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Two-dimensional (2D) metal-organic frameworks (MOFs) have emerged as a groundbreaking class of
materials with wide-ranging applications across biotechnology, bioelectronics, and tissue engineering.
With their unique properties such as high surface area, tunable porosity, and flexibility in incorporating
various metal ions, MOFs are instrumental in advancing the capabilities of bioelectronic sensors, tissue
scaffolds, and biomedical imaging technologies. In biosensing, MOFs enable highly sensitive detection of
biomolecules, including glucose, DNA, and proteins, by facilitating selective molecular interactions. This is
particularly crucial for wearable technologies, where early detection of physiological changes is essential
for timely diagnosis of diseases such as cancer and Alzheimer’'s. MOFs’ adjustable porosity allows for
selective adsorption of biomolecules, making them highly promising in biosensor development.
Additionally, MOF-based sensors exhibit outstanding biocompatibility and mechanical strength, which are
critical for seamless integration into wearable substrates. MOFs have also shown great potential in tissue
engineering, where they enhance the functionality of scaffolds through their ability to load and release
bioactive molecules. This controlled release mechanism is pivotal for promoting tissue regeneration,
angiogenesis, and even drug delivery for cancer therapies. The versatility of MOFs in modulating physical
properties such as mechanical strength, coupled with their capacity for functionalization, opens new
avenues for creating bioactive scaffolds tailored to specific biomedical needs. In the realm of biomedical
imaging, MOFs contribute significantly as contrast agents, particularly in magnetic resonance imaging
(MRI) and computed tomography (CT). Their high surface area and tunable structure improve the precision
and clarity of imaging, making them indispensable for enhancing diagnostic accuracy. MOFs also enable
the development of multimodal imaging systems, combining diagnostic and therapeutic functionalities
into a single platform. Furthermore, MOFs are being explored for their bioelectrochemical properties,
where their integration into electrodes enhances the efficiency of biosensors and energy storage devices.
The synergistic effects of MOFs with nanomaterials such as MXenes and carbon-based substances boost
their electrocatalytic activity, which is crucial for applications in wearable sensors and bioelectronic
systems. The future of MOF-based materials is promising, particularly as researchers focus on improving
their biocompatibility, scalability, and operational stability. With further development, MOFs are expected
to revolutionize the fields of bioelectronics, tissue engineering, and biomedical imaging, offering innovative
solutions to some of the most pressing challenges in medical science.

This study consists of the following sections: “Structure of MOFs, Impact of ~ precisely tunable porosity, and exceptional adsorption properties,
Key Parameters on the Synthesis and Properties of MOFs, Tissue- make them ideal for applications requiring high sensitivity and
bioelectronic Applications, Imaging and Bioelectronic Applications, and  selectivity™. This is especially relevant for wearable sensors, where
Other Bioelectronic Applications.” detecting subtle physiological changes and specific biomarkers is
MOFs have revolutionized the field of bioelectronic sensors'™. The crucial for early disease diagnosis. MOFs offer a promising solution,
unique features of these materials, such as their large surface area, with the potential to significantly improve sensor performance across
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various applications. This section delves into the innovative
advancements and potential uses of MOF-based wearable sensors’™.
This paper will explore the synthesis methods of MOFs, their inte-
gration into wearable substrates, and their impact on enhancing sensor
performance across various domains. MOFs play a pivotal role in
advancing wearable sensors due to their unique attributes, such as a
high surface area, tunable porosity, and exceptional adsorption
properties.

The synthesis methods of MOFs, their integration into wearable sub-
strates, and their impact on enhancing sensor performance across various
domains will be explored. MOFs play a pivotal role in advancing wearable
sensors due to their unique attributes. Wearable sensors need to detect
various physiological changes and pinpoint disease-specific biomarkers
early to enable accurate diagnosis of conditions like DNA damage, Alz-
heimer’s disease, and cancer'*"”. To achieve this, a range of nanomaterials
has been developed as sensing elements, with the sensing matrix being a key
component of any sensor. Notable progress has been made in improving
sensor sensitivity and selectivity, with the use of common nanomaterials
such as carbon-based materials and MXenes playing a significant role"’. The
use of conducting polymers, such as molecularly imprinted polymers
(MIPs)"*", metals, metal oxides, and more recently, metal-organic frame-
works, has been explored.

