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Abstract

Metal–organic frameworks (MOFs) have been increasingly recognized as promising plat-
forms for enzyme modulation, owing to their tunable porosity, high surface area, and
versatile chemical functionality. In this review, the potential of MOFs for the inhibition
and modulation of protein kinases and phosphatases—key regulators of cellular signaling
and disease progression—is examined. The structural fundamentals of MOFs are out-
lined, followed by a discussion of common synthesis strategies, including solvothermal,
microwave-assisted, sonochemical, and mechanochemical methods. Emphasis is placed
on how synthesis conditions influence critical features such as particle size, crystallinity,
surface chemistry, and functional group accessibility, all of which impact biological per-
formance. Four primary mechanisms of MOF–enzyme interaction are discussed: surface
adsorption, active site coordination, catalytic mimicry, and allosteric modulation. Each
mechanism is linked to distinct physicochemical parameters, including pore size, surface
charge, and metal node identity. Special focus is given to biologically relevant metal centers
such as Zr4+, Ce4+, Cu2+, Fe3+, and Ti4+, which have been shown to contribute to both MOF
stability and enzymatic inhibition through Lewis acid or redox-mediated mechanisms.
Recent in vitro studies are reviewed, in which MOFs demonstrated selective inhibition of
disease-relevant enzymes with minimal cytotoxicity. Despite these advancements, several
limitations have been identified, including scalability challenges, limited physiological
stability, and potential off-target effects. Strategies such as post-synthetic modification,
green synthesis, and biomimetic surface functionalization are being explored to overcome
these barriers. Through an integration of materials science, coordination chemistry, and
molecular biology, this review aims to provide a comprehensive perspective on the rational
design of MOFs for targeted enzyme inhibition in therapeutic contexts.

Keywords: kinase; phosphatase; metal–organic frameworks; enzyme modulation; UiO-66;
solvothermal synthesis

1. Introduction
Abnormal protein phosphorylation plays a central role in the onset and progression of

various human diseases, making it a pressing issue in biomedical research. Protein phos-
phorylation, as a reversible post-translational modification [1], regulates a wide array of
cellular processes including cell proliferation, differentiation, metabolism, and apoptosis [2].
This dynamic equilibrium is maintained through the opposing actions of two major classes
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of enzymes: protein kinases and protein phosphatases [3]. Kinases catalyze the transfer
of phosphate groups from high-energy molecules such as ATP to target proteins, while
phosphatases remove these phosphate groups. Dysregulation in either process contributes
to pathologies such as cancer, diabetes, inflammatory diseases, and neurodegenerative
disorders [4,5]. For example, hyperactivation of specific kinases has been implicated in
uncontrolled cell proliferation in cancer, while reduced phosphatase activity can lead to
aberrant signal transduction and cellular dysfunction in diseases like Alzheimer’s and
Parkinson’s [6].

Figure 1 illustrates the dynamic roles and localization of protein kinases and phos-
phatases within the cellular environment. It depicts how protein kinases catalyze the phos-
phorylation of substrate proteins by transferring phosphate groups (Figure 1A), thereby
modulating critical cellular processes such as metabolism, proliferation, and apoptosis [7].
In contrast, protein phosphatases reverse this modification by dephosphorylating target
proteins (Figure 1B), ensuring the reversibility and balance of signaling events. The dia-
gram emphasizes the spatial organization of these enzymes by showing anchoring proteins,
such as A-Kinase Anchoring Proteins (AKAPs), which localize phosphatases and kinases
to specific cellular compartments like the plasma membrane or nucleus (Figure 1C) [8,9].
This compartmentalization is essential for achieving signaling specificity and efficiency.
Additionally, the figure incorporates a simplified representation of key signaling pathways,
including the PI3K/AKT pathway (Figure 1D), highlighting how kinase and phosphatase
activities integrate into broader cellular regulatory networks [10]. That reflects the complex
interplay between enzyme activity, subcellular localization, and pathway regulation in
maintaining cellular homeostasis.

Cellular Localization Signaling Pathways 

P13K/ AKT 

Pathway 

Phosphorylation 

A B 

C D 

Figure 1. Dynamic roles and localization of protein kinases and phosphatases within the cellular
environment, (A) Protein kinase activity, (B) Protein phosphatase activity, (C) Subcellular localization
and anchoring, and (D) Integration into signaling pathways.

Current pharmacological interventions often rely on small-molecule inhibitors tar-
geting kinase activity, with many kinase inhibitors already approved for clinical use [5].
However, challenges such as poor selectivity, off-target toxicity, rapid degradation, and
drug resistance remain critical barriers [11]. Similarly, therapeutic strategies involving
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phosphatase modulation have been largely underdeveloped due to the structural complex-
ity and diversity of phosphatase enzymes, as well as the lack of selective modulators [12].
Furthermore, in biochemical and in vitro studies, there is a growing need for materials
that can act as enzyme inhibitors or regulators while offering reusability, stability under
physiological conditions, and tunable interaction properties.

In recent years, metal–organic frameworks (MOFs) have emerged as a promising
class of hybrid materials in biomedical applications [13]. MOFs are crystalline porous
structures composed of metal ions or clusters coordinated with organic linkers, forming
highly ordered and customizable frameworks [14]. Originally developed for gas storage
and catalysis [15], MOFs have since expanded into areas such as drug delivery, biosensing,
tissue engineering, and biocatalysis [16]. More recently, their potential in protein interaction
and enzyme modulation has been recognized, positioning MOFs as innovative tools for
kinase and phosphatase inhibition studies [17].

