In Acc.
Chem. Res., 50(3), 532-534. Acc. Chem. Res. DOI:
https://doi.org/10.1021/acs.accounts.6b00529

PengY., Krungleviciute V., Eryazicil., Hupp J. T., Farha O. K., Yildirim T., 2013.
Methane storage in Metal-Organic Frameworks: current records, surprise
findings, and challenges. J. Am. Chem. Soc., 135(32), 11887-11894. DOI:
https://doi.org/10.1021/ja4045289



Piskorz W., Zasada F., 2019. Catalytic properties of selected transition Metal
Oxides—Computational studies, transition metals in coordination
environments: computational chemistry and catalysis viewpoints, 345-408.
DOI: https://doi.org/10.1007/978-3-030-11714-6_12

Prasetya N., Li K., 2021. MOF-808 and its hollow fibre adsorbents for efficient
diclofenac removal. Chem. Eng. J,417,129216. DOI:
https://doi.org/10.1016/j.cej.2021.129216

Qiu L.G,, Li, Z. Q.,Wu Y., Wang W., Xu T., Jiang X., 2008. Facile synthesis of
nanocrystals of a microporous metal-organic framework by an ultrasonic
method and selective sensing of organoamines. Chem.l Commun., 31, 3642-
3644. DOI: https://doi.org/10.1039/b804126a

Rocio-Bautista P., Taima-Mancera l., Pasan J., Pino V., 2019. Metal-organic
frameworks in green analytical chemistry. Separations, 6 (3). DOI:
https://doi.org/10.3390/separations6030033

Rojas S., Arenas-Vivo A., Horcajada P., 2019. Metal-organic frameworks: A novel
platform for combined advanced therapies. Coord. Chem. Rev., 388, 202-
226. DOI: https://doi.org/10.1016/j.ccr.2019.02.032

Rojas S., Baati T., Njim L., Manchego L., Neffati F., Abdeljelil N., Saguem S., Serre
C., Najjar M. F., Zakhama A., Horcajada P., 2018. Metal-Organic Frameworks
as efficient oral detoxifying agents. J. Am. Chem. Soc., 140(30), 9581-9586.
DOI: https://doi.org/10.1021/jacs.8b04435

Roztocki K., Formalik F., Krawczuk A., Senkovska I., Kuchta B., Kaskel S., Matoga
D., 2020. Collective breathing in an eightfold interpenetrated Metal-Organic
Framework: From mechanistic understanding towards threshold sensing
architectures. Angew. Chem. - Int. Ed., 59(11), 4491-4497. DOI:
https://doi.org/10.1002/anie.201914198

Ruyra A., Yazdi A., Espin J., Carné-Sanchez A., Roher N., Lorenzo J., Imaz .,
Maspoch D., 2015. Synthesis, culture medium stability, and in vitro and in
vivo zebrafish embryo toxicity of metal-organic framework nanoparticles.
Chem: EurlJ, 21(6), 2508-2518. DOI:
https://doi.org/10.1002/chem.201405380

Saeb M.R,, Rabiee N., Mozafari M., Mostafavi E., 2021. Metal-Organic Frameworks
(MOFs)-Based Nanomaterials for Drug Delivery. Mater., 14 (13). DOI:
https://doi.org/10.3390/ma14133652

Saeb M.R., Rabiee N., Mozafari M., Verpoort F., Voskressensky L.G., Luque R.,
2021. Metal-Organic Frameworks (MOFs) for Cancer Therapy. Materials,
14(23), 7277. DOI: https://doi.org/10.3390/ma14237277



Sakagami A., Soeda T., Saito V., 2023. Clinical impact of beta-blockers at
discharge on long-term clinical outcomes in patients with non-reduced
ejection fraction after acute myocardial infarction. J. Cardiol., 81(1), 83-90.
DOI: https://doi.org/10.1016/j.jjcc.2022.08.002

Schaate A., Roy P., Godt A., Lippke J., Waltz F., Wiebcke M., Behrens P., 2011.
Modulated synthesis of Zr-Based Metal-Organic Frameworks: From nano to
single crystals. Chem: Eur J, 17(24), 6643-6651. DOI:
https://doi.org/10.1002/chem.201003211

Schaper A., Bandemer G., Callies A., Kaiser G., Desel H., 2013. The Bremen
antidote list. J. fur Anasth. Intensivbehandl., 20, 159-162.