MOFs have generated significant interest in wearable sensors due to
their unique characteristics and wide array of potential uses. These hybrid
materials are formed by linking metal ions with organic molecules to create a
three-dimensional porous structure. This distinctive architecture offers an
exceptionally high surface area, which can be finely tuned by altering the
metal jons and organic linkers during synthesis. The ability to adjust the
porosity of MOFs enhances their attractiveness for wearable technology, as
their large surface area and customizable features are well-suited for sensor
applications. MOFs’ adjustable porosity enables selective adsorption and
release of various molecules, including gases, liquids, and biomolecules,
making them highly promising for a range of sensing tasks. Their high
sensitivity and selectivity are particularly advantageous for detecting even
trace amounts of specific substances.

In wearable sensor applications, MOFs offer several key advantages.
Their integration into wearable substrates is relatively simple, as they can be
directly synthesized onto flexible materials or used as coatings for existing
devices, resulting in lightweight and unobtrusive sensors. This feature is
particularly valuable in healthcare, where non-invasive and comfortable
monitoring solutions are preferred by patients. The fabrication methods for
MOF-based wearable sensors vary depending on the specific application
and desired properties of the device. Common synthesis techniques include
solvothermal, hydrothermal, and microwave-assisted processes, which
provide precise control over material growth and ensure uniformity and
stability in the final sensor.

MOFs have the potential to be a key material class for developing highly
sensitive wearable sensors and biosensors, thanks to their unique properties.
They exhibit electrocatalytic activity in water-splitting reactions, which
enhances both detection selectivity and energy efficiency. Certain metal-
MOF combinations demonstrate significant electrocatalytic performance
comparable to that of pure metals. Additionally, MOFs can serve as scaffolds
for incorporating nanomaterials, which can positively impact sensing
reactions through synergistic effects. The advancement of wearable tech-
nology has been notably enhanced by integrating MOFs as sensing mate-
rials. MOFs, consisting of metal ions or clusters linked by organic ligands,
possess distinctive structural features that make them ideal for a wide range
of sensing applications, including chemical, physical, and biological
detection.

The use of MOF materials in bioelectronics, wearable technology, and
tissue engineering marks a significant shift in the development of advanced
materials (Table 1). MOFs are recognized for their unique properties,
including excellent conductivity, mechanical strength, biocompatibility, and
the ability to be tailored through surface functionalization. These attributes
make them a versatile and innovative class of materials, with great potential

to impact these critical areas. This review aims to explore the intricate
relationship between MXenes and their applications, highlighting their
potential to drive transformative progress in materials science, bioelec-
tronics, tissue engineering, electrical engineering, and wearable technolo-
gies. Table 2.

Opverall, MOF-based wearable sensors offer unprecedented capabilities
in monitoring environmental factors and physiological parameters, con-
tributing significantly to health monitoring and improving overall well-
being. In the past decade, significant efforts have been directed towards
enhancing the sensitivity of wearable pressure sensors for broader medical
applications. The aim is to ensure these sensors exhibit high sensitivity, a
wide sensing range, excellent reproducibility or reusability, and are mini-
mally affected by small mechanical deformations such as finger movements.
Despite the development of various skin wearable sensors, challenges like air
and moisture limitations have hindered their long-term usability and
adhesion to the skin.

To tackle these challenges, a wearable pressure sensor utilizing a
sandwiched C-MOF/PANIF@PU design has been created. This sensor
incorporates interconnected nanocomposites of C-MOF and PANIF,
which are coated onto PU sponges. This results in structures that offer
high specific surface areas, porous microstructures that allow for air and
liquid permeability, and dependable elasticity. The sensor has shown
broad sensing capabilities, with a range of up to 60 kPa, impressive sen-
sitivity, fast response times, consistent breathability, wireless monitoring,
and outstanding reproducibility over thousands of cycles. It can track
various human movements, from subtle to large-scale motor actions, as
well as physiological responses like blood pressure and cheek occlusion.
This versatility highlights the sensor’s effectiveness in monitoring a wide
array of human activities'®".

Despite the considerable potential of MOF-based wearable sweat
sensors, research in this area remains relatively limited. Sweat represents a
valuable non-invasive fluid with diagnostic potential; however, several
challenges must be overcome for its effective utilization. These include the
management of sweat production rates, an understanding of the health
implications of sweat generation, the addressing of the limitations of ion-
tophoresis, and the mitigation of discomfort caused by wearable heaters.
These challenges are particularly pertinent in the context of MOF-based
sweat sensors. For example, individuals with diabetes who are required to
produce sweat on multiple occasions per day for the purpose of glucose
monitoring often experience considerable discomfort. This underscores the
necessity for the development of more user-friendly and accurate mon-
itoring techniques.

