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 Abstract: In recent years, the number of materials used as drug delivery 
systems (DDS) has increased dramatically. The widespread use of 
DDSs has improved both the safety and efficacy of therapy. The 

systems currently in use pose numerous drawbacks and require 
proper improvements. Although many modern materials are being 

developed, metal-organic frameworks (MOFs) deserve special 
attention. Thermal and chemical stability, high specific surface area, 
low toxicity, high biocompatibility, and great potential for 

modification are the main features enabling MOFs to be used as 
DDS. In this review, we describe MOFs, their structure, synthesis, 

and characterization, as well as drug loading, drug release kinetics, 
and bioassays. A critical approach is to outline the disadvantages as 
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well as the limitations of MOFs and to identify areas that need to be 
studied more thoroughly. Nonetheless, the prospective nature of 

MOFs as DDS and potential adsorbents in overdose or poisoning is 
presented and highlighted. 

 Keywords: Drug delivery systems, Metal-Organic Frameworks, Synthesis, 

Characterization, Drug loading, Biocompatibility 
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Introduction  

The pharmaceutical industry is one of the most rapidly growing, as well as the most 

profitable. The search for new compounds with therapeutic potential, the modification of 

known drugs, the search for alternative therapies, and the optimization of industrial 

processes are just a few of the problems confronting the pharmaceutical world. Its basis is 

the efficient delivery of active therapeutic ingredients (API) [1]. The selection of the right 

drug delivery route, as well as the choice of carrier, are quite often the "milestones" of 

therapy. They have a crucial effect on the bioavailability, release rate, and thus on the 

effectiveness of the therapeutic compound applied [2,3]. The use of drug carriers eliminates 

many of the limits associated with the various routes of administration. First of all, carriers 

act in a protective manner on the therapeutic compound, so that it is not degraded already 

in the initial sections of the gastrointestinal tract [4]. In addition, release can occur after a 

specific time, at a specific location, or be triggered by specific factors. This approach can 

reduce the side effects of therapy, and the effects of drug passage. Besides, a properly 

matched carrier, inducing the prolonged release of API, eliminates human mistakes related 

to the timing of intake and dosage. This minimizes the need for prolonged therapies and 

thus the negative side effects of drugs [5]. The development and constant search for new 

API delivery systems is a response to the growing number, and variety of therapeutic 

substances. Today, in medicine, both small-molecule and large-molecule compounds such as 

proteins, peptides, nucleic acids, or monoclonal antibodies are used. The latter group is 

challenging for effective drug delivery [1,6]. Currently, several routes for delivering 

therapeutic compounds are widely known and used [7,8]. The first and most widespread is 

oral drug administration [8,9]. Its major benefit is the rapidity and simplicity of API 

administration, for both hydrophilic and lipophilic compounds. This method is particularly 

comfortable for most patients and the safest. The oral route enables the application of drugs 

in solid, powder, and liquid forms. However, the main limitation is the size of the 
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tablets/capsules and the possibility of their rapid degradation [10,11]. Another delivery 

system is the ocular one [12]. Drugs for eye diseases are mainly delivered by this method. 

Eye drops, implants, or intravenous injections are the usual routes of ocular delivery [13]. 

Another option is intranasal drug delivery. Here the advantage is the direct application of the 

drug to the highly vascularized mucosa. This way, the API can reach the central nervous 

system, bypassing the blood-brain barrier. This route is extremely preferred for topical 

treatment. It is also possible to use the ear as a route for the administration of therapeutic 

compounds [14,15]. Among the alternatives for administering drugs in females is the 

intravaginal route. It is used for the supply of contraceptives, bactericidal and fungicidal 

drugs. Compounds delivered by this route achieve high bioavailability, an exceptional rate of 

action, and additionally exhibit less hepatotoxicity [16,17]. Another form is a rectal route of 

drug delivery [18]. Taking into account that the skin is the largest tissue in our body, it also 

can act as a route of drug supply. The current trend focuses on the application of modern 

carriers, transporting a variety of therapeutic substances including macromolecular 

compounds. The API is transposed directly through the bloodstream, thus bypassing the 

initial metabolism of the drug, the adverse effects of pH, the bacterial microbiome, or 

enzymes present in the body. Here, however, the main contribution is to overcome the skin 

barrier [19–22]. Hence, as we can see, the ways of delivering drug compounds are 

numerous. They have different features, their pros and cons. Appropriate verification of the 

physicochemical properties of the drug with the route of delivery is necessary, to select the 

most impactful route of administration. In order to increase bioavailability, minimize the side 

effects of taking the drug, reduce the premature degradation of the compound, and more 

targeted and controlled release of the drug, the use of drug delivery systems have been 

initiated [10,23–25]. 

Drug delivery systems (DDS) are designed to supply a therapeutic agent to a specific 

location, more precisely the diseased tissue, with simultaneous maximum protection of the 

drug. Additionally, treatment efficacy and patient safety are maintained. The DDSs methods 

have been evaluated over the years. While traditional forms of delivery such as tablets, 

lozenges, capsules, ointments, creams, pastes, or injections are still the most popular, many 

innovative forms of drug delivery are being developed [26,27]. Optimal kinetics, delivery 

time, release control, and patient safety and comfort are in high demand. Despite the 

convenience of drug delivery, accurately known doses, low manufacturing cost and minimal 

invasiveness, traditional drug delivery systems impose many limitations. Above all, the lack 

of targeted action, poor bioavailability of the drug, low absorption, and premature 

decomposition of the drug are the main drawbacks and the primary reason for replacing 
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currently known DDSs, with other, more advanced ones [27,28]. Among the many novel 

DDSs, one well-known application of the drug in a transdermal therapeutic system is micro-

needles (MNs). Their application has enabled the penetration of high molecular weight 

compounds through the stratum corneum. Such a system allows slow, reproducible drug 

delivery, good permeability, and efficacy, but on the other hand can cause allergy and 

irritation, given the very small size of the micro-needles and the possibility of breaking them 

under the patient's skin [22,29]. They can be used in vaccine therapy (e.g., against rabies 

[22]), delivery of peptides (e.g., desmopressin [30]), hormones (e.g., insulin [31]), or 

chemotherapy (e.g., tamoxifen [32]). Microemulsions are another means of API delivery. 

They are becoming more advantageous due to their ease of manufacture, better 

penetration, high stability, and ability to dissolve both hydrophilic and lipophilic drugs. An 

example is a microemulsion loaded with nifedipine used in heart disease or apomorphine in 

Parkinson's disease [19]. Subsequently, nano micelles, nanosuspensions, or nanoparticles 

are other types of innovative DDS [33–35]. Liposomes are gaining a great benefit in the 

transport of drugs. Their structure, similar to the cell membrane, allows maximum 

bioavailability [36]. Commercially available are two liposome formulations for the treatment 

of eye diseases - Visudyne® [37] and Tears again® [38]. Dendrimers, highly branched 

polymers [39], carbon nanotubes [40], mesoporous silica nanoparticles [41], and quantum 

dots [42] are also known to be used. Intestinal and oral patches have also been developed 

that provide unidirectional diffusion of the drug, protecting it from the challenging 

environment of the gastrointestinal tract [8]. Interferon-α or calcitonin has been studied for 

delivery using the patches [43]. 

Researchers are pursuing the ideal drug delivery system, as described above. 

Working on new forms of API delivery is very relevant. This may be especially important in 

the case of cancer therapy, the main goal of which is to maximize efficacy, minimize drug 

side effects and increase patient comfort. The stimulated response and release of the drug 

are of high significance here [44]. Another issue is the treatment of psychiatric disorders. 

These increasingly common diseases require special delivery systems. The main demands 

are regular dosing, minimizing the risk of the patient skipping a dose and the potential for 

overdose, and increasing treatment efficiency with a reduction in the drug's passing effects 

[45]. Due to the constantly growing needs, novel drug delivery systems are being designed.  

Up to now, we have considered traditional and innovative drug delivery systems. 

However, in addition to drug delivery, it is equally important to remove drugs from the body 

in case of poisoning. Poisoning can be caused by intentional drug overdose, drug abuse, or 

unintentional poisoning with a toxic substance [46]. A practiced agent for detoxifying the 
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body and eliminating toxins is activated charcoal. Its mechanism of action is based on 

binding the toxin on its surface, thereby preventing its absorption from the gastrointestinal 

tract. The size of the toxin, its solubility, pH, or degree of ionization are the main factors 

limiting adsorption. Activated charcoal is inexpensive, readily available, safe, and its use does 

not require any qualification [47]. Above that, it is able to absorb many substances such as 

antidepressants, benzodiazepines, beta-blockers, tetracyclines, barbiturates, paracetamol 

and many phytotoxins as ricin, strychnine, or nicotine [47,48]. However, it is not an effective 

adsorbent for alcohols, organic solvents, inorganic salts, or heavy metals. When considering 

supervised withdrawal of psychoactive substances during their overdose or detoxification 

treatment, active charcoal is not recommended due to fast drug adsorption which may cause 

negative side effects such as tachycardia, bowel blockages and dehydration. It is particularly 

dangerous when you are semi-conscious, for example, as a result of an overdose, in which 

case it can enter the lungs and be life-threatening [47,49,50]. In addition to the widely 

known activated carbon, several other antidotes are known [51,52]. These have been 

published on the GIZ-Nord website. According to "Bremen List" atropine is recommended for 

organophosphate poisoning, dimethylaminophenol (4-DMAP) has been found use in cyanide 

detoxification, naloxone for opioids, while toluidine is recommended for poisoning with 

methemoglobin-forming substances. The list is constantly growing, with the recent 

introduction of several new antidotes, more specifically glucarpidase for methotrexate 

overdose, icatibant for ACE inhibitor-induced angioedema, uridine triacetate for fluorouracil 

overdose, and deferasirox as a new chelator for iron overload [48]. Scientists around the 

world are working to develop substances that act as selective antidotes for a variety of 

toxins. One such compound is flumazenil. Currently, flumazenil is recommended for use 

during an overdose of psychotropics, mainly from the diazepine group, given its antagonistic 

effect [53,54]. Paracetamol overdose can be treated with acetylcysteine [48]. On the one 

hand, drugs acting as an antidote are administered, while many other practices are used to 

detoxify the body. A common practice during poisoning is gastric lavage. Such an action 

allows the removal of toxins within 60 minutes of poisoning. The position regarding this 

practice is not fully established, although it is effective in reducing the absorption of toxins 

from the stomach [55]. Another practice is premature intestinal lavage. However, for safety 

reasons, it is only recommended during the imminent danger of death from drug or 

medication abuse [56]. There are several methods to delay the absorption of the toxin and 

then help remove it from the body. The method depends on the type of toxic substance. 