Schnabel J., Ettlinger R., Bunzen H., 2020. Zn-MOF-74 as pH-Responsive Drug-
Delivery System of arsenic trioxide. ChemNanoMat, 6(8), 1229-1236. DOI:
https://doi.org/10.1002/cnma.202000221

Seo J.,, Whang D., Lee H.,Jun S., Oh J,, Jeon Y., Kim K., 2000. A homochiral metal-
organic porous material for enantioselective separation and catalysis.
Nature, 404, 982-986. DOI: https://doi.org/10.1038/35010088

Shang W., Peng L., Guo P., Hui H., Yang X., Tian J., 2020. Metal-Organic
Frameworks as a theranostic nanoplatform for combinatorial
chemophotothermal therapy adapted to different ddministration. ACS
Biomater Sci Eng, 6(2), 1008-1016. DOI:
https://doi.org/10.1021/acsbiomaterials.9b01075

Sharma S., Mittal Di., Verma A.K., Roy I., 2019. Copper-Gallic acid nanoscale
metal-organic framework for combined drug delivery and photodynamic
therapy. ACS Appl. Bio Mater., 2(5), 2092-2101. DOI:
https://doi.org/10.1021/acsabm.9b00116

Shearer G.C., Chavan S., Bordiga S., Svelle S., Olsbye U., Lillerud K.P., 2016.
Defect Engineering: Tuning the porosity and composition of the metal-organic
framework UiO-66 via modulated synthesis. Chem. Mat., 28(11), 3749-3761.
DOI: https://doi.org/10.1021/acs.chemmater.6b00602

Shi K., Aviles-Espinosa R., Rendon-Morales E., Woodbine L., Salvage J.P.,
Maniruzzaman M., Nokhodchi A., 2021. Magnetic field triggerable
macroporous PDMS sponge loaded with an anticancer drug, 5-Fluorouracil.
ACS Biomater Sci Eng, 7(1), 180-195. DOI:
https://doi.org/10.1021/acsbiomaterials.0c01608

Singh N., Qutub S., Khashab N.M., 2021. Biocompatibility and biodegradability of
metal organic frameworks for biomedical applications. J. Mater. Chem. B,
9(30), 5925-5934. DOI: https://doi.org/10.1039/d1tb01044a



SonW.-J., Kim J., Kim J., Ahn W.-S. 2008. Sonochemical synthesis of MOF-5.
Chemical Communications, 47, 6336-6338. DOI:
https://doi.org/10.1039/B814740)

Souza B.E., Moslein A.F., Titov K., Taylor J.D., Rudi¢ S., Tan J.C. 2020. Green
Reconstruction of MIL-100 (Fe) in Water for High Crystallinity and Enhanced
Guest Encapsulation. ACS Sustain. Chem. Eng, 8(22), 8247-8255. DOI:
https://doi.org/10.1021/acssuschemeng.0c01471

SunY., ZhenglL.,YangY., Qian X., FuT., Li X., Yang Z., Yan H., Cui C., Tan W., 2020.
Metal-Organic Framework Nanocarriers for drug delivery in biomedical
applications. Nano-Micro Letters, 12(1), 1-29. DOI:
https://doi.org/10.1007/s40820-020-00423-3

Sundararaman S., Adhilimam Chacko J., Prabu D., Karthikeyan M., Kumar J.A.,
Saravanan A., Thamarai P., Rajasimman M., Bokov, D. O., 2024. Noteworthy
synthesis strategies and applications of metal-organic frameworks for the
removal of emerging water pollutants from aqueous environment.
Chemosphere, 362, 142729. DOI:
https://doi.org/https://doi.org/10.1016/j.chemosphere.2024.142729

Taddei M., 2017. When defects turn into virtues: The curious case of zirconium-
based metal-organic frameworks. Coord. Chem. Rev., 343, 1-24. DOI:
https://doi.org/10.1016/j.ccr.2017.04.010

Tamames-Tabar C., Cunha D., Imbuluzqueta E., Ragon F., Serre C., Blanco-Prieto
M.J., Horcajada P., 2014. Cytotoxicity of nanoscaled metal-organic
frameworks. Journal of Materials Chemistry B, 2(3), 262-271. DOI:
https://doi.org/10.1039/c3tb20832j

Tran V.A., Doan V.D., Le V.T., Nguyen T., Don T.N., Vien V., Luan N.T., Vo G.N.L.,
2023. Metal-Organic Frameworks-Derived Material for electrochemical
biosensors: Recent applications and prospects. Ind. Eng. Chem. Res.,
62(11), 4738-4753. DOI: https://doi.org/10.1021/acs.iecr.2c04399

Uzarevi¢ K., Wang T.C., Moon SY., Fidelli A.M., Hupp J.T., Farhab O.K., Fris¢i¢aT.,
2013. Mechanochemical and solvent-free assembly of Zirconium-Based
Metal-organic Frameworks. ChemComm, 00, 1-3. DOI:
https://doi.org/10.1039/C5CC08972G