Moreover, factors like sweat dilution during exercise and varying
glucose concentrations across different body areas pose challenges for
accurate real-time glucose monitoring through sweat. This approach may
not be suitable for individuals with multiple health conditions or specific
demographics like the elderly, disabled, or pregnant individuals. In con-
clusion, while MOF-based wearable sensors show promise for various
applications, including pressure sensing, addressing challenges related to
sweat-based diagnostics, such as glucose monitoring, requires further
research and development to ensure accuracy, comfort, and applicability
across diverse user groups.

MOF-based wearable sensors provide several notable advantages,
making them highly effective for various applications. Firstly, they offer a
non-invasive method for monitoring vital signs, avoiding the discomfort
associated with procedures like needle insertions or catheter placements.
This non-invasive approach allows for continuous monitoring without
causing discomfort, thereby improving user compliance. Additionally,
MOFs are recognized for their exceptional sensitivity and selectivity,
enabling real-time tracking of multiple biomarkers. This capability is
crucial for the rapid detection of changes in vital signs, facilitating
timely intervention and more effective health management. The
ability to tailor MOFs to detect specific biomarkers represents a
major step forward in developing personalized wearable sensors.
Furthermore, MOF-based sensors can be produced at a lower cost
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release of biomedical imaging agents, enhancing imaging techniques (e.g.,

magnetic resonance imaging, optical imaging).

118

High surface area and porosity enable effective immobilization of

electrocatalysts; Enables precise monitoring and control of

electrochemical reactions.

Electrochemical sensors,

Bioelectrochemistry involves the use of electrochemistry techniques to study

chemical reactions in biological systems. MOFs, when used as

Bioelectrochemistry

bioelectrochemical cells

electrochemical sensors and in bioelectrochemical cells, can help monitor

and manipulate biological reactions.

compared to some traditional medical monitoring methods, poten-
tially enhancing healthcare accessibility and improving outcomes
across various socio-economic groups.

MOFE-based wearable sensors offer a wide array of applications across
various fields. These devices can monitor heart rate and blood pressure,
providing crucial insights into cardiovascular health and aiding in the
early detection of conditions like myocardial infarction or stroke. They
also enable precise body temperature measurements, which are essential
for identifying fever or hypothermia—potential indicators of infection or
other health issues. This capability is crucial for effective fever manage-
ment and delivering optimal patient care. For individuals with chronic
conditions such as diabetes or hypertension, real-time monitoring of
blood glucose levels or blood pressure fluctuations can greatly enhance
disease management. Additionally, athletes benefit from MOF-based
sensors by tracking performance and exertion during exercise, optimizing
training routines, and preventing overexertion. These applications high-
light the significant impact of MOF-based wearable sensors in healthcare,
wellness monitoring, and performance enhancement. The future of
MOF-based wearable sensors in healthcare is promising, provided they
meet essential performance criteria such as sensitivity, selectivity, and
long-term stability. Enhancements are expected to involve incorporating
materials like carbon-based substances and metal nanoparticles to
improve flexibility, stability, and conductivity. Future research is likely to
focus on developing more conductive and eco-friendly MOF composites,
improving mechanical properties and biocompatibility, exploring bionic
structures for comfort, using 3D technologies for better stability and
scalability, optimizing operational conditions, and integrating machine
learning for increased accuracy. These advancements are crucial for
developing high-performance MOF sensors with the potential to trans-
form healthcare applications.

Structural of MOFs

Porous materials boasting extensive surface areas have long captivated
interest within scientific and industrial spheres. Their significance is
underscored by their pivotal role in chemical process technologies, where
surface area directly influences performance. Researchers perpetually strive
to enhance efficiency by fabricating porous materials with larger surface
areas. It is a well-established fact that traditional industrial porous materials
are composed mainly of inorganic structures. However, a significant change
occurred in the 1990s with the advent of metal-organic frameworks
(MOFs). These innovative materials represent a significant departure from
earlier approaches, combining metal ions with organic ligands in a novel
manner. This innovation, pioneered by Omar Yaghi, catalyzed a renaissance
in research, opening new avenues for the development of high-performance
porous materials.

A typical MOF embodies clusters of metals intricately linked by organic
ligands, forming a distinct structure. This material architecture facilitates
versatile growth patterns in one, two, or three dimensions, imparting
properties such as high surface area, adjustable pore diameters, and variable
geometric structures. MOFs have emerged as a prominent material cate-
gory, garnering widespread attention owing to their diverse applications
(Fig. 1). Gas separation and storage, catalysis, and controlled drug release
and adsorption are among the myriad functionalities facilitated by MOFs.
The synthesis process crucially hinges on factors like the choice of metal and
ligand, alongside parameters such as temperature and solvent selection,
which collectively dictate the resultant MOF’s shape and properties.