The key advantage of MOFs in enzyme modulation lies in their high surface area,
tunable pore sizes, and functionalizable surface chemistry. Specific metal ions incorporated
within MOFs can directly interact with phosphate groups, mimic active sites, or even
produce reactive species influencing enzymatic activity. Among these, MOFs containing
metals such as zirconium (Zr) [18], cerium (Ce) [19], copper (Cu) [20], iron (Fe) [21], and
lanthanides (e.g., Eu [22], Tb [23]) have demonstrated notable bioactivity. For instance,
Zr-based MOFs (Zr-MOFs) are renowned for their chemical and thermal stability, large
pore size, and strong affinity for phosphate-containing substrates. Cerium-based MOFs
(Ce-MOFs), on the other hand, exhibit intrinsic catalytic activity resembling phosphatase
enzymes, often referred to as “nanozymes”. Copper and iron-based MOFs contribute
redox-active properties, allowing additional control over oxidative stress and biochemi-
cal pathways.

These distinctive properties make MOFs an attractive alternative to conventional
small-molecule inhibitors for kinase and phosphatase modulation in vitro. Nevertheless,
several challenges persist. One primary concern is biocompatibility and cytotoxicity. While
some MOFs show low toxicity profiles, others may release harmful metal ions under
physiological conditions [24,25]. Additionally, the stability of MOFs under biological pH
ranges is a significant factor influencing their performance, as some frameworks may
degrade or lose functionality in acidic or basic environments [26]. Another concern is
the scalability and reproducibility of MOF synthesis. While laboratory-scale production
often uses solvothermal, microwave-assisted, or sonochemical techniques, transitioning to
larger-scale synthesis for biomedical applications requires addressing issues related to cost,
environmental impact, and reproducibility [27,28].

The ability to functionalize MOF surfaces with biomolecules, targeting ligands, or
specific functional groups is also critical for tailoring their interaction with kinase and
phosphatase enzymes. Techniques such as post-synthetic modification and linker exchange
have been explored to fine-tune MOF properties for biological applications [29]. Further-
more, ensuring reusability and regeneration efficiency of MOF-based enzyme modulators
is essential for practical applications in biochemical assays, where cost-effectiveness and
operational simplicity are prioritized.

In addition to MOFs, several emerging platforms (Table 1) have been developed for
the modulation of protein kinases and phosphatases, each offering unique advantages and
limitations. Polymeric nanocarriers, such as PEGylated micelles, dendrimers, and block
copolymers, provide tunable architectures with high drug-loading capacity and biocom-
patibility, and they have been widely explored for targeted delivery of kinase inhibitors;
however, they often face challenges with premature drug release and stability under physio-
logical conditions. Nanoclusters, particularly gold or metal oxide clusters, possess intrinsic



Kinases Phosphatases 2025, 3, 21 4 of 17

catalytic or redox properties that enable enzyme modulation or signal amplification in
biosensing contexts, though concerns remain regarding their long-term toxicity and biodis-
tribution. Peptidomimetics represent a molecular strategy that uses synthetic peptide-like
molecules to mimic natural substrates or regulatory motifs, thereby enabling selective
inhibition of kinase or phosphatase pathways; however, their susceptibility to enzymatic
degradation and limited bioavailability can hinder translation. Placing MOFs in direct
contrast with these systems highlights both the distinctive structural advantages of MOFs
(e.g., permanent porosity, modular design) and the current limitations that remain to be
addressed [30–33].

Table 1. Comparative features of MOF-based modulators versus other emerging platforms for
enzyme inhibition.

Platform Key Features Advantages Limitations Examples in Enzyme
Modulation

MOFs

Crystalline porous
frameworks with
metal nodes and
organic linkers

High porosity, tunable
pore size, modular
functionalization,
catalytic metal sites,
multifunctionality

Potential toxicity, stability
issues in biological fluids,
scalability challenges

Zr-MOFs for kinase
inhibition; Ce-MOFs for
phosphatase inhibition

Polymeric
Nanocarriers

Synthetic polymers
(micelles, dendrimers,
block copolymers,
PEGylated systems)

High drug-loading
capacity, biocompatibility,
ability to prolong
circulation time

Premature drug release,
limited structural rigidity,
less precise control of
enzyme interactions

PEGylated micelles
delivering kinase
inhibitors in
cancer therapy

Nanoclusters

Ultra-small (<2 nm)
metal or metal oxide
aggregates (e.g., Au,
Cu, Fe)

Intrinsic catalytic activity,
strong optical/electronic
properties for biosensing

Potential long-term
toxicity, rapid clearance,
aggregation under
physiological conditions

Au nanoclusters
mimicking oxidase or
phosphatase activity

Peptidomimetics

Synthetic molecules
mimicking natural
peptide motifs or
regulatory domains

High selectivity, potential
to target protein–protein
interactions inaccessible
to small molecules

Poor stability in vivo,
susceptibility to
proteolysis, limited oral
bioavailability

Peptidomimetic
inhibitors of EGFR
and SHP2

In this review, we provide a comprehensive overview of metal–organic frameworks
(MOFs) as inhibitors or modulators of protein kinase and phosphatase enzymes in vitro.
We specifically focus on MOFs constructed with biologically relevant metals such as zir-
conium, cerium, copper, iron, and lanthanides, highlighting their synthesis methods,
structural properties, and mechanisms of enzyme interaction. Special attention is given
to the advantages and limitations of various synthesis techniques including solvothermal,
microwave-assisted, and sonochemical methods, and their impact on MOF performance in
biological settings. Additionally, we discuss the key challenges such as biocompatibility, pH
sensitivity, scalability, and cytotoxicity that must be addressed to translate MOF-based en-
zyme modulators from laboratory research to biomedical applications. Finally, we present
insights and future perspectives for optimizing MOF design to expand their utility as
selective, stable, and efficient enzyme inhibitors in vitro.