Valizadeh Harzand F., Mousavi Nejad S.N., Babapoor A., Mousavi S.M., Hashemi
S.A., Gholami A., Chiang W.-H., Buonomenna M.G., Lai C.W., 2023. Recent
advances in metal-organic framework (MOF) asymmetric
membranes/composites for biomedical applications. Symmetry, 15,(2). DOI:
https://doi.org/10.3390/sym15020403



Vermoortele F., Bueken B., Le Bars G., Van de Voorde B., Vandichel M., Houthoofd
K., Vimont A., Daturi M., Waroquier M., Van Speybroeck V., Kirschhock C., De
Vos D.E., 2013. Synthesis modulation as a tool to increase the catalytic
activity of metal-organic frameworks: The unique case of UiO-66(Zr). J. Am.
Chem. Soc, 135(31), 11465-11468. DOI: https://doi.org/10.1021/ja405078u

Wang D., Bai L., Huang X., Yan W., Li S., 2022. Size-dependent acute toxicity and
oxidative damage caused by cobalt-based framework (ZIF-67) to
Photobacterium phosphoreum. Sci. Total Environ., 851, DOI:
https://doi.org/10.1016/j.scitotenv.2022.158317

Wang L., Xu H., Gao J., Yao J., Zhang Q., 2019. Recent progress in metal-organic
frameworks-based hydrogels and aerogels and their applications. Coord.
Chem. Rev., 398, 213016. DOI: https://doi.org/10.1016/j.ccr.2019.213016

WangY., Yan J., Wen N., Xiong H., Cai S., He Q., Hu Y., Peng D., Liu Z., Liu Y., 2020.
Metal-organic frameworks for stimuli-responsive drug delivery. Biomater.,
230, 119619. DOI: https://doi.org/10.1016/j.biomaterials.2019.119619

Webber T.E., Desai S.P.,, Combs R.L., Bingham S., Lu C.C., Penn R.L., 2020. Size
control of the MOF NU-1000 through manipulation of the modulator/linker
competition. Crystal Growth and Design, 20(5), 2965-2972. DOI:
https://doi.org/10.1021/acs.cgd.9b01590

Wisniewska P., Haponiuk J., Saeb M.R., Rabiee N., Bencherif S.A., 2023. Mitigating
metal-organic framework (MOF) toxicity for biomedical applications. Chem.
Eng J471. DOI: https://doi.org/10.1016/j.cej.2023.144400

Wong-Foy A.G., Matzger A.J., Yaghi O.M., 2006. Exceptional H,saturation uptake in
microporous metal-organic frameworks. J. Am. Chem. Soc., 128(11), 3494
3495. DOI: https://doi.org/10.1021/ja058213h

Wu G., MaJ,, LiS., Guanl., Jiang B., Wang L., LiJ., Wang X., Chen L., 2018.
Magnetic copper-based metal organic framework as an effective and
recyclable adsorbent for removal of two fluoroquinolone antibiotics from
aqueous solutions. J. Colloid. Sci., 528, 360-371. DOI:
https://doi.org/10.1016/j.jcis.2018.05.105

Xiao Y., Huang W., Zhu D., Wang Q., Chen B., Liu Z., Wang ., Liu Q., 2020. Cancer
cell membrane-camouflaged MOF nanoparticles for a potent
dihydroartemisinin-based hepatocellular carcinoma therapy. RSC Advances,
10(12), 7194-7205. DOI: https://doi.org/10.1039/c9ra09233a

Xie R., Yang P., Peng S., Cao Y., Yao X., Guo S., Yang W., 2020. A
phosphorylcholine-based zwitterionic copolymer coated ZIF-8 nanodrug with
a long circulation time and charged conversion for enhanced chemotherapy.



JMater. Chem. B, 8(28), 6128-6138. DOI:
https://doi.org/10.1039/D0TB00193G

XuT., Shehzad M.A., Wang X., Wu B., Ge L., XuT., 2020. Engineering leaf-like UiO-
66-SO;H membranes for selective transport of cations. Nanomicro Lett.,
12(1), 1-11. DOI: https://doi.org/10.1007/s40820-020-0386-6

XuW., Ding Q., Sang P., Xu J., ShiZ., Zhao L., Chi Y., Guo W., 2015. Effect of
modified metal centerin ligand for CO; capture in novel Zr-Based Porphyrinic
Metal-Organic Frameworks: A computational investigation. J. Phys. Chem.
C119(38), 21943-21951. DOI: https://doi.org/10.1021/acs.jpcc.5b04641