MOFs synthesis methods

The synthesis of MOFs relies on various factors including reaction time and
temperature, solvent selection, metal ions, organic ligands, node char-
acteristics, counter ions, and crystallization kinetics. Typically, MOF
synthesis occurs in the liquid phase, involving the mixing of solutions
containing ligands and metal salts. Solvent choice depends on reactivity,
solubility, and redox potential, impacting thermodynamics and activation
energy. Although solid-state methods have been attempted, challenges in
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Lower crystallinity.
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The system exhibits high energy consumption and a

long reaction time.

The yield is high, and the process of transposition is

straightforward.

The growth of synthetic quartz, gemstones and other single crystals of
commercial value is frequently achieved through the process of

hydrothermal synthesis.

Hydrothermal Method

124

The synthesis process is lengthy.

The process does not require a high temperature, and no

energy source is required.

The field of application is the evaluation of antimicrobial activity in plants or
microbial extracts, as well as the determination of the susceptibility of

clinical bacterial isolates to different antibiotics.

Diffusion Method

single crystal growth persist. MOF crystal growth often involves reaction
solution underwent a gradual evaporation process over time. Solvo(hydro)
thermal environments, characterized by elevated temperatures and pres-
sures, are commonly used for MOF synthesis, considered the traditional
approach. Nevertheless, alternative methodologies, including mechan-
ochemical, electrochemical, microwave, and Sono-chemical techniques,
have been devised, offering advantages of cost-effectiveness, speed, and
environmental cleanliness.

Slow evaporation and diffusion methods

The slow evaporation and diffusion methods are both carried out at
room temperature, eliminating the need for external energy sources. In
the slow evaporation method, reagent solutions are mixed and allowed
to evaporate slowly, leading to crystal formation once the concentration
reaches a level that initiates nucleation and growth. This process is often
expedited by using mixtures of solvents with low boiling points. Con-
versely, the diffusion method involves layering reagent solutions sepa-
rated by a solvent layer or physical barriers, with gels sometimes used as a
medium for crystallization and diffusion. Crystals form at the interface
between the layers due to the gradual diffusion of the solvent containing
the dissolved precipitate into the separate layers. This method is parti-
cularly effective for substances with low solubility. For example, Lim et
al. present the development of a mixed matrix (MM) platform for the in-
situ synthesis of MOFs using ionic polymers with ion-exchangeable
sites. Alginate (ALG), a polymer with metal-ion exchangeable sites, was
used for the in-situ synthesis of HKUST-1 and MOF-74 (Zn). The
sequential addition of MOF components (metal ions and proton-
discharged ligands) to the alginate matrix led to markedly different
results, which were attributed to the difference in diffusion rates of the
MOF components. This diffusion difference facilitated the transfor-
mation of BTC by Cu’* ions, forming HKUST-1 layers. The alginate
matrix showed high dispersion and connectivity of MOF crystals. This
property was further integrated with poly(vinyl alcohol) to form a
flexible mixed matrix membrane containing MOFs. Furthermore, using
methylene blue and rhodamine 6 G as molecular probes, the in-situ
approach was shown to be effective to produce a MOF-MM capable of
size-dependent selective molecular uptake'.