2. Metal–Organic Frameworks (MOFs) as Platforms for Protein Kinase
and Phosphatase Inhibition
2.1. Fundamentals of MOFs Relevant to Enzyme Modulation

Conventional small-molecule inhibitors targeting protein kinases and phosphatases
have played a pivotal role in both clinical therapy and biochemical research; however,
these molecules exhibit inherent limitations that restrict their broader application. For
example, Imatinib (Gleevec Novartis, United States of America), a well-known inhibitor
targeting BCR-ABL tyrosine kinase, is widely used for chronic myeloid leukemia (CML) [34].
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Similarly, Sorafenib targets RAF kinases, VEGFR, and PDGFR, and is clinically employed for
hepatocellular carcinoma and renal cell carcinoma [35]. Gefitinib, another kinase inhibitor,
is specific to the epidermal growth factor receptor (EGFR) and is utilized in treating non-
small cell lung cancer [36]. Despite their clinical success, these inhibitors often face issues
such as acquired resistance, limited specificity—leading to off-target effects—and rapid
metabolic degradation. This is particularly challenging in kinase inhibition where high
selectivity is crucial to avoid disrupting normal cellular functions.

For protein phosphatases, small-molecule inhibitors are primarily used in research
due to their toxicity and lack of therapeutic viability. Compounds like Okadaic Acid and
Calyculin A target protein phosphatase 1 (PP1) and protein phosphatase 2A (PP2A) but are
highly toxic, preventing their clinical application [37]. Cantharidin, while historically used
as a topical agent in dermatology, also targets PP2A but with limited therapeutic scope [38].
The common limitations across both kinase and phosphatase inhibitors include poor
solubility, lack of sustained release profiles, and instability under physiological conditions.

While these molecules are typically employed in vivo, in vitro modulation of kinase
and phosphatase activity remains essential for applications such as biosensing, inhibitor
screening, and mechanistic enzymology. In biosensing, precise in vitro control of enzyme
activity enables the quantitative detection of phosphorylation events and ATP consumption,
which are key readouts for disease diagnostics and drug discovery assays. MOF-based
systems are therefore designed not to replace clinical kinase inhibitors, but to serve as
analytical and modulatory tools in vitro—where the enzyme’s catalytic response can be
finely monitored and quantified under controlled conditions.

Unlike conventional small-molecule inhibitors, MOFs offer a highly tunable platform
capable of interacting with enzymes through multiple mechanisms [39–41]. In this context,
comparison with small molecules is valuable, not to equate their therapeutic use, but to
highlight how MOFs overcome intrinsic limitations such as non-specific binding, instability,
and lack of reusability in enzyme assays. By mimicking inhibitory behavior through metal
coordination or spatial confinement, MOFs enable reproducible and selective modulation of
kinase and phosphatase activity, providing an advanced in vitro alternative for biosensing,
catalytic mimicry, and preclinical drug screening applications.

Structurally, MOFs are built from two primary components: metal nodes, which act as
coordination centers and may mimic enzyme active sites; and organic linkers, often benzene
rings functionalized with chemical groups like –COOH, –OH, or –NH2 (Figure 2) [42].
These functional groups enable non-covalent interactions with amino acid residues on the
enzyme surface through hydrogen bonding, electrostatic forces, or π–π stacking [43].

The combination of metal nodes and organic linkers forms a three-dimensional frame-
work characterized by open channels or pores [44]. These pores allow enzymes or substrates
to enter, with their size and shape directly influencing whether a protein can be hosted
within the MOF or blocked at its surface. Additionally, in some MOF designs, exposed
metal sites can chelate catalytic residues, phosphate groups, or cofactors associated with
kinase or phosphatase active sites, providing a direct mode of inhibition [45].

In the context of protein kinases and phosphatases, MOFs can serve as scaffolds that
anchor or block enzyme active sites, mimic biological inhibitors, or deliver inhibitory agents
in a controlled manner [46]. Their hybrid inorganic–organic nature allows for the design
of MOFs with specific surface charge, hydrophobicity, pore size, and functionalization
tailored to interact with phosphorylation-related enzymes [43]. Functionalized linkers
interact directly with enzyme surfaces, while pore systems can physically host portions of
enzyme molecules, modulating catalytic behavior through steric and spatial effects.
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Figure 2. Schematic illustration of metal nodes function as coordination centers within MOF and can
mimic enzyme active sites, contributing directly to inhibitory mechanisms.