Examples are hemodialysis during alcohol poisoning and salicylates or hemoperfusion, the 

practice of which is restricted [48]. We can conclude that there is a considerable preference 
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for the use of chemical compounds as antidotes compared to methods that require more 

interaction like gastric lavage. In the case of toxin adsorbents, a well-known and widely used 

one is activated carbon. Given the constantly growing number of antidotes, we can also pay 

attention to the way they are dosed. The administration of the antidote itself neutralizes the 

toxin, thereby reducing the adverse effects of poisoning and eliminating the threat to human 

health and life. However, this is not a method that allows for the complete removal of the 

toxin from the body. The ideal solution would be to combine the adsorption of the toxin with 

the simultaneous administration of the antidote. However, such a system has not been 

developed so far.  

Summarizing, there are many drug delivery vehicles currently known and widely 

used. Both conventional forms of API delivery and novel DDS seem to have both many 

benefits and drawbacks. The science of drug delivery methods and systems is still ongoing 

and evolving. Recently, there has been increased interest in a new generation of porous 

materials, called metal-organic frameworks (MOFs) [25]. These innovative materials include 

an inorganic metallic part and an organic acid [57,58]. Many potential applications of MOFs 

have been demonstrated and studied, among them their use as carriers of therapeutic 

agents [59,60]. It was noted that certain types of MOFs have potential for biomedical 

applications [61]. The use of MOFs as modern drug delivery systems could provide high 

reproducibility of dosage, high bioavailability, stability, efficacy and gradual and controlled 

release [62]. Targeted and stimulated action of MOFs as DDS is also possible [63]. Besides, 

MOFs have very large specific surface areas, which may be additionally modified during pre- 

and post-synthesis treatment. In addition, they are commonly used as adsorbents for gases, 

among others [64]. Therefore, it is feasible to use them as adsorbents of toxins during 

poisoning. The use of MOFs as drug adsorbents for water purification is well-known and 

described in the literature [65,66]. It seems a good idea to use them for detoxification of the 

body. This would provide an innovative detoxification system during poisoning or overdose. 

In addition, it would enrich currently available antidotes.   

More precisely, the synthesis, structure, characteristics and purpose of these 

materials are widely discussed below.  

 

Composition of MOFs  

Metal-organic frameworks (MOFs), otherwise known as porous coordination 

polymers, are an innovative group of highly porous materials. Their structure includes an 

inorganic part containing a metal ion (node) and an organic acid, which is a ligand (linker) 
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[67,68]. The organic and inorganic elements are connected by coordination bonds, forming 

one-, two- or three-dimensional networks. Although, the first MOF was discovered as early 

as 1989 by Hoskin and Robson [69] and later by Yaghi in 1995 [70], new types of metal-

organic frameworks are still being developed today. This is related to the ability to form 

various combinations of metals and organic acids. By 2022, more than 90,000 different MOFs 

have been recorded, and more than 500,000 metal-organic frameworks have been predicted 

[71]. This emphasizes the infinite potential in the design and synthesis of this group of 

materials. Such coordination results in grids with regally repeating geometries and high 

crystallinity. A part of the MOFs exhibits structural flexibility, while others are characterized 

by a completely rigid structure. Due to their unique structure, metal-organic frameworks 

have a number of advantages that distinguish them from zeolites or other materials [61,68]. 

They are characterized by high chemical and thermal stability, large Brunauer-Emmett-Teller 

(BET) specific surfaces, controllable pore sizes, open metallic sites, high porosity, and very 

low densities. Above that, they are relatively easy to synthesize [61,68,72]. On top of that, 

MOFs exhibit good biocompatibility and biodegradability, effective drug loading rates, and 

controlled drug release, thus favorable kinetics to avoid very rapid drug release - "Burst 

effect" [62,73]. Consequently, it is possible to functionalize MOF surfaces to make them 

targeted API carriers [74,75].  

Considering the structure of metal-organic frameworks, in the case of metals, it is possible to 

use both multivalent, monovalent metal ions and metal oxides. As for ligands, they are 

usually organic acids containing a minimum of two carboxylic groups introduced in the form 

of an alkyl chain or ring like benzene or imidazole [61,68]. Of fundamental importance is the 

coordination and geometry of the metal, which gives form to the network. However, it is the 

combination of the metal with the appropriate ligand that finally determines the type of 

network achieved. Despite knowing the coordination of the metal and the type of organic 

ligand, predicting the specific structure of the MOF is very difficult [61,76]. That's why 

scientists have developed the concepts of so-called secondary building units (SBUs). These 

are fragments composed of metal ions and oxygen atoms. They can take a variety of shapes 

like triangles, tetrahedrons, hexahedrons, or octahedrons. Attaching an organic linker to the 

SBU makes up the frame of the metal-organic framework. The next level of MOF 

construction is the bonding of multiple SBUs by bridging ligands and ligands connecting two 

metal nodes. This leads to the so-called third level of MOFs structure. Occurring here are 

pores of a certain size and empty volumes, forming cages. The level expands in a certain 

orientation and this leads to the formation of the fourth structural level. It is entirely 

dependent on the internal growth of the organometallic network, and thus on the conditions 
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of synthesis, the functionalization or lack of surface, the loading of molecules into the MOF 

(e.g. drugs), the presence of coordinatively unsaturated site (CUS) [61,68,76,77]. Such 

levels of MOF structure and composition are shown in Figure 1 and some examples of 

different MOFs are shown in Figure 2.  

 

 
 

 Fig. 1. Levels of structure and composition for metal-organic framework. Reprinted with permission 
from ref. [262]. Copyright 2021, American Chemical Society.  

 

 
 

Fig. 2. Examples of metal-organic framework structures including the metallic part and the organic 
ligand [218]. 

 
On the other hand, we can divide MOFs according to the dimensionality of the 

structure. In one-dimensional (1D) MOFs, coordination bonds spread in one direction. The 
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voids that occur can be filled with low-mass molecules. A two-dimensional (2D) structure 

consists of single layers connected by edges or stacked on top of each other with weak 

interactions between the layers. In this case, the guest molecule can exist either between 

the layers or between the grids of a given layer. Three-dimensional (3D) MOFs are 

characterized by coordination bonds propagating in three directions. Here, the building units 

are connected by non-covalent hydrogen bonds and π-π type bonds, which determine the 

strength and direction of the network growth [68,77]. This conception is shown in Figure 3.  

 

 
 

Fig. 3. Division of MOFs by the dimensionality of the structure [127].  

 

The ability to change either metal ions or organic ligands is a unique feature of MOFs. 

The organic part is crucial for the physicochemical properties, including stability, of the MOF 

itself as well as its 3D structure.  Among the numerous organic acids, carboxylates, 

sulfonates, phosphonates and heterocyclic compounds are the most common choices, but 

the first is leading the trend [60,68]. The low toxicity of ligands is of relevance when it 

comes to biomedical applications. One of the most commonly used linkers is benzene-1,4-

dicarboxylic acid (terephthalic acid) [78]. Some examples of MOF ligands are in Figure 4.  
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Fig. 4. Examples of inorganic SUB and organic linkers. From [288]. Reprinted with permission from 
AAAS.  

 

Thus, as already highlighted, the structure of the MOF is determined by both the 

metallic part and the ligand used (Figure 5). When designing a metal-organic framework and 

selecting the components of its structure, it is necessary to pay attention to the possible 

application. For biomedical applications, the non-toxicity of the metal and the linker is 

mandatory [60]. A useful indicator of the safety of a metal is the median lethal dose (LD50). 

The LD50 for the most commonly used metals in MOFs, namely zirconium, zinc, iron, 

magnesium, or copper, is 4.1, 0.35, 0.45, 8.1, and 0.025 g/kg, respectively [79]. 

Concentrating on the metallic part, we can classify MOFs into different families. The 

nomenclature of MOFs is dependent, as there are no strict principles. Metal-organic 

frameworks are usually named after their composition, application, type of backbone, or the 

name of the university or laboratory that developed them [79]. Referring to the last division, 

we distinguish the following families of MOFs [80]. Metal-organic frameworks called MIL 

from Matériaux de l′Institut Lavoisier [81], CAU, whose name derives from Christian-

Albrechts-University [80], the UiO family first synthesized at the Universitetet in Oslo [82], in 

addition to DUT - Dresden University of Technology [83] or NU coming from Northwestern 

University [84]. Another approach to distinguish MOFs is the structure of their backbone. An 

example is the ZIF - Zeolitic Imidazolate Frameworks series. Here, the angle between the 
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imidazole and the metal is similar to that in the Si-O-Si bond found in molecular sieves and is 

145o. The metallic part is Zn or Co, and the materials are very stable thermally and 

chemically [85]. Additional examples are porous coordination networks of PCNs, which have 

cubic octahedral nanoporous cages [86]. Isoreticular metal-organic frameworks (IRMOFs) 

are another type of MOF subdivision. Here, the inorganic unit is [Zn4O]6+, while the ligands 

are aromatic carboxylic acids. Figure 6 shown detailed chemical structure and crystallinity of 

IRMOFs. Another example is multilayer metal-organic networks (MTV MOFs), which contain a 

wide variety of functional groups introduced along with an organic ligand. Their number, 

mutual position and ratio are controlled, which can be very important in drug delivery 

systems [77,80,87].  