Hydrothermal and iodothermal method

Solvo(hydro)thermal reactions take place in sealed vessels under auto-
genous pressure, where the solvent’s boiling point is surpassed. Most
metal-organic frameworks (MOFs) are synthesized under these condi-
tions (Fig. 2C)". Typically, these reactions occur in polar solvents within
closed vessels (autoclaves) at temperatures ranging from 50 to 260 °C, with
reaction times varying from several hours to days. For reactions conducted
at temperatures above 400 °C, Teflon-coated autoclaves are used. Elevated
temperatures help in bond formation and ensure proper crystallization,
especially when using kinetically inert ions. Temperature also affects
crystal morphology, and prolonged reaction times can lead to product
decomposition. To manage this, a slow cooling rate is often employed to
control crystal growth. Mu et al. used a hydrothermal method and air
calcination to synthesize a bimetallic MOF-derived Co304/SnO, nano-
composite used as a sensing material to detect ethanol. The structural,
elemental composition and surface morphology of the Co0;04/SnO,
nanocomposite were characterized using various analytical techniques
such as X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS),
scanning electron microscopy (SEM) and transmission electron micro-
scopy (TEM). A comparison was made between SnO, nanoparticles
obtained from metal-organic frameworks and bimetallic Co;04/SnO,
nanocomposite. The Co;0,/SnO, nanocomposite showed significantly
improved ethanol sensing performance. The response to 100 ppm ethanol
at 225 °C was 135, showing excellent reproducibility, selectivity and sta-
bility. Gas sensitivity testing revealed that the 3% (Co/Sn) Co3;0,/SnO,
nanocomposite is an outstanding material for gas sensing and offers strong
technical potential for ethanol sensing and environmental monitoring™.
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Commonly used high-boiling point solvents include dimethyl for-
mamide (DMF), diethyl formamide (DEF), methanol (MeOH), ethanol
(EtOH), and 2-ethyl-1-hexanol (H,Eyben,CO). In solvo(hydro)thermal
conditions, initial reagents can undergo unexpected chemical transforma-
tions, leading to the formation of new ligands in-situ that are not possible
under milder conditions. Ionothermal synthesis is a specialized variant of
solvo(hydro)thermal techniques that uses ionic liquids. These liquids serve
both as solvents and templates, offering a more environmentally friendly
alternative to traditional organic solvents. Ionic liquids have several
advantageous properties: they have low vapor pressure, high solubility for
organic compounds, excellent thermal stability, and are non-flammable.
These attributes make them ideal for synthesizing MOFs, as well as other
materials such as zeolites and chalcogenides.
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Fig. 1 | Structures and applications of MOFs.
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Furthermore, ionic liquids provide anions and cations that can func-
tion as counter-ions or templates within MOF frameworks. Consequently,
recent research has increasingly focused on utilizing these materials as a
promising alternative for MOF synthesis.

Microwave method

The method is widely used for synthesizing both organic and nanoporous
inorganic materials and has recently been applied to the synthesis of metal
clusters and MOFs (Fig. 2A)". This approach offers several benefits,
including reduced reaction times, increased yields, and cost savings. For
instance, the synthesis of HKUST-1 using a microwave-assisted method
achieved crystals with improved yield and physical properties compared to
those produced by traditional hydrothermal methods. In this process,
[Cus(BTC),(H,0);] is formed, where BTC stands for 1,3,5-benzene-
tricarboxylate. Microwave irradiation, while not directly involved in crystal
formation, enhances molecular movement, thus optimizing reaction con-
centration and temperature. This improvement promotes controlled
nucleation and crystal growth, resulting in crystals with the desired shapes
and sizes. Mahmoud investigated the synthesis of MOF-801 using the
microwave (MW) heating method. The MW-assisted synthesis was carried
out by heating the reaction mixture to 110 °C for 45 s ina MW cavity with a
fixed frequency of 2.45 GHz. The obtained MOF-801 was characterized
using various techniques including thermogravimetric analysis (TGA),
FTIR, X-ray diffraction (XRD), scanning electron microscopy with energy
dispersive X-ray (SEM-EDX), transmission electron microscopy (TEM),
nitrogen gas adsorption (BET) and dynamic vapor sorption (DVS). MOF-
801 particles were found to be nanosized, exhibiting a cubic crystal structure
and belonging to the Pn-3 (201) space group. The crystal sizes were cal-
culated using the Scherrer equation and values of 27 nm and 18 nm were
obtained, respectively. BET analysis revealed a total specific surface area of
739.7 m’/g. TGA results showed that the material has excellent thermal
stability. SEM and TEM images confirmed the formation of octahedral
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fcu-MOF particles with diameters around 200 nm. The MW-assisted
synthesis method demonstrated its suitability for dewatering applications by
offering advantages such as high phase purity, nanocrystalline size, struc-
tural integrity, high surface area, water absorption capacity and excellent
thermal stability. This study emphasizes that MW processing is a promising
approach for MOF synthesis™".

Mechanochemical method

The mechanochemical method utilizes mechanical energy instead of sol-
vents at room temperature to form coordination bonds. This is achieved by
manually grinding the required reagents or, more commonly, using auto-
mated ball mills. Sometimes, a small amount of solvent is added to the solid
reaction mixture, leading to the formation of one-, two-, or three-
dimensional coordination polymers. Mechanochemistry enhances mass
transfer and reduces particle size while also generating localized heating and
melting of reagents, which speeds up reaction kinetics (Fig. 2D)". This
method is environmentally friendly and aligns with green chemistry prin-
ciples, producing high-purity and efficient materials with shorter reaction
times. It offers a promising alternative to traditional high-temperature and
pressurized solvo(hydro)thermal techniques for MOF synthesis. However, a
notable drawback is the tendency to produce amorphous materials, which
are unsuitable for single-crystal X-ray structural analysis. Glowniak et al.
synthesized MOF-303 by a mechanochemical approach using water assisted
ball milling. This method is emphasized as an environmentally friendly, safe
and sustainable technique within the framework of green chemistry prin-
ciples. The obtained MOF-303 exhibited a high specific surface area of
1180 m*/g and showed an excellent CO, adsorption capacity of 9.5 mmol/g
at 0°C and 1 bar pressure™.