Improving the selective capture of phosphorylated peptides is central to develop-
ing accurate kinase biosensors. To this end, Jia et al. [47] utilized a titanium-based MOF
(Ti-MIL125-NH2) that provided a highly specific interaction between phosphate groups
and titanium centers. Their system enriched phosphopeptides through Ti–O–P coordina-
tion, generating a strong fluorescence signal for detecting protein kinase A (PKA) with
exceptional sensitivity down to 0.00003 U/µL [47]. Similarly, Bai et al. [48] leveraged the
high surface area and abundant Zr defect sites in UiO-66 to develop a fluorescence-based
sensor capable of efficiently capturing phosphorylated peptides. This platform achieved a
detection limit of 0.00005 U/µL, demonstrating excellent affinity for kinase activity at low
concentrations [48].

Building upon these findings, Zr-based MOFs have emerged as particularly robust
candidates due to their strong phosphate affinity and chemical stability. Radfar et al. [49]
and Alizadeh et al. [50] both developed nearly identical solvothermal synthesis routes for
Zr-based MOF nanoplates, specifically the two-dimensional dca-Zr12 framework, with
comparable crystallinity and particle dimensions (~100–150 nm). Both systems exploited the
same carboxylate–Zr4+–phosphate coordination for selective phosphopeptide recognition.
However, their analytical modes diverged: Radfar et al. used ferrocene-labeled peptides
within a signal-off electrochemiluminescence (ECL) platform, achieving high selectivity
and sensitivity toward phosphorylation events, whereas Alizadeh et al. employed a signal-
on/signal-off dual ECL strategy to enhance phosphate detection, reaching a detection limit
of 0.35 mU/mL [49,50]. Discussing these studies jointly highlights both the reproducibility
of Zr-based frameworks and how subtle methodological adjustments—such as ligand
substitution and detection mode—can fine-tune sensitivity and application range.

Another key area of focus has been signal amplification for enhanced biosensing
sensitivity. Yan et al. [51] integrated gold and platinum nanoparticles into a UiO-66 scaf-
fold (Au&Pt@UiO-66), leveraging bimetallic catalytic enhancement of the luminol–H2O2

ECL system. This dual mechanism of catalytic amplification and phosphate recognition
resulted in a detection limit of 0.009 U/mL for PKA activity, with excellent performance
in complex biological matrices [51]. In a related approach, Chang et al. [52] encapsulated
methylene blue (MB) molecules within UiO-66-NH2, using the Zr–O clusters for phosphate
group binding and MB as an electrochemical signal generator. This design enabled real-
time electrochemical detection of kinase activity in serum, achieving a detection limit of
0.02 U/mL [52].
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Recognizing the need for programmable systems to monitor ATP-to-ADP conversion
during kinase reactions, Yu et al. [53] designed a family of Eu-based lanthanide MOFs (Ln-
MOFs), identifying Eu-TPTC as a ratiometric fluorescence probe capable of molecular-level
discrimination between ATP and ADP. Density functional theory (DFT) was used to verify
the binding mechanism. The system was integrated into a paper-based chip that enabled
rapid and precise creatine kinase detection in under 20 min, achieving a detection limit of
0.34 U/L [53].

Taken together, these studies converge on the critical role of metal centers (Ti and
Zr) in mediating phosphate recognition, while illustrating how synthesis design, ligand
chemistry, and detection modality dictate biosensor performance. The combination of
fluorescence, ECL, and electrochemical modes across different MOF platforms reflects a
broader evolution of MOFs—from simple recognition frameworks to modular scaffolds for
enzyme activity mapping and inhibitor screening.

Looking forward, artificial intelligence and computational tools can accelerate progress
in this field by addressing the complexity of MOF design [46]. Machine learning algo-
rithms trained on experimental datasets could predict optimal linker–metal combinations
for phosphate recognition, while molecular docking and molecular dynamics simula-
tions may reveal how MOFs interact with kinase active sites or allosteric regions at the
atomic level. Density functional theory (DFT), already applied in Eu-based MOF phos-
phosensors, can be extended to systematically probe catalytic mimicry and transition-state
stabilization [54]. Furthermore, AI-guided synthesis planning and high-throughput virtual
screening could shorten the design-to-application pipeline, guiding experimentalists to-
ward the most promising candidates for selective, stable, and biocompatible MOF-based
enzyme modulators. Together, these computational approaches position MOFs not merely
as experimental curiosities, but as rationally designed therapeutic and diagnostic platforms
at the intersection of materials science, biochemistry, and data-driven innovation.

2.2. Synthesis Methods of MOFs for Enzyme Inhibition Applications

The synthesis of metal–organic frameworks (MOFs) is a pivotal step that defines their
crystal structure, pore size, surface functionality, and stability—factors that are essential for
effective interaction with protein kinases and phosphatases. The choice of synthesis method
directly influences the MOF’s physicochemical properties, such as crystallinity, surface
chemistry, and biocompatibility, which are critical for applications in enzyme modulation.
As summarized in Table 2, several synthesis strategies are commonly used in biomedical
contexts, with solvothermal synthesis being the most widely employed due to its versatility
and ability to produce highly crystalline, thermally stable frameworks.

Table 2. Features and limitation of synthesis methods of MOFs-based on biological applications.

Synthesis Method Key Features Pros for Enzyme Studies Limitations

Solvothermal

Metal salts and organic
linkers reacted in solvents
(e.g., DMF) under heat and
pressure (100–220 ◦C, 6–72 h)

High crystallinity, tunable
porosity, yields 40–60%.

Long reaction time,
toxic solvents, particle
size > 200 nm.

Microwave-assisted Rapid uniform heating
(120–200 ◦C, 10–20 min).

Short reaction time, smaller
particles (50–120 nm), high
phase purity.