 

 
 

Fig. 5. Scheme for the formation of a metal-organic framework through a bond between a metal and 

a ligand [127]. 
 

Because of the very high flexibility during the design of metal-organic frameworks, it is 

feasible to obtain materials with very different physicochemical properties such as pore size, 

BET surface area, toxicity, bioavailability and many others. Thus, we are able to select 

appropriate characteristics depending on the potential application of the network. 

Consequently, MOFs have a wide range of applications, which have been widely documented 

[62,71,88–90]. One of the primary applications of MOFs is their use in low-pressure gas 

adsorption processes, for example, during gas separation or purification [68,91,92]. Methane 

storage [93], carbon dioxide purification [94], or hydrogen sulfide capture [95] have been 

described. In addition, work is underway on hydrogen storage in MOF structures, which is 

particularly important energetically, assuming high hydrogen energies that exceed those of 

fuels, as well as safety considerations associated with storing the gas in cylinders [96]. The 

lack of dead volume or high specific surface areas are among the many features of MOFs 

that underscore the validity of such an application [68]. Another is the utilization of MOFs in 

catalytic processes. Active sites in the form of metallic nodes, the possibility of introducing 

metallic nanoparticles as additional active sites, or porosity, provide opportunities to use 
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Fig. 6. Chemical structure and perspective views of IRMOFs. Adapted with permission from ref. [87]. 
Copyright 2022, American Chemical Society. 

 

MOFs as heterogeneous catalysts. Their catalytic application in hydrogenation, oxidation, 

Friedel-Craft's alkalization reactions, and many others have been described [71,91,97,98]. 

These materials can also find some electrochemical applications. This applies mainly to MOF 

composites, which can be used as batteries, sensors, or condensers. The introduction of 

guest species increases the sensing or luminescence capabilities of MOFs. Among the most 

sensitive sensors are lanthanide-based networks, which are related, to their large 

coordination sphere [90,99,100]. One of the most promising applications of metal-organic 

frameworks is biomedical applications. According as highlighted earlier, it is very significant 

to properly deliver the therapeutic substances. Controlled pore size, structure, low 

cytotoxicity, high loading capacity, and controlled release or stability of MOF materials are 

the main features that confirm the validity of applying MOFs as API carriers [57,58,73]. 

Besides, their surface can be functionalized, making them targeted DDS. An example is the 

use of folic acid on the MOF surface [101–104]. It allows the material to reach the cancer 

cell, binding to folate receptors on its surface and initiating drug release in the tumor 

environment. Lactobionic acid or glycyrrhetinic acid are also used as targeting agents for 
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hepatic cancer [105]. Hyaluronic acid is widely used as well, to support the effectiveness of 

cancer therapy [86,106]. Another idea is to functionalize the surface with chitosan 

[107,108]. Its function is to protect the structure of the MOF and thus the drug molecule 

itself. This protects against earlier metabolism of the API and enhances the therapeutic 

effect. A similar function is performed by PEG, biotin, or polysaccharides [104,109,110]. An 

additional major advantage is the ability to release the drug from the MOF at a well-defined 

pH. This is extremely important in cancer therapy, where the release of the therapeutic 

substance should occur in the pH range of 4 to 6. This ability of MOFs reduces the side 

effects of chemotherapeutics and increases their selective action in a specific region 

[108,111,112]. The literature describes the pH-stimulated release of doxorubicin 

[44,108,112] or 5-FU [102,113–115] commonly used in cancer treatment. The magnetic 

properties of MOFs can also contribute to guiding drug release [74,116–118]. Such delivery 

systems are finding use as contrast agents in NMR [62,118]. Among others, the release of 

ibuprofen from MIL-53, whose surfaces were functionalized with Fe3O4, was studied in this 

way [119]. MOFs have been used as delivery systems for anti-cancer drugs, anti-bacterial 

drugs, eye diseases, lung diseases and many others. Worth highlighting seems to be the use 

of metal-organic frameworks in cosmetics. More specifically, it is possible to use MOFs to 

carry substances used in cosmetics today, such as caffeine, as well as their use in cutaneous 

treatments, including local, dermal preparations or skin therapies. MOFs show the potential 

for detecting parabens – preservatives used in cosmetics. In this case, cosmetic utility is 

provided by such MOFs' characteristics as skin permeability, sebum adsorption capability and 

antimicrobial potential [120,121]. This underscores the considerable biomedical importance 

of MOFs. A summary of chemotherapeutics carried by MOFs is shown in Table S1. The 

perspective applications of metal-organic frameworks are also emphasized by the existence 

of nano MOFs, or nanoscale MOFs (NMOFs) [122,123]. These are used in nanotechnology 

and nanomedicine. Generally speaking, nanotechnology is one of the forward-looking 

branches of science and applies to various types of industries from computer systems, 

communications, and space industries to nanomedicine. The use of nanoparticles is 

becoming increasingly common. A breakthrough in nanotechnology turned out to be 

fullerene C20, which shows exceptionally high susceptibility to functionalization. By the 

example of C20, the validity of the [3+2] cycloaddition reaction and the Diels-Alder reaction 

was demonstrated in the functionalization of carbon-based nano compounds in future 

nanomedicine, such as drug delivery, was demonstrated  [124]. NMOFs are a group of 

hybrid materials, but in nano sizes, which gives them unique characteristics combining those 

of nanomaterials and metal-organic frameworks, for example, some of them are inherently 
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biodegradable due to weaker metal-ligand bonds in the network. They are highly porous and 

have large channels, low cytotoxicity, or regulated stability for stimulated drug release. For 

the aforementioned reasons, NMOFs can serve as nanocarriers in nanomedicine, among 

others [125,126]. 

 

Synthesis and Characterization   

Several methods have been developed so far for the synthesizing of MOFs. It is worth 

mentioning that the specific MOF synthesis method affects the physicochemical properties of 

MOF such as morphology, structural and acidic properties. Metal-organic frameworks are 

very sensitive to changes in synthesis conditions such as temperature, time, solvent, or 

modulator used during the synthesis. Therefore, it is very important to maintain analogous 

conditions when synthesizing MOF materials. MOFs can be synthesized in a classical way 

using solvothermal or hydrothermal methods [68,127]. Those methods are widely used due 

to their simplicity and low equipment costs. Taking into account years of research on MOFs, 

methods have been developed that are in line with the principles of Green Chemistry, more 

ecological and economical. Alternative ways of synthesis utilize microwave or ultrasound 

(sonochemistry) irradiation. Additionally, MOFs can be synthesized electrochemically, in an 

ionothermal manner. In addition, numerous methods describing the use of 

mechanochemistry have been reported [60,128]. This underscores the very great 

possibilities for the synthesis of metal-organic frameworks, as well as the potential for 

research on the effects of synthesis conditions on the character and properties of the 

material. A brief description of the synthesis methods, along with their possible 

modifications, are described below. Moreover, commonly used syntheses are shown in 

Figure 7.  

Solvothermal (hydrothermal) synthesis 

This method is relatively simple and undemanding. It involves dissolving a metal and 

a linker in a solvent or mixture of solvents. Both aprotic and protonated solvents can be 

used. The former group includes DMF, DEF, DMSO, DMA, toluene, or acetonitrile, among 

others. Of the second group, methanol and ethanol are mainly applied. The method becomes 

known as hydrothermal if water is used as the solvent [127,129]. Synthesis can be carried 

out in two ways: above the boiling point of the solvent used and under increased pressure, 

or in or below its boiling point at ambient pressure, in which case the method is called 

nonsolvothermal. The prevalent reaction temperature affects the vessel used. If high 

temperatures are used (above 400 K), the reaction should be carried out in Teflon cups and 
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sealed stainless steel autoclaves. For lower temperatures, glass vessels are acceptable [128]. 

The solvothermal method is characterized by good yields with well-crystallized MOF particles 

and high specific surface areas. It is also an easily reproducible and one-step method. The 

main disadvantages of this method are the long reaction time, the use of large amounts of 

solvents, often toxic, and the formation of by-products [60,130]. Examples of metal-organic 

frameworks synthesized by the solvothermal method include MOF-5 [131], MOF-74 [132], 

and UiO-66 [133].   

Mechanochemical synthesis 

This type of synthesis involves mixing metal salts and organic ligands using a mortar 

or ball mill. Due to high mechanical energy, intramolecular bonds are broken, and thus a 

chemical conversion takes place. After the grinding process, the resulting mixture is heated, 

resulting in the evaporation of water and volatile compounds. Characteristic features of this 

method are its high rapidity and simplicity, use of room conditions (i.e. temperature), and 

lack of solvents, which makes it environmentally friendly and inexpensive. The absence of 

solvents makes it very good for synthesizing MOFs for biomedical applications [60]. The 

mechanochemical method was first used in 2006, where a metal-organic network was 

obtained by grinding Cu(OAc)2H2O with isonicotinic acid [134]. In addition, the 

mechanochemical synthesis of ZIF-8 [135] was documented, and the method had very high 

yields.  

Microwave synthesis.  

Recently, the use of microwave radiation has become very widespread. This is related 

to its environmental friendliness. Here there is an interaction between the electromagnetic 

field and the moving charge of the solvent. More precisely, electromagnetic energy is 

converted into thermal energy, and the constant dipole moment of the molecule is 

associated with the applied electric field, which rapidly heats the liquid mixture. The 

molecules, arranging themselves in the electromagnetic and oscillatory field, constantly 

change their position. By applying the proper frequency, the particles effectively collide with 

each other, increasing both the temperature and kinetic energy of the system. The fraction 

of microwave radiation absorbed is 300 to 300 000 MHz. Additionally, a solvent with the 

ability to transmit the radiation is necessary. This form of synthesis is energy-efficient since 

the radiation itself causes direct heating of the mixture. Furthermore, it is quick, 

reproducible, and the product is characterized by high purity [136,137]. On the other hand, 

replacing the process for industrial use could be demanding. Using microwave synthesis, it 
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was successfully prepared MIL-100 (Al) [138] and UiO-66 from Zr and Hf [139]. This method 

has been used in the synthesis of MOFs since 2005.  