Electrochemical method

The electrochemical method is used for the industrial-scale synthesis
of MOF powders. In this process, metal ions are introduced into the
reaction mixture through anodic dissolution, which also contains
organic ligands and electrolytes (Fig. 2B)". This method offers sev-
eral advantages over solvothermal approaches, including lower
reaction temperatures and faster synthesis under milder conditions.
The electrochemical method has been successfully used to synthesize
various MOFs, such as HKUST-1, ZIF-8, MIL-100(Al), MIL-53(Al),
and NH. Researchers have explored how different reaction conditions
affect the yield and structural properties of these materials. The
electrochemical method stands out as one of the most efficient
strategies for synthesizing MOFs designed for bioelectronic applica-
tions. This technique offers several key advantages, including low
power requirements, operation under mild conditions, and excellent
compatibility with biological systems. A major strength of this
approach is its ability to facilitate the direct formation of MOF
coatings on electrode surfaces, streamlining their incorporation into
bioelectronic devices such as biosensors. MOFs synthesized via this
route often demonstrate exceptional purity, well-ordered crystalline
structures, and improved electrical properties, all of which enhance
the overall sensitivity and performance of sensing devices. Further-
more, the electrochemical process enables precise regulation of
synthesis variables like applied voltage and current, allowing custo-
mization of the MOF’s structural and functional characteristics.
These benefits make the electrochemical synthesis method highly
practical and adaptable for the development of next-generation
biosensors and other bioelectronic technologies. Cardero et al. par-
tially converted Cu thin films and Cu,O microstructures into MOFs,
in particular Cu3(BTC), and Cu(TCPP), using an electrochemical
process that offers more precise control and milder conditions than
conventional solvothermal MOF synthesis. Initially, Cu thin films
were sputter-deposited or various Cu or Cu,O microstructures were
electrochemically deposited on ITO glass substrates. These Cu thin
films or Cu-based microstructures were then coated with a thin layer
of Cu3(BTC), or Cu(TCPP) by anodic dissolution at room

temperature, in the presence of organic binder molecules such as
1,3,5-benzenetricarboxylic acid (BTC) or 4,4',4”,4"'-(Porphine-
5,10,15,15,20-tetrayl)tetrakis(benzoic acid) (TCPP). The growth of
Cu20@Cu3(BTC)2 and Cu,O@Cu(TCPP) was estimated to be 38.7%
and 68.9%, respectively. The obtained core-shell Cu,0@Cu(BTC)
and Cu,O@Cu(TCPP) microstructures were characterized using
techniques such as XRD, Raman spectroscopy and UV-vis absorption
spectroscopy”.

Sonochemical method

Sonochemistry is the study of chemical transformations induced by intense
ultrasonic radiation, typically ranging from 20kHz to 10 MHz. When
applied, this radiation creates bubbles within the reaction solution, leading to
localized hotspots with high temperature and pressure. These extreme
conditions promote chemical reactions and accelerate the formation of
crystallization nuclei (Fig. 2E)"”. Researchers have used the sonochemical
method, in combination with 1-methyl-2-pyrrolidone as the solvent, to
efficiently synthesize high-quality crystals of MOF-5 and MOF-177. The
resulting crystals, with sizes ranging from 5 to 25 um for MOF-5 and 5 to
20 um for MOF-177, were produced in significantly reduced reaction times.
Yu et al. synthesized porphyrin-based MOFs (MOF-525 and MOF-545)
with high purity and uniform size by a sonochemical method using zirconyl
chloride and tetrakis (4-carboxyphenyl) porphyrin. Benzoic acid and tri-
fluoroacetic acid were used as modulators. The synthesis process was
completed in 2.5h and 0.5h, which is faster compared to conventional
methods. The physicochemical properties of the MOFs were analysed by
X-ray diffraction (XRD), scanning electron microscopy (SEM) and N2
adsorption-desorption isotherms. UV-vis spectrometry, thermogravimetric
analysis (TGA) and ICP-MS were applied to investigate defect regions. The
sonochemically synthesized MOFs exhibited higher levels of defect sites and
superior textural properties compared to those prepared by conventional
methods. In particular, MOF-545 exhibited much smaller particle sizes
(approximately 1.0 um) than the conventionally prepared sample
(~4.8 um). Furthermore, both MOF-525 and MOF-545 showed
improved chemical warfare simulation capabilities in the hydrolysis
of dimethyl-4-nitrophenyl phosphate (DMNP) and exhibited higher
bisphenol-A adsorption performance compared to their conventional
counterparts™.