XueY., Zheng S., Xue H., Pang H., 2019. Metal-organic framework composites and
their electrochemical applications., J. Mater. Chem. A, 7(13), 7301-7327.
DOI: https://doi.org/10.1039/C8TA12178H

Yaghi O.M., 2019. Reticular chemistry in all dimensions. ACS Cent. Sci., 5,( 8)
1295-1300). DOI: https://doi.org/10.1021/acscentsci.9b00750

Yaghi O.M,, Li G., Li H., 1995. Selective binding and removal of guestsin a
microporous metal-organic framework. Nature, 378(6558), 703-706. DOI:
https://doi.org/10.1038/378703a0

YangH., LiL., Cao H., Zhang Z., Zhao T., Hao Y., Wang M., 2020. Silica supported
metal organic framework 808 composites as adsorbent for solid-phase
extraction of benzodiazepines in urine sample. Microchem. J., 157(May). DOI:
https://doi.org/10.1016/j.microc.2020.105062

Yang J.C., Chen., LiY.H., Yin X.B., 2017. Magnetic Resonance Imaging-Guided
multi-drug chemotherapy and photothermal synergistic therapy with pH and
NIR-Stimulation Release. ACS App. Mater. Interfaces, 9(27), 22278-22288.
DOI: https://doi.org/10.1021/acsami.7b06105

Yang S., Sun J., Ramirez-Cuesta A., Callear S., David B., Anderson D., Newby R.,
Blake A., Parker J., Tang C., Schroder M., 2012. Selectivity and direct
visualization of carbon dioxide and sulfur dioxide in a decorated porous host.
Nat. Chem, 4, 887-894. DOI: https://doi.org/10.1038/nchem.1457

YangY., Bao H., ChaiQ.,WangZ.,SunZ., FuC., LiuZ., LiuZ., Meng X, Liu T., 2019.
Toxicity, biodistribution and oxidative damage caused by zirconia
nanoparticles after intravenous injection. IntJ Nanomedicine, 14, 5175-
5186. DOI: https://doi.org/10.2147/I1JN.S197565

Yin M., Wu J., Deng M., Wang P., Ji G., Wang M., Zhou C., Blum N.T., Zhang W., Shi
H., Jia N., Wang X., Huang P., 2021. Multifunctional magnesium organic
framework-based microneedle patch for accelerating diabetic wound



healing. ACS Nano, 15(11), 17842-17853. DOI:
https://doi.org/10.1021/acsnano.1c06036

Yin X.B., Sun Y.Q., Yu H., Cheng Y., Wen C., 2022. Design and multiple applications
of mixed-ligand metal-organic frameworks with dual emission. Anal. Chem.,
94(12), 4938-4947. DOI: https://doi.org/10.1021/acs.analchem.1c02949

Yusuf V.F., Malek N.I., Kailasa S.K., 2022. Review on metal-organic framework
classification, synthetic approaches, and influencing factors: applications in
energy, drug delivery, and wastewater treatment. In ACS Omega, 7(49),
44507-4453. DOI: https://doi.org/10.1021/acsomega.2c05310

Zellner T., Prasa D., Farber E., Hoffmann-Walbeck P., Genser D., Eyer F., 2019. The
use of activated charcoal to treat intoxications. Dtsch Arztbel Int, 116(18),
311-317. DOI: https://doi.org/10.3238/arztebl.2019.0311

Zhan X.Q., Yu X\Y., Tsai F.C., Ma N, LiuH.L., Han Y., Xie L., Jiang T., Shi D., Xiong Y.,
2018. Magnetic MOF for AO7 removal and targeted delivery. Crystals, 8(6), 1-
9. DOI: https://doi.org/10.3390/cryst8060250

Zhang G., ZhuangY.-H., Shan D., Su G.-F., Cosnier S., Zhang X., 2016. Zirconium-
Based Porphyrinic Metal-Organic Framework (PCN-222): Enhanced
photoelectrochemical response and its application for label-free
phosphoprotein detection. Anal. Chem., 88. DOI:
https://doi.org/10.1021/acs.analchem.6b03484

Zhang H., LiQ., LiuR., Zhang X., Li Z., Luan Y., 2018. A versatile prodrug strategy to
in situ encapsulate drugs in MOF nanocarriers: A case of cytarabine-IR820
prodrug encapsulated ZIF-8 toward chemo-photothermal therapy. Adv.
Funct. Mater., 28(35), 1-10. DOI: https://doi.org/10.1002/adfm.201802830