Sonochemical synthesis (ultrasound).  

Here the method is based on the use of mechanical vibrations in the range of 20 kHz 

to 10 MHz. A metal salt and an organic linker are dissolved in a suitable solvent and then 

subjected to ultrasound. Given the phenomenon of cavitation that occurs (the formation of 

bubbles in the solution, and their subsequent collapse, when ultrasound is applied), and the 

consequent increase in temperature to about 5000 K and pressure up to 1000 bar, additional 

cooling of the mixture is often necessary. The use of this alternative method of synthesis 

significantly accelerates the reaction time, in addition, the method is environmentally 

friendly, inexpensive, and ensures homogeneous nucleation [127]. Since 2008, 

sonochemistry has had known practical applications in MOF synthesis. Several MOF 

syntheses utilizing ultrasound irradiation were reported so far including MOF-5 [140], 

HKUST-1 [141], ZIF-8  [141,142], or Hf-MIL-140A and Zr-MIL-140A [143].   

Electrochemical synthesis.  

The electrochemical method consists of using a metallic electrode (anode) immersed 

in a solution. This avoids the use of metal salts, which eliminates the formation of by-

products. A suitable electrode is placed in an electrolyte solution with a dissolved linker, and 

then a certain voltage is applied. The metal dissolves and its ions are located on the outer 

surface of the electrode, allowing them to combine with the linker and synthesize the 

network. The reaction produces hydrogen gas. This type of synthesis is characterized by mild 

conditions and speed [60,127]. On the other hand, MOF electrochemical synthesis is 

inefficient. HKUST-1  or MIL-53 (Al) [144], among others, have been synthesized this way.   

Ionothermal synthesis.  

It involves the use of ionic liquids (ILs) or eutectic mixtures. They act as solvents with 

low volatiles, as well as good thermal stability, high solubility, and good ionic conductivity. 

The use of ILs distinguishes this method from solvothermal synthesis. It has found 

application in the synthesis of chiral MOFs. However, the main limitation is the lack of 

controlled and reproducible MOF network formation, due to the lack of effective hydrogen 

bond donor and acceptor atoms [60].  

Other, less typical, methods for synthesizing organometallic networks have also been 

described in the literature. These include synthesis by spray drying or chemical vapor 

deposition [60,127,128].  
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Fig. 7. Methods of metal-organic framework synthesis [127]. 
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Once the metal-organic framework has been synthesized, it is imperative to 

characterize it. Bearing in mind the porosity and high crystallinity of MOFs, the most suitable 

techniques to characterize them have been described. The basic test is single-crystal XRD or 

powder X-ray diffractometry (PXRD) analysis. Single-crystal XRD is relatively difficult to 

perform because MOFs are characterized by large crystal sizes. In this analysis, it is 

necessary to select a crystal with a size of 5 - 10 μm and very good resolving power. Data 

collection at low measurement temperatures is preferred [128]. On the other hand, a more 

important test than single-crystal XRD is PXRD. It allows us to evaluate the crystallinity of 

the sample. Thanks to this, we can simply evaluate the correctness and effectiveness of the 

synthesis made and understand the differences between different syntheses. The 

experimental diffractogram should be compared with literature data or computer modeling 

[145]. It is also possible to use neutron X-ray diffractometry. However, it requires the use of 

deuterium, which is relatively expensive [61]. Another method to learn about the nature of 

MOFs is an analysis using infrared radiation. Fourier Transform Infrared Spectroscopy (FTIR), 

Attenuated Total Reflectance (ATR-FTIR) and Diffuse Reflectance Infrared Fourier Transform 

Spectroscopy (DRIFTS) are commonly used. Particularly noticeable on the spectra of the 

studied MOFs are the bands at 1597 and 1406 cm-1, which correspond successively to 

asymmetric and symmetric stretching vibrations of O-C-O bonds. In addition, there is a band 

at 1504 cm-1 associated with the benzene ring, more precisely caused by the C=C vibration. 

The C=O stretching vibration occurs at 1626 cm-1. The DRIFTS technique is suitable for 

determining the presence of functional groups and anything attached to the MOF surface. It 

is also helpful in the analysis of composites, for example, after the adsorption of gases or 

toxins, or also after the introduction of drugs into the MOF structure [83,139]. A 

complementary method to the aforementioned technique is Raman spectroscopy [146–149]. 

Also used to identify specific functional groups in the MOFs structure. It allows us to observe 

groups invisible in infrared. Moreover, it is possible to quickly verify the purity of the MOF. 

NMR analysis is useful here. It determines the proportion of linkers and even the presence of 

solvent in the structure of the metal-organic framework. The main problem can be the 

difficulty of dissolving MOFs in solvents used in the NMR technique [150–152]. It is also very 

important to determine the thermal stability of MOFs. This is especially important if we are 

studying a newly synthesized material. For this purpose, we can use thermogravimetric 

analysis (TGA). It is possible to determine the mass loss of the metal-organic framework with 

increasing temperature. Combining TGA with mass spectrometry (MS) makes it possible to 

determine which particles are responsible for the change in the mass of the MOF. It is 
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necessary to select a suitable gas for analysis and determine the influence of the 

environment on the MOF decomposition process [82,127]. One of the most important 

methods for characterizing MOFs is to determine the Brunauer-Emmett-Teller (BET) specific 

surface area. This parameter further informs us about the size of the pores in the MOF and 

the distribution of the pore volume. In practice, this is the determination of nitrogen sorption 

and desorption isotherms at low temperatures. The size of the BET surface area allows us to 

assess the potential adsorption capacity of the metal-organic framework [59,100]. Scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM) are used to evaluate 

the surface morphology of the MOF. It is possible to visualize the structure and determine 

the size of pores in the MOF [67,153–156]. In order to fully analyze the metal-organic 

framework and combine experimental and computer chemistry, it is possible to apply 

theoretical methods like density functional theory (DFT) [82,157,158].  

Originally, metal-organic framework synthesis was simply based on mixing the proper 

amounts of the reaction components in the right solvent to obtain a specific MOF structure. 

However, over the years, numerous methods of modified syntheses allowing for the 

preparation of MOF with specific and tuned structure parameters have been developed. In 

practice, modification of metal-organic frameworks is mainly based on increasing the number 

and size of crystals and thus affecting the crystallinity of the material. This is done by using 

suitable modulators. Usually, monocarboxylic acids, organic and inorganic bases, or/and 

acids are used, with a pKa smaller than the pKa of the ligand [104,159,160]. The modulator 

competes with the ligand for a site at the metal, coordinates with the metal, and is then 

involved in the generation of structural defects. The defects are associated with bond 

disruption and deformation of the metal-organic framework. Another mechanism for the 

addition of the modulator involves the deprotonation of linker molecules. This results in 

accelerated attachment of the linker to the MOF's building units. In the literature, studies are 

available on the use of modulators such as formic acid, acetic acid, hydrochloric acid (HCl), 

benzoic acid, hydrofluoric acids (HF), or trifluoroacetic acid (TFA). The use of TFA has been 

proven to create more active sites, while HF used during MOF synthesis increases the 

crystallinity and porosity of the material [161–163]. Formic acid, acetic acid, or hydrochloric 

acid affect the increase in the number of crystals and the number of defects and crystallinity, 

while benzoic acid, can control both the number and size of crystals and defects [83,164–

166]. There are two main types of defects called missing linker and missing cluster. The 

defect nature and their impact on MOF structure are shown in Figure 8.  Moreover, the use 

of benzoic acid provides high reproducibility of the synthesis. Furthermore, it is feasible to 

introduce a functional group on the surface of the MOF. This is usually done at the synthesis 
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stage, using a mixture of linkers. Linkers are selected so that one of them has an additional 

group in the form of a side chain, which will not be part of the backbone of the MOF. One 

type of linker containing three side chains can be used. The most commonly introduced 

groups are: - NH2 [105,149,167,168], -COOH [169], -OH [170], -SO3H [171]. The addition of 

a functional group can reduce the thermal stability of MOFs, and decrease the specific 

surface area or pore size, but its effect on the physicochemical properties of the structure is 

not significant. When MOFs are used as DDS, higher degrees of drug loading in the structure 

with functional groups are often reported. A correlation of higher degrees of drug loading in 

MOFs in which the added functional group had a low hydrogen bond acceptor capacity was 

noted. The addition of a functional group also affects release kinetics. It can contribute to a 

slower and more gradual release of the drug [77,104,172,173]. The synthesis of UiO-66 with 

side groups -Br, -H, -NO2, -Cl, -CH3, and -2CF3 has also been reported in the literature 

[174,175].   

 

 
 

Fig. 8. Difference in the structure of UiO-66-NH2 without defects and with defects. Influence of HCl on 

the metal-organic framework [149].  

 

MOFs as drug delivery systems 

Looking at many features [59,72,87], metal-organic frameworks, show high 

biomedical potential. The main topic of interest and research of scientists is the use of MOFs 

as carriers of therapeutic substances [58–60,73,176,177]. For these materials to serve the 

indicated application, it is necessary to load the drug in the MOF structure. Currently, the 

following methods of loading the drug are distinguished: encapsulation, direct assembly, and 
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post-synthetic strategy [61,178]. Although the former two are among the classic and well-

known methods, the third is relatively new (Figure 9). 

 

 
 

Fig. No.9. Cargo-loading strategies for MOFs [289]. 