Equipment cost,
possible non-uniform
heating at scale

Sonochemical Ultrasonic irradiation
enhances nucleation

Uniform nanoparticles
(50–150 nm), mild conditions.

Limited scalability,
moderate crystallinity.

Mechanochemical Solid-state grinding with
minimal solvent.

Green synthesis, fast
(5–30 min), yields >80%.

Lower crystallinity, less
control over morphology
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In solvothermal synthesis, metal salts and organic linkers are typically dissolved in
solvents like dimethylformamide (DMF) and heated in sealed vessels under high temper-
atures for extended periods, often ranging from several hours to days. This technique
reliably yields MOFs with high surface areas and well-defined porous structures, making
them suitable for drug delivery, biosensing, and enzyme inhibition. However, the method
also presents drawbacks: it often involves toxic solvents and produces relatively large par-
ticle sizes, which can limit biocompatibility and cellular uptake. Pourmadadi et al. (2023)
highlights solvothermal synthesis as one of the most established techniques in MOF fabri-
cation for biomedical use, alongside mechanochemical, microwave-assisted, and ultrasonic
methods [55]. The study also underscores how this method supports the development
of widely used frameworks such as zeolitic imidazolate frameworks (ZIFs) and Materials
of Institute Lavoisier (MILs), although challenges like long-term toxicity and biological
stability remain open issues for further research [23,45,50,53,55,56].

Building on this foundational insight, Qian et al. [57] focuses on copper-based MOFs
(Cu-MOFs) synthesized primarily through solvothermal techniques, highlighting their
multi-functionality in antitumor applications [57]. These frameworks exhibit excellent
photothermal conversion, catalytic activity, and metabolic regulation—features particularly
enabled by the structural integrity and porosity achieved via solvothermal synthesis. The
author stresses that the solvothermal approach facilitates incorporation of specific organic
ligands and topological features essential for optimizing tumor targeting, imaging, and
drug delivery performance. This synthesis strategy also enables fine-tuning of Cu-MOFs’
bioresponsive behavior, a key factor in their increasing use in theranostics [57].

In a more targeted proteomic application, Xiao et al. [58] employed 2D solvother-
mally synthesized MOF nanosheets composed of Hf-BTB to enrich and selectively capture
monophosphopeptides from complex biological samples [58]. The large surface area,
ultrathin morphology, and abundant active sites—attributed to controlled solvothermal
conditions—resulted in materials with exceptional specificity and sensitivity (detection
limit of 0.4 fmol µL−1) for monophosphopeptide isolation. The nanosheets were suc-
cessfully applied in proteomic studies of Alzheimer’s disease, demonstrating their utility
in distinguishing phosphoprotein profiles from biological tissues. This highlights how
solvothermal synthesis can be harnessed to develop advanced MOF architectures for highly
selective biomedical assays [58].

Microwave-assisted synthesis offers a promising alternative to traditional solvother-
mal methods by addressing key limitations such as long reaction times and inconsistent
particle sizes [59]. Through rapid and uniform microwave heating, this technique acceler-
ates crystal formation, significantly reducing synthesis durations from hours to minutes.
The result is the production of smaller, more uniform MOF nanoparticles with improved
surface-area-to-volume ratios, which are particularly beneficial for enzyme inhibition due
to enhanced interaction potential and cellular uptake. As a result, researchers have in-
creasingly adopted microwave-assisted methods to improve the efficiency, scalability, and
functional uniformity of MOFs for biomedical applications. This approach provides not
only time and energy efficiency but also enhances structural precision—making it ideal for
producing bioactive MOFs with tailored therapeutic properties.

To develop MOFs with both anticancer and antibacterial properties, Altharawi et al. [60]
synthesized a novel titanium-based MOF (Ti/BTB-MOF) using a microwave-assisted route.
This method involved combining titanium nitrate and 1,3,5-tris(4-carboxyphenyl)benzene
(BTB) under controlled microwave radiation to generate a crystalline, porous structure.
The authors demonstrated that this rapid synthetic approach yielded a bioactive MOF
with significant cytotoxicity against MG-63 bone cancer and A-431 skin cancer cell lines,
with IC50 values of 152 µg/mL and 201 µg/mL, respectively. Additionally, the material
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exhibited strong antibacterial activity across multiple pathogenic strains, surpassing the
efficacy of standard antibiotics such as penicillin and gentamicin. These findings suggest
that microwave-assisted synthesis not only facilitates time-efficient production but also pre-
serves the structural integrity and functionality required for therapeutic applications [60].

Microwave irradiation also plays a key role in the synthesis of bioactive small
molecules, including kinase inhibitors. Iorkula et al. [61] reviewed recent developments
in the synthesis of pyrazolo[1,5-a]pyrimidine derivatives, a class of potent protein ki-
nase inhibitors widely used in cancer treatment. Among the various synthetic strategies,
microwave-assisted cyclization and multi-component reactions were highlighted as effec-
tive techniques for rapidly generating pharmacologically active derivatives with high yield
and purity. These compounds target several kinases—including CK2, EGFR, MEK, and
Pim-1—through both ATP-competitive and allosteric mechanisms. Although not focused
on MOFs specifically, this study underscores how microwave-based synthetic methodolo-
gies can streamline the production of kinase-modulating agents and enhance the precision
of biological targeting in cancer therapy [61].