ZhanglL., LiY.-F., Yuan S., Zhang S., Zheng H., Liu J., Sun P., Gu Y., Kurihara H., He
R.-R., Chen H., 2016. Bioactivity focus of a-cyano-4-hydroxycinnamic acid
(CHCA) leads to effective multifunctional aldose reductase inhibitors. Sci.
Rep., 6(1), 24942. DOI: https://doi.org/10.1038/srep24942

Zhang L., WangZ., ZhangY., Cao F., Dong K., Ren J., Qu X., 2018. Erythrocyte
membrane cloaked metal-organic framework nanoparticle as biomimetic
nanoreactor for starvation-activated colon cancer therapy. ACS Nano, 12(10),
10201-10211. DOI: https://doi.org/10.1021/acsnano.8b05200

Zhang X., Shi X., Zhao Q., LiY., Wang J., Yang Y., Bi F., Xu J., Liu N., 2022. Defects
controlled by acid-modulators and water molecules enabled UiO-67 for
exceptional toluene uptakes : An experimental and theoretical study. Chem
Eng J,427,131573. DOI: https://doi.org/10.1016/j.cej.2021.131573



Zhang., LinL., Liu L., LiuF, Sheng S., Tian H., Chen X., 2019. Positive feedback
nanoamplifier responded to tumor microenvironments for self-enhanced
tumor imaging and therapy. Biomaterials, 216, 119255. DOI:
https://doi.org/10.1016/j.biomaterials.2019.119255

Zhangy., Yan J., Avellan A., Gao X., Matyjaszewski K., Tilton R.D., Lowry G.V. 2020.
Temperature- and pH-responsive star polymers as nanocarriers with
potential for in vivo agrochemical delivery. ACS Nano, 14(9), 10954-10965.
DOI: https://doi.org/10.1021/acsnano.0c03140

Zhangy., Zhang P, Yu W., ZhangJ., Huang J., Wang J., Xu M., Deng Q., Zeng Z.,
DengS., 2019. Highly selective and reversible sulfur dioxide adsorption on a
microporous metal-organic framework via polar sites. ACS App. Mater.
Interfaces, 11(11), 10680-10688. DOI:
https://doi.org/10.1021/acsami.9b01423

Zhao D., Zhang W., Yu S., Xia S.L., Liu Y.N., Yang G.J., 2022. Application of MOF-
based nanotherapeutics in light-mediated cancer diagnosis and therapy. J.
Nanobiotechnology 20 (1). DOI: https://doi.org/10.1186/s12951-022-01631-2

Zhao H., ZhaoY., Liu D., 2021. pH and H2S dual-responsive magnetic metal-
organic frameworks for controlling the release of 5-Fluorouracil. ACS Appl.
Bio Mater. 4(9), 7103-7110. DOI: https://doi.org/10.1021/acsabm.1c00710

ZhaoY., Xiong., Zhao Y., 2024. Beyond drug delivery: Metal-organic framework-
derived nanosystems for bone regeneration under complicated pathological
microenvironments. Acc. Mater. Res., 5(12), 1532-1543DOl:
https://doi.org/10.1021/accountsmr.3c00263

Zheng Q., Liu X., Zheng ., Yeung KW. K., Cui Z., Liang Y., Li Z., Zhu S., Wang X., Wu
S., 2021. The recent progress on metal-organic frameworks for phototherapy.
Chem. Soc. Rev., 50(8), 5086-5125. DOI: https://doi.org/10.1039/d1cs00056j

Zhou J., Tian G., Zeng L., Song X., Bian X. W., 2018. Nanoscaled metal-organic
frameworks for biosensing, imaging, and cancer therapy. Adv. Healthc.
Mater., 7(10), 1-21. DOI: https://doi.org/10.1002/adhm.201800022

Zhu X., Zheng H., Wei X., Lin Z., Guo L., Qiu B., Chen G., 2013. Metal-organic
framework (MOF): A novel sensing platform for biomolecules. ChemComm.,
49(13), 1276-1278. DOI: https://doi.org/10.1039/c2cc36661d

ZhuZ., Jiang S., Liu Y., Gao X., Hu S., Zhang X., Huang C., Wan Q., Wang J., Pei X,
2020. Micro or nano: Evaluation of biosafety and biopotency of magnesium
metal organic framework-74 with different particle sizes. Nano Res., 13. DOI:
https://doi.org/10.1007/s12274-020-2642-y



ZhuangJ., Duan., Zhang Q., GaoW., Li S., Fang R.H., Zhang L., 2020. Multimodal
enzyme delivery and therapy enabled by cell membrane-coated metal-
organic framework nanoparticles. Nano Lett., 20(5), 4051-4058. DOI:
https://doi.org/10.1021/acs.nanolett.0c01654