 

Encapsulation strategy   

The main idea behind it is to pack the drug in the pores or channels of the metal-

organic framework using non-covalent bonds. The MOF structure is maintained. The 

procedure applies to drugs of both hydrophilic, lipophilic, and amphiphilic charity 

[61,73,178,179].   

Direct assembly  

Consists of building the drug into a MOF structure already at the synthesis stage, 

where the drug serves as a ligand. The interaction between the incorporated drug and the 

MOF is a coordination bond. This method ensures homogeneous distribution of the drug in 

the network but is often appropriate for small molecular weight compounds. Sufficient pore 

size contributes to delaying the release (diffusion of the drug), and the MOF backbone has a 

protective effect on the molecule. Mechanochemical methods are the preferred form of 

synthesis, to eliminate the destructive effects of solvents on the API [178]. This method is 

often referred to as one-pot synthesis [61]. In this approach, it is necessary to pay attention 

to the selection of a non-toxic metal ion and a drug with a possible organic linker function 

[177,179,180]. For example, such an approach can be loaded with anti-osteoporotic 
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bisphosphonate drugs such as pamidronate [59,181] or alendronate [182]. The one-pot 

method can also be considered as direct introduction of the drug into the crystal or coating 

on the surface [62,183,184]. There are advantages to this method, such as reduced reaction 

time. On the other hand, the incorporation of larger molecules such as proteins, enzymes, or 

macromolecular drugs may be challenging and requires a different approach. Recently, the 

co-crystallization method utilizing direct drug encapsulation during the crystallization process 

is under vigorous investigation [61]. The main advantage of this method is that the 

properties of the drug are preserved and its stability is increased. This is often the case on 

both laboratory and industrial scales. It has been possible to precipitate ibuprofen (IBU) 

[185] or methotrexate (MTX) [186] in this manner.  

Post synthetic strategy  

Here it is based on loading the drug onto the surface of the MOF. Coordination or 

covalent bonds can be formed between the metal, linker and drug. Another possibility is to 

adsorb the drug on the surface. Then hydrogen bonds or Van der Waals interactions are the 

main forces. Nowadays, most research is focused on this way of loading the drug, especially 

when it comes to anticancer therapies, targeted drug delivery, or the loading of several 

therapeutic molecules.  Another name for this method is surface loading. Due to weak 

interactions, rapid drug release may occur. A possible and used approach is the impregnation 

of the drug. More precisely, the drug from the solution passes into the interior of the 

network, thanks to the presence of pores [84,174,187]. Using impregnation, it has been 

possible to load caffeine [188,189], among others.   

The therapeutic compound may be also loaded into the pores of the MOF by post-

synthetic encapsulation. This involves mixing the metal-organic framework along with the 

drug in a single solution, then evaporating the solution and washing the surface to remove 

the unbound drug. A future approach for loading the drug is so-called biomimetic 

mineralization [61]. It mainly applies to macromolecules like proteins or nucleic acids. In 

short, it involves building a biomolecule into a MOF, with the molecule becoming the 

nucleation site for its crystallization [190,191]. On the one hand, the molecule is protected 

from degradation in the human body, and its release is much slower and more gradual. On 

the other hand, it determines the size of pores or surface morphology, taking part in the 

structure of the skeleton [180,190–192]. Biomimetic mineralization for the encapsulation of 
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some substances is shown in Figure 10. 

 

 

Fig. No.10. Encapsulation by biomimetic mineralization and delivery of  a) TMV and b) cytoprotective 

exoskeletons. C) SupraCell constructions for encapsulating living cells. Reprinted with permission from 
ref. [61]. Copyright 2021, American Chemical Society. 

 

The efficiency of drug loading in a metal-organic framework depends on many 

factors. Unquestionably, the specific surface area, the number of structural defects, and the 

size or volume of the pores are critical to the success of the process [83,180,193]. The 

structure of MOFs is relatively flexible, but largely changes depending on host-guest 

interactions. Phenomena such as breathing of the structure or its swelling depend on the 

degree of drug loading and the interactions mentioned above. Chemical properties such as 

the construction of the ligand or metallic center are also of great importance. They 

significantly influence the strength of drug-structure interactions, often resulting in the 

desired − bond [60,61,73,80]. Numerous groups of MOFs have been described in the 

literature considering their properties and their ability to achieve high degrees of drug 

loading [57,68,113,114,176,194,195]. For example, networks from the Zr-MOF group are 

characterized by the presence of a large metal center, with a non-toxic and biocompatible 

nature [104,196–198]. The controlled release of many drugs from MOFs belonging to the 

mentioned group has been presented. Among them, drugs such as 5-fluorouracil (5-FU) 

[102,199], camptothecin (CPT) [73], acriflavine (ACF) [152], tramadol (Tr) [154]. Another 
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widely described group of MOFs is those based on the Fe center. Given the occurrence and 

utility of iron for humans, these types of networks represent a useful and highly 

biocompatible drug carrier [193,200–202]. An example of Fe-mediated delivery of oridonin 

(Ori) [203], a chemotherapeutic agent, or the osteoporosis treatment drug alendronate 

(Alen) [204,205] has been described. Above that, the presence of some metal ions such as 

Ni2+ or Cu2+ limits the possibility of their use in drug delivery systems. This is related to their 

high toxicity [206]. Besides, some MOF structures degrade faster when exposed to water. 

One such network is MOF-5 [207,208]. Very often this can be an advantage, especially when 

tuning hydrophobic and poorly water-soluble APIs. Then, the use of a water-sensitive metal-

organic framework can enable drug delivery, as well as accelerate the achievement of a 

minimum therapeutic dose. An example of such a drug is curcumin (CUR) [209,210]. 

Structures that degrade more rapidly under acidic conditions like ZIF-8 are also known and 

described, and they are sensitive to decreasing environmental pH. Assuming an acidic pH 

prevailing in the vicinity of tumor tissues, the use of this type of carrier may contribute to the 

effectiveness of chemotherapy [85,112,135,194,211]. The release of doxorubicin (DOX) 

[116] or 5-FU [115] from ZIF-8 has been studied, with a gradual and targeted release of the 

drug and reduced side effects of therapy observed.  

As outlined above, there are several ways to load the drug into the MOF structure. 

The second aspect is to confirm its existence. There are several techniques, serving such a 

purpose. The primary test to determine both the correctness of the synthesis and the 

crystallinity of the MOFa sample and the drug@MOF composite is powder X-ray 

diffractometry (PXRD). Comparison of the diffractogram of the synthesized MOF with 

literature data demonstrates the conformity of the materials and the correctness of the 

synthesis [65,67,100,202]. Identification of functional groups and bonds in the structure is 

possible by Fourier transform infrared spectroscopy (FTIR) [102,152,162,167,187,209,212] 

and μRaman spectroscopy [146,152,212]. A comparison of the bands present on the 

spectrum of pristine MOF with the spectral bands of the drug@MOF composite is necessary 

to determine the loading efficiency of the drug. It is very often observable that the 

dependence of the increase in the intensity of specific bands with the increase in the degree 

of drug loading into MOF. Nuclear magnetic resonance (NMR) analysis provides additional 

confirmation of the presence of the drug in the metal-organic framework [101,150,151,185]. 

Also, the presence of the drug is indicated by thermogravimetric analysis (TGA) 

[82,168,185]. This analysis is also used to assess the protection of the drug from 

temperature degradation. It is also possible to compare the specific surface area, for 

example, as measured by the Brunauer–Emmett–Teller (BET) isotherm of the MOF before 
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and after drug loading. As a result of successful loading, the surface area should decrease, 

which can be explained, among other things, by the occupation of pores in the structure 

[59,100,152,205,212,213]. If we want to find out about the change in MOF morphology, as 

well as pore size, scanning electron microscopy (SEM) [83,139,154,155] and transmission 

electron microscopy (TEM) [65,214] analysis is useful. In the case of surface adsorption of a 

drug onto a MOF, measuring the zeta potential can help evaluate the drug loading of the 

MOF. For example, in the case of using a metal-organic framework as a carrier for 

chloroquine (CQ), a potential drug against the SARS-CoV-2 virus, a number of studies have 

been conducted to confirm the effective incorporation of the drug into the MOF. The 

presence of CQ was confirmed using PXRD, ATR-FTIR, or Raman maps. An area of the so-

called CQ marker verifying the presence of the drug was clearly shown on the spectra 

[212]. Conformation for effective CQ loading is shown in Figure 11. 

 

 
 

Fig. No.11. Methods for characterizing MOFs and evaluating the effectiveness of loading CQ into the 
MOF structure. Reprinted with permission from ref. [212]. Copyright 2021, American Chemical Society.  

 

Consecutively, after demonstrating the drug loading of the structure, we can study 

the release of the drug from the structure. The target is to define the release kinetics of a 

therapeutic substance [81,112,113,193,215]. In doing so, it is essential to take into account 
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factors such as temperature, the pH of the solution into which we are releasing the drug and 

the presence of ions in the solution. They have a critical effect on the process of leaving the 

drug and its rapidity [152,216]. Significant differences have been shown when studying the 

kinetics of drug release into different environments, such as during the release of acriflavine 

(ACF). The study showed an inhibitory effect of the presence of ions in the medium. Smaller 

amounts of ACF were released into a solution simulating human body fluid (SBF) and into 

PBS acidified buffer, compared to the amount released into deionized water [152]. The 

presence of ions in the medium can promote ion exchange between the drug and the anions 

in the solution, and this can be a limiting factor in the release of the drug from the structure. 

They may hinder the exit of the drug from the MOF structure, and thus be the reason why 

less drug is released into the medium [60,111,115,217] For the stability of MOFs in ion-rich 

solutions, including for the mentioned SBF, gastric fluid simulant solution (SGF) and buffers 

such as PBS, TRIS, HEPES, destructive effects of the environment on the metal-organic 

framework have been observed (Figure 12). Ions in the solutions, particularly phosphate 

ions, pretend to replace organic linkers, causing ligand-ion competition. As a result, the 

linker leaches out and the stability of MOFs decreases. The ions then take on the character 

of Lewis bases. This effect is particularly pronounced for MOFs made of multivalent metals. 