Sonochemical synthesis on the other hand, uses high-frequency ultrasonic waves to
create localized high-temperature and high-pressure zones (acoustic cavitation), promoting
rapid nucleation of MOF particles. This technique often results in nanometer-scale particles
with functionalized surfaces, beneficial for tailoring enzyme interaction sites. However, its
lower yield and challenges in scaling up production limit its application to laboratory-scale
research [62–64]

Abazari et al. [65] conducted an experimental study on the synthesis of a magnetic
bio-MOF (Fe3O4@bio-MOF) using a sonochemical route and evaluated its anti-leishmanial
activity under both in vitro and in vivo conditions. The research optimized synthesis
parameters such as sonication time and power, and characterized the resulting nanocom-
posites using various techniques (PXRD, TEM, FTIR, etc.). The MBMOF nanostructures
demonstrated potent cytotoxicity against Leishmania promastigotes and amastigotes, with
reduced lesion size and parasitic load in treated BALB/c mice. This work represents a
significant contribution by applying in situ sonosynthesis for fabricating biologically active
MOFs with demonstrated therapeutic efficacy.

Moreover, mechanochemical synthesis methodology, which involve grinding solid
reactants without solvents. This method is a greener and safer alternative. Although it
produces smaller batches with potentially lower crystallinity, it eliminates the need for
toxic solvents and is more environmentally sustainable. This method is being increasingly
investigated for biomedical MOFs, particularly where biocompatibility and environmental
considerations are critical [64,66–68].

Reported MOF synthesis methods for biomedical applications exhibit considerable
variability in reaction time, yields, and particle characteristics. For example, highly crys-
talline Zr-BDC MOFs have been synthesized via microwave heating in as little as 1 min,
while analogous solvothermal routes require multiple hours to days to achieve similar
crystallinity and surface area [69]. Sonochemical methods have produced Cu-MOFs with av-
erage particle sizes around 60 nm, which is a favorable range for cellular uptake [70]. Yields
differ substantially across methods: solvothermal approaches often achieve yields in the
range of 40–60%, while mechanochemical (ball milling) methods can approach or exceed
~80% when solvent use is minimized [71]. Rapid synthesis methods (e.g., microwave-
assisted) usually yield highly crystalline products, but when reaction times are very short
or modulators/conditions are sub-optimal, semi-crystalline or smaller nanocrystalline
materials result, sometimes requiring post-synthetic annealing or other treatments. These
benchmarks underscore the challenge of balancing synthesis speed and efficiency with
structural quality in MOF design for biological applications.
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To optimize MOFs for enzyme inhibition, a rational design framework is required
that integrates both structural and biological considerations. The first principle involves
metal selection, where Zr(IV) and Ti(IV) nodes provide stability and catalytic activity, while
Fe(III) and Ce(IV) introduce redox properties relevant to phosphatase and kinase modula-
tion. Linker choice represents the second pillar, as biofunctional groups (e.g., phosphate,
carboxylate, sulfonate) enhance affinity for enzyme residues. The third element is pore
engineering, ensuring appropriate dimensions for substrate access or enzyme domain
accommodation. Fourth, surface functionalization with targeting ligands, polymers, or
biomimetic coatings can improve selectivity, reduce immune recognition, and modulate
cellular uptake. Finally, the synthesis route—whether solvothermal, microwave-assisted,
or mechanochemical—dictates scalability, reproducibility, and biocompatibility. Together,
these principles provide a roadmap for tailoring MOFs with precision toward specific
enzymatic targets.

2.3. Synthesis Influences MOF Properties (Porosity, Stability, Functional Groups)

The characteristics of metal–organic frameworks are not solely defined by their con-
stituent components; rather, the method of synthesis plays a determining role in shaping
critical material attributes. Variations in synthetic approaches directly influence essential
properties such as porosity, thermal and chemical stability, and the presence of surface
functional groups—all of which are central to their effectiveness in biomedical applications,
particularly enzyme modulation and drug delivery.

Among these features, porosity stands out as one of the most sensitive to synthetic
conditions. Techniques like solvothermal and microwave-assisted synthesis typically result
in well-ordered frameworks with high surface areas and tunable pore sizes due to their
controlled thermal and pressure environments [72,73]. Conversely, sonochemical and
mechanochemical methods, which involve more mechanical or high-frequency agitation,
often yield smaller particle sizes and sometimes reduced crystallinity [74–76]. These
differences can either enhance or hinder pore accessibility, depending on the biological
application in question.

In addition to porosity, the stability of MOFs—both thermal and chemical—is heavily
shaped by synthesis parameters. Solvothermal methods tend to offer superior crystallinity
and robust framework integrity, making them suitable for biological environments that
demand structural resilience. On the other hand, the rapid and energy-efficient nature of
microwave and ultrasonic methods may produce frameworks that require further treat-
ment or functionalization to achieve comparable stability, especially under physiological
conditions [73].

Functional versatility is another aspect significantly influenced by the synthetic route.
Surface chemistry and the ability to introduce biologically active or reactive groups are
dictated by both the precursor chemistry and the reaction environment. For instance,
mechanochemical synthesis, which avoids harsh solvents and high temperatures, often
preserves labile functional groups better than other methods [76]. Meanwhile, solvothermal
processes offer greater flexibility for incorporating sophisticated organic ligands designed
to enable specific interactions with biomolecules or serve as anchors for post-synthetic
modifications.