Microemulsion method

This technique, widely used for synthesizing nanoparticles, has recently
been adapted for fabricating MOFs. In water microemulsions, nanometer-
sized water droplets are encapsulated by a surfactant within an organic
phase. The micelles in these microemulsions function as nanoreactors,
controlling nucleation and crystal growth rates. By adjusting the water-to-
surfactant ratio and the type of surfactant, one can precisely control the size
and number of micelles, allowing for accurate regulation of nanoscale
material dimensions. However, this method has some limitations, including
high costs and the environmental impact of many surfactants used in the
process. Lee et al. used a microemulsion method to synthesize MOF
nanocrystals in an environmentally friendly and efficient manner. The size
of ZIF-8 crystals was carefully controlled using an oil-in-water micro-
emulsion system and the process was optimized by a soft seed-mediated
approach. ZIF-8 nanocrystals synthesized without the need for chemical
additives showed excellent performance in catalytic activities and dye
adsorption applications. This method also provides precise control over the
size of ZIF-67 crystals and ZIF-derived hollow nanostructures. With high
surface area, tunable morphology and energy efficiency, this approach holds
significant promise for industrial-scale applications™.

Impact of key parameters on the synthesis and properties

of MOFs

MOFs have garnered significant attention in recent years due to their large
surface areas, tunable pore structures, and diverse functional properties. The
synthesis of MOFs is highly dependent on key parameters such as
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temperature, solvent selection, reaction time, and pH. These factors directly
influence the morphology, porosity, and overall characteristics of the
resulting crystals. This section provides an in-depth analysis of these
parameters, supported by relevant studies.

Temperature

Temperature plays a crucial role in MOF synthesis, affecting nucleation
rates, crystal growth, and defect formation. Lower temperatures typically
yield larger, well-defined crystals due to slower nucleation and growth, while
higher temperatures can produce smaller, more porous particles, albeit with
a greater likelihood of structural defects. Seo et al.* explored the effect of
temperature on Cu-BTC synthesis using microwave methods. At 140 °C,
monocrystalline octahedral Cus(BTC),(H,O); was formed, whereas an
increase to 150°C resulted in [Cu(BTC-H,),(H,0),]-3H,O, which later
transformed into [Cu,(OH)(BTC)(H.O)]-2HO, forming plate-like struc-
tures ( ~ 5 pum in size). Similarly, Chowdhury et al.”” observed that Cu-BTC
synthesized at 100°C in an ethanol-water solvent produced sharp-edged
octahedral particles, while synthesis at 140 °C in an ethanol-DMF-water
mixture resulted in rounded edges. Electrodeposition studies by Campagnol
et al.” demonstrated morphological transitions based on temperature. Cu-
BTC electrodeposited at room temperature formed octahedral structures,
while at 200°C, cubic structures emerged. Higher temperatures also
improved crystallinity, as indicated by sharper and more intense XRD
peaks. Other studies have shown similar temperature effects on different
MOFs. For example, Biemmi et al.”” reported that increasing temperatures
(75-180°C) led to smoother crystal edges in Cu-BTC without significantly
altering particle size. Yuan et al”’ observed a transition from undefined,
urchin-like structures at room temperature to well-defined nanowires at
100 °C in Ni-MOF synthesis. Similarly, MIL-100(Fe) crystals were more
polydisperse at lower temperatures (110 °C) and became more uniform at
higher temperatures (190 °C)”".

Solvent selection

Solvent choice significantly impacts MOF synthesis by affecting metal
precursor solubility, nucleation rates, and final morphology. The solvent’s
polarity, coordination ability, and decomposition behavior all influence the
resulting MOF structure. For instance, the volume of methanol in ZIF-67
synthesis dictates its morphology. As methanol volume increases, the
structure transitions from a flower-like form to a multi-walled wafer, with
surface area increasing from 800 to 2037 m*/g”. Conversely, NH,-MIL-
125(T1i) shifts from circular platelets to octahedral particles as methanol
volume increases, leading to a decrease in surface area from 1268 to
1041 m*/g. Solvent type also determines MOF shape. Cu-BTC synthesized
in a water-DMF mixture forms porous, irregular structures, whereas a
water-ethanol mixture yields octahedral forms. Pure alcohol solutions result
in spherical particles, while a purely aqueous medium produces low-por-
osity, tagliatelle-like structures. The addition of DMF enhances uniformity,
particle fineness, and surface area, but excessive DMF (>14% by volume)
promotes aggregation and reduces surface area. Solubility effects extend to
different MOFs. For example, Cu-BDC synthesized in acetonitrile or pro-
pionitrile exhibits high aspect ratios, whereas methanol or 2-propanol favor
three-dimensional structures due to stronger metal node adsorption.
Similarly, ZIF-8 synthesized in DMF yields large hexagonal particles
(150-200 pm), while methanol and water lead to significantly smaller par-
ticles (3-5 um and 0.3-0.4 um, respectively)”.