Another factor that can affect the use of MOFs is their environmental reaction-dependent 

behavior. Although most materials are classified as chemically stable, they show sensitivity to 

degradation under strongly alkaline conditions. Under such conditions, substitution of the 

linker by hydroxide ions can occur. Particularly unstable in the presence of alkali are MOFs 

whose backbone is composed of a multivalent metal and a ligand containing carboxylates. 

An acidic environment can also accelerate MOF degradation. Under such conditions, MOFs 

with divalent metal centers and azoles in the form of ligands are more unstable. we can 

regard this as a disadvantage and a broad limitation of metal-organic framework 

applications. On the other hand, MOF matrices exhibiting pH variability have been used as 

drug carriers with simulated responses. It is promising to use such materials as drug carriers 

for anticancer therapy [146,211,218,219]. These include the ZIF [211] or MIL [123] series, 

among others. As for the effect of temperature, it is not so much important. In biomedical 

applications, what is relevant is the stability and functionality of the materials at human body 

temperature (36.6 OC), or raised temperature during fever (up to 43 OC).  
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Fig. No.12. Stability of ZIF-8 in PBS solution [211]. 

 

Biocompatibility and uptake   

Metal-organic frameworks are characterized by a high possibility of design and 

change. It can affect both the chosen metallic center and the organic linker. What form the 

spatial structure ultimately takes determines its physicochemical properties and thus its 

possible applications. Focusing on biomedical applications, the most significant criteria are 

the absence of cytotoxicity and high biocompatibility [61,220,221]. In this case, the metallic 

center plays a key role. The most popular in medical applications is the use of metal ions 

Zn2+, Mg2+, Fe3+, Ca2+, Co2+ and Zr4+ [206,221]. We can also meet centers in the form of 

Gd3+ [73,80] and even Eu3+ [102,140,222,223]. The ligands are usually characterized by low 

cytotoxicity. The high importance of medical applications is also evidenced by the existence 

of a structure called Bio-MOF, especially Bio-MOF-1, Bio-MOF-100 and Bio-MOF-13 

[62,178,224]. The framework is built by one of the four nitrogenous bases that build DNA, 

specifically adenine. Bio-MOFs are a class of materials in which the ligands used are amino 

acids, aminosacharides and even proteins. In the aforementioned applications, Bio-MOFs 

bring many advantages, e.g. greater stability under physiological conditions, very high 

biocompatibility and molecular recognition, resembling biological processes [225,226]. One 

study performed was based on determining the change in cell viability of MCF7 and SkBr3 

cells using the MTT assay. A 100% cell survival rate was observed after 72 h of incubation 

[227]. Such results give a very positive prognosis for using Bio-MOFs as DDS, even for chiral 

drugs. This represents a wide field of research. In addition to cytotoxicity, biodistribution, 

and pharmacokinetics are very important parameters for biomedical utilization of MOFs. The 

former determines the tendency of MOFs to accumulate in the human body. Numerous 

studies confirm the accumulation of MOFs in the liver and kidneys. This is related to how and 
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by what route nanoparticles are removed from the body. When MOFs are used in 

chemotherapy, they can accumulate in tumor tissues. Pharmacokinetics, on the other hand, 

follows the fate of the metal-organic framework until it is excreted from the body. The 

toxicity of MOFs is assessed by changes in body weight, organ status, histological 

observations, and evaluation of biochemical parameters [221]. No abnormalities were 

observed for MIL-88 [228], MIL-100 [153], or MOF-74 (Mg) [229]. Another test was the 

treatment of HepG2 cells with MIL-53 (Fe) for 24 h. No cellular changes were noticed, and in 

added, the network showed very good biocompatibility. In the same experiment, the 

cytotoxicity of the pure Ori compound and the Ori@MIL-53 (Fe) composite was tested. A 

significant time- and dose-dependent decrease in cell death was observed. This underlines 

the controlled and slow release of Ori from the MOF structure, demonstrating high 

therapeutic potential while maintaining treatment safety [203]. In one study, cardiotoxicity 

tests were also performed for pure CQ, pure UiO-66 and CQ@Ui-66 composites. Results are 

shown on Figure 13. In the case of CQ, heartbeats are reduced and the heartbeat rhythm 

becomes irregular. In the case of MOF, no such relationship was observed, as for CQ-loaded 

UiO-66. Such a result demonstrates not only the lack of toxicity of MOFs, but also its 

protective effect on the structure of the drug - the network not only protects the molecule 

from degradation, but also eliminates the side effects of the drug, reducing its negative 

impact on the body. This can prove to be extremely important when using heavy drugs, such 

as chemotherapeutics [212]. One article managed to study the kinetics of ACF release and 

demonstrate its inhibitory effect on the SARS-CoV-2 virus. A toxicity study showed that the 

use of MOFs as carriers improved the safety profile, as well as reduced the mortality of 

D.rerio tested. Loading the drug into MOFs contributed to slower drug release and provided 

a cardioprotective effect (Figure 13) [152].  
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Fig. 13. In vitro and in vivo cytotoxicity studies, as well as CQ release efficiency studies with CQ@UiO-
66. Reprinted with permission from ref. [212]. Copyright 2021, American Chemical Society. 

 

Additional confirmation of the low cytotoxicity of metal-organic frameworks is 

provided by an experiment conducted on HEK-232, Vero and HaCaT cell lines. The study 

involved determining the toxicity of MOFs used to remove uremic toxins in kidney disease. 

The network was to act as an effective adsorbent and function as an artificial kidney. Both 

sorption profiles and bioassays were successful [149]. The complete safety and validity of 

MOF materials in this type of application was confirmed and shown on Figure 14.  
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Fig. No.14. Compare the toxicity of UiO-66 and hippuric acid on a cell line HaCaT [149].  

 

As discussed above, some of the structures are water-sensitive, so they can 

contribute to the transfer of hydrophobic drugs, thereby increasing their bioavailability and 

enhancing absorption [221]. Metal-organic frameworks show degradability in the presence of 

ions, or more precisely, buffer solutions [227,230,231]. This is also useful, more precisely as 

controlled and targeted drug delivery systems, e.g. pH-stimulated DDS for 

chemotherapeutics [80,115,116,193,227]. If we are interested in increasing structural 

stability, the MOF can be modified by coating its surface, which was also discussed earlier. 

Such a solution protects both the network and the therapeutic substance, which will reduce 

side effects associated with earlier drug degradation and API transition effects. This 

approach has also been documented in the literature [86,104,111,112,199,232,233].   

 

Perspective and case study  

Photodynamic and photothermal anti-cancer therapy  

Despite numerous studies, work is still underway on the most optimal and effective 

approach to treating cancer. Both photodynamic therapy (PDT) and photothermal therapy 

(PTT) are attracting much attention from researchers. These therapies use the action of 

photosensitizers, which absorb light in a specific wavelength range, to produce reactive 

oxygen species (ROS). ROS induces apoptosis of tumor cells [213]. Porphyrins have so far 

not shown much effectiveness in cancer treatment, which is related to their poor solubility in 

aqueous media. One study has demonstrated the effect of metal-organic frameworks 

containing porphyrin-like monatomic Fe3+ centers.  It is based on the mechanism of action of 
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single-atom catalysts. The main idea is to disperse the metal ion in the porphyrin-like sites 

through nitrogen coordination bonding. A MOF was constructed, containing the ligand Fe-

TCPP (TCPP = tetrakis(4-methoxycarboxyphenyl)porphyrin)) and Zr6 clusters. The material 

absorbed light from the near-infrared (NIR) range. The high efficiency of the synthesized 

material was demonstrated. This justified the need for additional research on the application 

of MOFs containing single iron atomic centers [234]. Another research group worked on 

using ZIF-8 and ZIF-67 as a combined platform to deliver chemotherapeutics and produce 

oxygen. The first MOF was loaded with DOX, released in response to low environmental pH. 

The second was modified to degrade H2O2 and produce oxygen, and consequently ROS. This 

two-step approach minimized cell hypoxia while inducing tumor death. This underscores the 

great potential of MOFs in innovative ways to fight cancer [235]. UiO-66 or IRMOFs have 

also been tested in such an application. Future research offers many possibilities, for 

example, combining PDT and PTT with other forms of treatment such as immunotherapy or 

radiation therapy [236]. Examples of using MOFs in PDT and PTT are shown in Figure 15 and 

Figure 16. 

 
 

Fig. No.15. The use of MOFs in PDT therapy as an upgrade in cancer treatment effectiveness. 
Reprinted with permission ref. [290].Copyright, 2019 Wiley.  
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Fig. No.16. NIR-Stimulation of Single Atom Iron Centers in P-MOF as effecient PDT and PTT cancer 

therapy. Adapted with permission from ref. [234].Copyright 2019, American Chemical Society  

 

Magnetic Drug Delivery System 

The effectiveness of treatment highly depends on the drug carriers. To make metal-

organic frameworks more programs it is possible to make them magnetic. One study 

involved introducing Fe and Mn into the structure of MIL-88B loaded with 5-FU. Giving a 

magnetic character makes it feasible to target control drug tuning externally, outside the 

patient's body. Ferromagnetic materials are characterized by a lower viscosity and thus a 

lower degree of encapsulation. Nevertheless, studies have shown their low cytotoxicity 

against HEK293T cells [237]. Commonly used in magnetic MOFs are iron oxides exhibiting 

ferromagnetism or superparamagnetism, mainly Fe3O4 and γ-Fe2O3. The use of nanoparticles 

of cobalt, nickel and their oxides is also known [238]. Other studies demonstrate the 

possibility of using magnetic MOFs, more specifically MIL-101 (Fe) and MIL-53 (Fe) as 

carriers of nimesulide (Nim) [239]. This approach offers new possibilities, and more targeted 

drug delivery, dependent on controlled external conditions, which is an advantage [240].  