Beyond synthetic control over crystallinity and morphology, the biological perfor-
mance of MOFs is ultimately governed by how their structure enables or limits interac-
tion with target enzymes like protein kinases and phosphatases. Porosity and pore size
are central to this function: larger pores can facilitate deeper enzyme penetration and
promote selective binding, especially for phosphatases like PTP1B with recessed active
sites. Similarly, surface functional groups—such as carboxylates, sulfonates, or phosphate
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analogs—can be introduced or modified through tailored synthesis, enhancing electrostatic
and molecular recognition. Table 3 shows the metal nodes within MOFs are chemically
active contributors; Zr(IV) centers, for example, provide Lewis acidic sites capable of inter-
fering with kinase ATP-binding pockets, while Ce(IV) nodes impart oxidative properties
useful for modulating phosphatase activity. Importantly, the structural stability of MOFs
under physiological conditions—such as resistance to hydrolysis in aqueous buffers and
pH resilience—is closely tied to both synthetic methodology and metal-ligand coordination
strength. Therefore, selecting an appropriate synthesis route not only dictates the physical
structure of the MOF but also its suitability for biological inhibition, making structural
engineering through synthesis a strategic tool in the design of bioactive MOFs [77].

Table 3. Summary of specific MOFs studied for Kinase and Phosphatase Modulation.

MOF Type Metal Node Target Enzyme Reported Mechanism Notes References

UiO-66 Zr(IV) Protein Kinase CK2 Surface blocking,
ATP-pocket disruption.

High stability in
aqueous media. [48,52]

MIL-101 Fe(III)
Protein Tyrosine

Phosphatase
(PTP1B)

Surface anchoring,
redox modulation.

Potential
oxidative stress. [78]

Ce-MOF Ce(IV) SHP2 Phosphatase Catalytic inhibition via
Lewis acid sites.

pH-sensitive
structure. [19]

Ln-MOFs
(Gd, Eu) Lanthanides Dual Kinase/

Phosphatase

Electrostatic trapping,
enzyme conformation

disruption.

Fluorescent
properties useful. [53,79]

3. MOFs as Enzyme Inhibitors: Mechanisms, Efficacy,
and Translational Challenges

The design of metal–organic frameworks (MOFs) for biomedical applications hinges
critically on the choice of metal ions. These metal centers not only contribute to the struc-
tural robustness of the MOFs but also impart functional bioactivity essential for enzyme
inhibition. In particular, metal ions can participate directly in active-site interactions,
playing a central role in modulating biological targets. One area of growing interest is
the modulation of kinases and phosphatases by MOFs, which occurs through multiple
distinct mechanistic pathways. Understanding these mechanisms is crucial for rational
MOF design and therapeutic application. Figure 3 shows the four distinct mechanisms
by which metal–organic frameworks (MOFs) interact with enzymes to modulate their
activity. In the surface adsorption mechanism, MOFs bind non-covalently to enzyme
surfaces through functional groups such as carboxyl, amine, or sulfonate. These interac-
tions occur outside the active site and can influence enzyme stability or block substrate
access. Adsorption onto the MOF surface can result in sequestration of enzymes or their
substrates, disrupting enzymatic cascades. Active site coordination, in contrast, involves
direct interaction between the MOF’s metal centers (e.g., Zr4+) and key residues within
the enzyme’s active site, forming coordination bonds that inhibit or compete with natu-
ral substrate binding. Coordination mechanisms involve the metal nodes or functional
groups directly interacting with active site residues (e.g., cysteines or histidines), altering
enzyme conformation or function. Catalytic mimicry represents a unique mechanism where
the MOF acts independently of the enzyme, mimicking enzymatic cofactors to catalyze
substrate conversion (e.g., hydrolysis or oxidation) and thereby bypassing the natural
biological pathway. Redox-active metals (like Ce4+ or Fe3+) simulate the role of enzyme
cofactors, leading to oxidative or hydrolytic inactivation [42,80]. In allosteric modulation,
the MOF binds to a site distinct from the active site, inducing conformational changes that
upregulate or suppress enzymatic function [81,82]. Together, these mechanisms underline
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the multifaceted potential of MOFs in enzyme modulation and their expanding role in
therapeutic and diagnostic applications. These mechanisms are highly dependent on MOF
surface chemistry, particle size, pore accessibility, and the presence of targeting functional
groups such as carboxylates or sulfonates [83]. As such, tuning these parameters is key to
optimizing selective enzyme inhibition.

 

Carboxyl 

NH2  

Sulfonate 

Surface Adsorption Active Site Coordination  

Coordination bonds  

No enzyme involvement 

bypasses natural biological 

pathway 

Catalytic Mimicry 

Substrate 

Allosteric Modulation 

Regulation of enzyme 

activity 

Figure 3. Schematic representation of four primary mechanisms by which metal–organic frameworks
(MOFs) modulate enzymatic activity.

Recent in vitro studies have validated the effectiveness of MOFs as enzyme inhibitors
with high selectivity and manageable cytotoxicity profiles. For example, Ti-based MOFs
synthesized via microwave-assisted methods demonstrated significant inhibition of cancer-
related kinases and cytotoxicity against A431 skin carcinoma cells at low micromolar IC50

levels [60]. Fe3O4@bio-MOFs produced by sonochemical routes inhibited Leishmania phos-
phatases and showed therapeutic efficacy in both in vitro and in vivo models, with minimal
off-target toxicity [65]. Additionally, Ce-MOFs functionalized with phosphate-mimicking
ligands exhibited preferential binding to PTP1B and SHP2 phosphatases, reducing sig-
naling activity in insulin-resistance models [84]. These studies confirm the potential of
MOFs as bioactive materials in targeted enzyme inhibition, although long-term cytotoxicity,
cellular uptake variability, and off-target effects remain key considerations. Despite their
promise, several challenges hinder the clinical translation of MOFs in enzymatic modula-
tion. Scalability and reproducibility remain critical bottlenecks, particularly for complex
MOFs requiring precise ligand-metal ratios and energy-intensive synthesis methods [85,86].
The translational application of MOFs is critically shaped by biological barriers that extend
beyond their demonstrated in vitro efficacy. Biodistribution is strongly size- and surface-
dependent, with nanoparticles under 10 nm typically cleared by renal filtration, whereas
larger frameworks tend to accumulate in the liver and spleen via the reticuloendothelial
system (RES). Clearance pathways, whether renal or hepatic, must therefore be carefully
controlled through rational size engineering, surface coatings, and functionalization strate-
gies. Stability in biological environments represents another major challenge; MOFs are
prone to degradation through linker hydrolysis or metal ion leaching under acidic or high-
ionic-strength conditions typical of cellular and extracellular fluids [87]. Such degradation
not only compromises functional activity but also risks cytotoxicity through the release of
toxic ions. Immune recognition further complicates systemic delivery, as protein corona
formation and complement activation can trigger opsonization and rapid clearance, while
off-target binding to non-specific proteins may exacerbate toxicity [88]. These challenges
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underscore the importance of comprehensive pharmacokinetic studies and rational design
approaches—such as biomimetic coatings, post-synthetic functionalization, and surface
chemistry optimization—to improve stability, minimize immune response, and ensure
effective therapeutic translation.

To overcome these limitations, recent efforts focus on post-synthetic functionalization,
biomimetic coatings, and green synthesis approaches using water or ethanol as solvents
instead of toxic solvents such as DMF [89–91] with mechanochemical and sonochemi-
cal approaches eliminating solvent use altogether. Energy-efficient microwave-assisted
synthesis further reduces the environmental and economic cost of production. Despite
these advances, clinical translation barriers persist. The reproducibility of green synthesis
routes remains challenging at scale, while potential contamination from precursors or
solvents can compromise biocompatibility. Additionally, regulatory approval requires
comprehensive toxicity, pharmacokinetics, and degradation studies, which are often under-
explored in green-synthesized MOFs. Thus, the integration of eco-friendly synthesis must
be accompanied by rigorous evaluation of safety and stability.

4. Conclusions
In this review, we examined the potential of metal–organic frameworks (MOFs) as en-

zyme inhibitors, with a particular focus on their application in modulating protein kinases
and phosphatases. We began by outlining the structural fundamentals of MOFs, highlight-
ing the roles of metal nodes and organic linkers. Various synthesis strategies—solvothermal,
microwave-assisted, and sonochemical—were discussed in the context of how they influ-
ence the resulting physicochemical and biological properties of MOFs. Particular emphasis
was placed on biologically relevant metals such as Zr, Ce, Fe, Ti, Cu, and lanthanides,
which contribute not only to structural integrity but also to catalytic and inhibitory activity.
Four principal mechanisms of MOF–enzyme interaction were detailed: surface adsorption,
active site coordination, catalytic mimicry, and allosteric modulation. These mechanistic
pathways were supported by recent in vitro and in vivo studies demonstrating promising
bioactivity, target selectivity, and manageable toxicity profiles. Challenges such as poor
stability under physiological conditions, synthesis reproducibility, and limited clinical data
were also critically discussed.

Taken together, the data suggest that MOFs represent a versatile and tunable class
of materials for therapeutic enzyme inhibition. Their structural modularity, surface func-
tionalizability, and catalytic potential enable them to address enzyme targets previously
considered challenging for small molecules or biologics. To further guide their development,
a rational design framework is essential, encompassing strategic metal selection (e.g., Zr(IV),
Ti(IV), Fe(III), Ce(IV)), biofunctional linker incorporation (e.g., phosphate, carboxylate,
sulfonate), and pore engineering to ensure optimal enzyme accessibility. Surface functional-
ization through polymers or biomimetic ligands can enhance selectivity and biocompatibility,
while synthesis route optimization can improve scalability and reproducibility.

Looking ahead, the synthesis of MOFs for biomedical enzyme modulation will likely
evolve along two complementary tracks. The first focuses on scalable and sustainable
production, where continuous-flow and mechanochemical synthesis could reduce batch
variability and align with green chemistry principles. The second involves precision-guided
functionalization, leveraging post-synthetic modification and modular linker design to
fine-tune enzyme specificity and pharmacokinetic profiles. Integration of computational
tools—such as machine learning for linker selection, molecular docking for enzyme binding
prediction, and density functional theory (DFT) for catalytic mechanism modeling—can
accelerate discovery and improve structure–activity relationships.
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Ultimately, the translation of MOFs into therapeutic platforms will depend on inter-
disciplinary collaboration—bridging materials science, enzymology, pharmacology, and
computational chemistry. With continued innovation, sustainable synthesis, and rigorous
biological evaluation, MOFs are poised to complement and potentially redefine enzyme
inhibition strategies, offering selective, adaptable, and mechanistically distinct pathways
for future disease intervention.
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