Simulated response  

Metal-organic frameworks are distinguished by their ability to induce a so-called 

simulated story. This has found wide application in the release of therapeutic substances. 

The metal-organic framework can be sensitive to: the pH of the environment, to the 

presence of glucose, glutathione (GSH) or enzymes (such a mechanism is called redox 

responsive), adenosine triphosphate (ATP), the presence of metal ions, to H2S, light, 

temperature and pressure. Therefore, depending on the structure, it shows different 

sensitivity [241]. Susceptibility to environmental pH is a desirable feature of DDS. The 

surrounding environment for tumors, endosomes, or lysosomes is lower than for blood or 

healthy tissue. Several MOFs, including the best-known UiO-66, MIL, and ZIF are 
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characterized by instability under acidic conditions, which can lead to drug release in a 

specific environment, thereby improving treatment efficacy. The effectiveness of delivering 

an autophagy inhibitor, more precisely 3-methyladenine (3-MA) from ZIF-8 in anti-cancer 

therapy was demonstrated. The metal-organic framework released larger amounts of 3-MA 

in the acidic tumor environment, which was due to the aforementioned instability of ZIF-8 

under the given conditions. The ability of the pH-stimulated response to reduce the side 

effects of therapy was confirmed by in vivo studies [242]. Of course, several acid-fast MOFs 

are known. The pH-dependent drug release process can be related to coordination bond 

protonation, bond cleavage, or guest-host interaction [44,224]. More interesting research 

demonstrated the utility of metal-organic frameworks, specifically Zn-MOF-74 as delivery 

systems for arsenic trioxide. Despite its toxicity, this compound shows therapeutic potential 

in the treatment of cancer, for example, white blood cells, brain or breast cancer. The main 

limitation of its use is the lack of suitable carriers, providing high therapeutic efficacy while 

minimizing toxicity. The use of Zn-MOF-74 made it possible to achieve the desired effect. In 

addition, more efficient and faster release of As(III)-drugs was demonstrated in a pH-

reduced environment, which is typical of the tumor microenvironment. This underscores the 

potential usefulness of the aforementioned metal-organic framework in cancer therapies due 

to more efficient drug delivery under acidic conditions and lower sensitivity of the network, 

which favors release kinetics [243]. In the case of GSH-sensitive materials, this relationship 

is used to deliver chemotherapeutics. After all, GSH levels are about 100 higher in tumor 

tissue than in blood, and it is a very strong reducer. Currently, the design of MOFs with 

ligands containing disulfide bonds, which in the presence of GSH breaks (redox reaction) and 

releases the drug, is in practice. Drug release in response to glucose concentration is 

associated with MOF modification and the introduction of glucose oxidase (GOx). In a 

glucose-rich environment, it acts as a catalyst for the reduction of glucose to gluconic acid 

and H2O2. This causes acidification of the environment and thus degradation of the metal-

organic framework. Enzyme sensitivity involves modification of the MOF surface with specific 

compounds that undergo redox reactions in the presence of the enzymes involved. The MOF 

structure is violated and the drug is released [80,196,244]. Stimulated drug response has 

been shown in Figure 17. Due to the specificity of enzymes, API release occurs at a specific 

site in the human body. ATP, which is very common in cells, has coordination abilities. As an 

unstable compound, it can initiate the formation of ATP-ion complexes in the metal backbone 

[245,246]. Cu-containing ions can, in the presence of sulfur, more specifically H2S, degrade 

the MOF structure to produce CuS precipitates. This happens because the coordination of 

copper and sulfur is stronger than that of copper with a structural ligand [80,115,237]. For 
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the light-simulated response, the researchers focus on projecting ligands containing light-

sensitive elements. Parameters such as temperature and pressure also affect the structural 

stability of the material [80]. Increasing the first parameter promotes faster drug release, 

but we focus on human body temperatures (36.6 OC) and elevated temperatures around 

tumor tissues or during disease [180,219,247–249].  In the case of pressure, the elevated 

value promotes prolonged drug release for up to 2 to 8 days [250]. However, taking into 

account the human body, the use of this parameter is not significant in the simulated 

response.  

 
 

Fig. No.17. MOFs as drug delivery systems a) with stimulated response sensitive to pH enviroment 

and b) in PTD therapy . Reprinted with permission ref. [291]. Copyright, 2019 Wiley.  

 

Targeting drug delivery  

The stimulatory response of MOFs described above is a type of physicochemical 

targeting. Targeted drug delivery, triggered by modification of the surface of a MOF or its 

ligand, is also available. This type of delivery is called active targeting. Metal-organic 

frameworks as targeting DDS are shown in Figure 18. The mechanism involves 

overexpression of the target cell's receptor to the compound with which the MOF surfaces 

have been modified. Compounds such as folic acid, glycyrrhetinic acid and lactobionic acid 

can serve as targeting agents for drug release into tumor cells, as previously described 

[101]. The effect of folic acid in this regard has already been well studied [74,101–

105,108,251–253]The release of 5-FU, DOX, or curcumin (CCM) from MOFs modified with 
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folic acid has been tested. Another compound that can serve as a targeting agent is 

anizamide, to which tumor cell receptors are sensitive [253]. A group of researchers has 

proved the effect of dioleoyl L-α-phosphatidyl-ethanolamine (DOPE) as a directional factor on 

leukemia cancer cells. They study the functionalization of MOFs with DOPE [254]. Proved 

analogous effect of coating the surface of a metal-organic framework with HA hyaluronic 

acid in cancer treatment [86,106,255]. Nanoparticles based on albumin BSA have a similar 

effect on directional therapy [111]. Qi et al. focused on the use of anti-EpCAM antibodies, 

which they placed on the surface of MOFa. They, too, succeeded in increasing the efficiency 

of the therapy by this means [254,256]. Targeted delivery of APIs allows increasing 

selectivity by delivering the drug to the site of the diseased tissue while limiting its 

accumulation in healthy cells. The surface of the MOF can also be functionalized to increase 

its stability under physiological conditions. This has been described previously [40].  

MOF's cocktail of drugs 

The number of publications on the biomedical application of MOFs is increasing every 

year. This is indirectly related to the enormous opportunities these materials give us when it 

comes to drug delivery. Some of the scientific papers refer to packing two drugs in an edible 

MOF carrier. This approach is possible if the chosen material has the right pore size. Another 

factor is to pay attention to the physicochemical nature of the drugs and the safety aspect. 

In such a situation, it is necessary to reduce the doses of drugs and to select them in such a 

way that their simultaneous application does not pose a danger to the patient and that their 

effects are not opposed to each other [44,116,257,258]. Simultaneous administration of 5-

FU and DOX using a metal-organic framework has been studied [259]. Another team worked 

on the simultaneous delivery of a mixture of folforinox with 5-FU or leucovorin or irinotecan 

or oxaliplatin. Such trials have been successful [260]. Duman et al. developed a dual-drug 

delivery system of floxuridine (FUDR) and carboplatin (CARB) for liver cancer therapy. In his 

study, he used MOF-808, the surface of which was functionalized with poly(acrylic acid-

mannose acrylamide) (PAAMAM) glycopolymer, which provided greater selectivity and high 

efficiency of therapy, confirmed by in vivo studies [258]. On the other hand, we can consider 

packing into the structure a drug and a compound with therapeutic potential, which would 

increase the effectiveness of the therapy. For example, gallic acid (GA), hydroxycinnamic 

acids (CHC) and other natural or plant antioxidants can increase the effectiveness of cancer 

therapy, as highlighted by numerous studies [177,261,262].   
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Fig. No.18. Functionalization of the MOF surface [105]. 
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From pro-drug to drug inside MOFs 

An innovative approach is the packing of pro-drugs in the structure of MOFs. Pro-

drugs are compounds from which the synthesis of the drug proper occurs via a simple 

reaction, but very often they do not exhibit as high cytotoxicity as the drug. The packing of 

pro-drugs in the MOF can lead to the synthesis of the drug at a designated site in the body, 

e.g. the diseased tissue, which increases the targeting and effectiveness of the therapy 

[263]. In the literature, we can find studies on this approach in the application of MOFs. One 

experiment involved packing a cis-platinum pro-drug, cis,cis,trans-

[PtIV(NH3)2(Cl)2(O2CCH2CH2CO2H)-(OH)] in UiO-66. The indicated pro-drug requires only 

reduction to Pt(II), which occurs in a highly reducing environment. Such an environment 

exists in the proximity of cancerous tissue [167,264]. Subsequent studies show the 

possibility of producing nitric oxide NO (Figure 19). This endogenous compound is a 

regulator of the cardiovascular system, often used in treatment. Compounds from the 

dinitrosyl iron complexes (DNICs) group are used to synthesize NO. In the experiment, 

[Fe2(μ-SCH2CH2COOH)2(NO)4] (DNIC-2) was used as an NO prodrug. It was loaded in MIL-

88B. It was shown that the acid-sensitive MOF in gastric and stomach environments, under 

the influence of ligand protonation, releases both DNIC-2 and NO. In this case, both the 

prodrug and the drug serve to treat chronic cardiovascular disorders. The bioavailability of 

NO after oral administration was increased, resulting in a decrease in systolic blood pressure 

(SBP) [265]. Pro-drugs are known to be used as ligands of the metal-organic framework. It 

has also been successful in loading a new indocyanine green (IR820), combined with 

cytarabine (Ara). This results in the removal of the bond with Ara and the formation of the 

Ara-IR820 pro-drug. Pure Ara drug show very low loading rates in MOFs, which is a big 

problem. In contrast, the IR820 dye has been approved by the United States Food and Drug 

Administration (FDA) for clinical use in PTT. This approach offers the possibility of loading 

the drug efficiently while maintaining the effectiveness of PTT therapy [255].  

MOF-based hydrogels  

In recent years, hydrogel materials have seen the forefront in medicine, for example, 

in wound treatment and delivery of active ingredients. Given the increasing popularity of 

MOFs and hydrogels, researchers have developed hydrogel materials based on metal-organic 

frameworks. Again, this highlights the wide range of biomedical applications of MOFs. The 

processes for synthesizing the materials are numerous; from the simplest format, it involves 
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adding a MOF to a precursor polymer solution. What happens is that the metal-organic 

framework is surrounded by the polymer by slow radical polymerization and a hydrogel with 

the characteristics of both components is formed. The matrices used are usually gelatin and 

alginate. The use of the mentioned materials in water purification has been studied [266].  

 

 
 

Fig. No.19. Utilization of a metal-organic framework loaded with a prodrug for drug delivery. Adopted 
with permission from ref. [265]. Copyright 2022, American Chemical Society.  

 

And for medical applications in wound treatment - copper and zinc MOFs loaded with 

vitamins and drug release, for example, with UiO-68. MOF-based hydrogels show greater 

stability than powder metal-organic frameworks, which broadens the application possibilities. 

In addition, they retain high porosity and gain greater structural flexibility [267].   

MOFs vs. MNs  

Another example of the adaptability and utilization of MOFs in modern medical and 

pharmaceutical trends involves the possibility of creating microneedles (MNs) containing 

MOFs. The characteristics and advantages of MNs were described above in the article. A 

research group proposed the use of ZIF-8 in micro-needles containing methacrylate 

hyaluronic acid (MeHA-MN). The idea of the study was to apply a microneedle that would 

destroy bacterial capsules and, under oxidative stress, release Zn2+ ions, which interfere with 

bacterial metabolism, destroy the membrane and thereby induce bacterial death. In addition, 

low-molecular-weight HA, formed from the hydrolysis of MeHA, promotes angiogenesis and 

collagen accumulation. The whole process results in faster wound healing in a painless and 

highly effective manner [268]. Another team developed glucose-stimulated insulin secretion. 

Insulin (Ins) and glucose oxide (GOx) were loaded into ZIF-8 having an additional cobalt 
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center, and the material was then encapsulated in MNs. The whole mechanism of action is 

relatively compiled. It involves the separation of GOx and conversion to gluconic acid with 

the generation of H2O2. The resulting acid reduces the pH of the environment, resulting in 

the degradation of ZIF-8 and the release of insulin and Co2+. The cobalt ion degrades 

hydrogen peroxide and can then be chelated before the EDTA-SiO2 contained in the MN and 

then removed. This is a modern and painless approach to treating diabetes [269]. MNs 

adapted to treat once-diabetic patients were also developed. These consisted of a poly(γ-

glutamic acid) (γ-PGA) hydrogel and loaded with an Mg-MOF containing Ag and gallic acid 

(GA). The ions accelerate cell migration and regeneration, while gallic acid destroys ROS and 

promotes anti-oxidation. Such dressings accelerate wound healing, as shown in in vitro and 

in vivo studies [270]. The innovative application of MOFs in MNs is shown in Figure 20. 

 
 

Fig. No.20. MOF-based microneedles and their utility in wound healing. Reprinted with permission 

from ref. [270].Copyright 2021 American Chemical Society. 

 

3D MOFs printing  

The last decade has seen the development of techniques and applications of 3D 

printing. This area in catalysis and medicine is being intensively developed. Metal-organic 

frameworks have also found their application here. One study involved the development of a 
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new ink for 3D printers. This ink was water-soluble Zr-MOF, more precisely MOF-525, which 

will significantly affect the strength of the ionogels produced. In addition, it was capable of 

changing color when in contact with acidic compounds [271]. Another case described the 

use of a mixture of ethanol and HKUST-1 as printing ink. The resulting mixture was used to 

print monoliths. They were characterized by very good rheology, which made it possible to 

print other MOFs using this method [272]. In addition, the monoliths had a BET of 1134 

m2/g and high-volume mesopores. These studies are the basis for the development of 

knowledge on printed MOFs and leave a large field of research [273].   

Disease diagnostics   

The use of MOFs in disease diagnosis, especially cancer, is widely described in the 

literature. It focuses on active or passive drug delivery to tumor cells, however with some 

modifications. This is because suitably modified MOFs are used, which reach the tissue in 

question but contain a suitable contrast compound used in magnetic resonance imaging 

(MRI), X-ray computed tomography (CT), positron emission tomography (PET), optical 

imaging, and photoacoustic imaging (PA). For example, Gd3+, Mn2+, or Mn3+ ions, as well as 

both Fe3+ and Fe3O4, serve as contrast in MRI [274]. An example of using MIL-88A, MIL-100 

and MIL-101 as natural enhancers in MRI is described [229]. For CT, the presence of Zr and 

Hf is useful [275]. When MOF is adopted, laser irradiation of the tissue and identification of 

the tumor site occurs. Metal-organic frameworks have been developed for breast, prostate 

and lung cancer diagnosis [276,277]. They are highly sensitive, painless, safe and effective 

for use.   

Adsorption and detection of psychoactive compounds   

A very interesting and little-studied approach is the adsorption of psychoactive 

compounds. Although the adsorptive properties of MOFs have been known for a very long 

time and extensively studied, the adsorption of such compounds has not been focused on 

until now. Metal-organic frameworks are used to adsorb gases [64,278,279] and even drugs, 

which have applications in water purification processes [280,281]. An interesting approach is 

the use of MOFs as materials that absorb cannabinoids and simultaneously serve their 

detection. The study involved selecting MOFs with high affinity for water and Δ9-

Tetrahydrocannabinol (THC). This was to serve the selective adsorption of THC from exhaled 

air. The goal was to develop a detection system for cannabinoids during routine police 

checks, something along the lines of how a breathalyzer works [282]. Another very 

interesting study in this area was the adsorption of amphetamine on ZIF-8. It was possible 

to demonstrate the high sorption capacity of the material [194]. Similar attempts were made 
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to adsorb amphetamine-like compounds, which were also successful [222]. The number of 

articles emphasizes that this area is little studied and leaves great opportunities for future 

research. This gives us another application potential for MOF networks.  

Drug adsorbents – novel detoxification system 

Drug adsorption is also a very important biomedical application. According to the 

review of currently used adsorbents made at the beginning of the article, the number of 

adsorbents approved for use is severely limited. This gives us the opportunity to use metal-

organic frameworks as drug adsorbents in situations of intentional drug overdose or 

poisoning. Zhang et al. tested the utility of MIL-101 as an adsorbent for antipsychotic drugs. 

The study was conducted on serum samples collected from the hospital, highlighting the 

feasibility of such an application. MIL-101 adsorbed isperidone, quetiapine, aripiprazole and 

their metabolites [283]. Most of the studies describe the efficient and selective adsorption of 

drugs from water, which is expected to highlight the potential for MOFs to be used in the 

environmental department, and more specifically for the treatment of pharmaceutical 

wastewater, which is currently a challenge [218,284,285]. The adsorption of 5-FU, caffeine 

(CAF) on ZIF-8 [286], brimonidine tartrate commonly used in eye diseases adsorbed on UiO-

66, sulfacetamide [287] or sulfonamide antibiotics on MIL-101 (Cr) has been studied [281]. 

This research status provides an opportunity to study MOFs as detoxification systems for the 

body, which is currently poorly studied.  

 

Conclusions  

To conclude, the use of metal-organic frameworks in biomedical applications is a 

completely justifiable and promising area of research. MOFs tend to exhibit high thermal and 

chemical stability and, above all, very high variability during design. It is possible to use a 

variety of metal ions and organic linkers so that the network exhibits very low toxicity and 

high bioavailability. Another opportunity is to modify the surface of the MOF, which allows us 

to create a targeted drug delivery system, thereby increasing the efficiency and effectiveness 

of the therapy. The surface of the MOF can be coated to protect both the network and the 

loaded drug from early degradation. This minimizes the drug's transition effects and side 

effects. Scientists have succeeded in developing magnetic drug delivery systems and others 

in which drug release, occurs under the influence of external, or internal factors such as pH, 

GSH, etc. This is called a simulated response. Besides, metal-organic frameworks can be 

used for bioimaging or disease diagnosis. A considerable amount of research about MOFs in 

biomedical applications focuses on their utility in PDT and PTT for cancer treatment. Up to 
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now, networks have also been designed in which two drugs have been encapsulated, 

forming a mixture, allowing the doses of both drugs to be reduced, thus minimizing side 

effects. Pro-drugs have also been capped in MOFs, allowing the synthesis of a given drug to 

occur at a specific location in the human body. MOFs are currently being used in 3D printing 

techniques, and hydrogels or micro-needles based on MOFs are being formulated, themes 

that are currently being explored in the scientific world. This review also demonstrates the 

potential use of MOFs as drug adsorbents during overdose or poisoning. Although we can 

find examples of the use of metal-organic frameworks as drug adsorbents in the literature, 

the research focuses on their adsorption from water for wastewater treatment. The idea of 

designing and using metal-organic frameworks as modern detoxification systems seems to 

be an innovative solution. The need is also supported by the lack of a sufficient number of 

specific drug adsorbents used for medical purposes, as described in the review. 

Naturally, metal-organic frameworks have many disadvantages. First of all, some of them are 

not stable in water, in acidified environments, or ion-rich solutions. Drug release kinetics 

then become more complicated and less desirable. The degradation of MOFs is also 

associated with the accumulation of their ligands and metals in human tissues. Here, 

appropriate toxicity and safety studies are needed. There is also a lack of viable clinical 

studies that could certify the forward-looking nature of metal-organic frameworks, not only 

on an academic scale but also on an industrial. The different behavior of MOFs in vivo, and 

in vitro also needs to be studied and explained in more detailed and thorough medical 

studies. Subliminally, more research and trials are required to gain more knowledge about 

MOFs in biomedical applications. So far, scientists have studied only part of the issues in this 

area, but further, there is a wide field of research. 
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