Reaction time

The duration of synthesis directly affects crystal growth and structural
stability. Short reaction times may lead to incomplete crystallization,
whereas prolonged durations can cause aggregation or phase transforma-
tions. For UiO-66, solvothermal synthesis was carried out for 18, 21, and
24 h. Characterization via XRD and FTIR confirmed that all samples
maintained the expected structural patterns and functional groups. SEM
analysis revealed that an 18-h reaction time produced the smallest particles
(~200 nm), while TGA showed stability up to 500°C. An alternative

approach using mechanical ball milling enabled the rapid synthesis of Ni-
MOF within 1 min. This method eliminated the need for solvents and
additives. Increasing milling duration, mechano-frequency, or introducing
an assisting solvent improved reaction efficiency and yield. The synthesized

Ni-MOF exhibited excellent capacitance performance™.

pH and modulators

pH adjustment through acidic or basic modulators significantly influences
metal-ligand coordination and overall framework formation. Different
modulators affect nucleation rates, leading to variations in MOF mor-
phology. Low concentrations of modulators promote well-defined, non-
agglomerated particles. Increasing the concentration of alkaline modulators
enhances linker deprotonation, resulting in notable morphological changes.
For instance, HKUST-1 crystals transition from octahedral to spherical or
rod-like forms in response to increased sodium formate concentration.
Similarly, Eu-1,4-NDC-fcu-MOF crystals shift from aggregated octahe-
drons to uniform structures with specific shapes depending on modulator
concentration™. Excessively high pH levels can hinder crystal formation by
promoting rapid nucleation and competition between modulators and
linkers for metal ion coordination. In Dy(BTC)H,O synthesis, increasing
sodium acetate concentration (pH 4.4 to 5.8) transformed rod-like crystals
(~60 um) into spherical nanostructures (~71 nm). At pH >7.2, amorphous
elongated structures formed™. Similarly, MIL-100 and MIL-110 morphol-
ogies in aluminum-based MOFs vary with pH. Highly acidic conditions
(pH ~0) yield hexagonal MIL-110 rods, while slightly higher pH (0.5-0.7)
favors MIL-100 octahedral structures. Dual modulation strategies provide
additional control over morphology. In [{Cu(NDC),(DABCO)},,], acetic
acid and pyridine modulation altered crystal shape from rods to nanosheets
or nanocubes®. Post-synthetic modifications, such as pH-controlled che-
mical etching, also allow morphological tuning in MOFs like ZIF-8 and
ZIF-67, producing cubic, tetrahedral, or hollow structures. The synthesis of
MOFs is highly sensitive to key parameters, including temperature, solvent
selection, reaction time, and pH. Each factor plays a critical role in deter-
mining the final morphology, porosity, and functional properties of MOFs.
Understanding these influences enables precise control over MOF char-
acteristics, facilitating their optimization for various applications. Future
research should focus on fine-tuning these parameters to develop MOFs
with tailored properties for advanced applications.

Comparison between 2D MOFs and conventional MOFs

2D MOFs have different structural and synthesis methods compared to
conventional MOFs. These differences directly impact their quality and
functional performance. These key details are summarized in Table 3.

Tissue-bioelectronic applications

Tissue engineering scaffolds are crucial in the reconstruction of tissues and
organs, providing a foundational framework for the process. As materials
science progresses and tissue engineering methodologies become more
sophisticated, there’s a wide array of scaffold options available. However,
due to the complexity of tissue structure and function, along with the lim-
itations of biomaterials, it is difficult for a single material to satisfy all the
requirements for tissue reconstruction. This has led to growing interest in
composite scaffolds with unique properties, combining base materials with
active components. The core performance parameters depend on the base
materials used, while active components contribute specialized service
attributes, making these composite scaffolds versatile for various tissue
engineering applications.

The increasing reliance on antibiotics has raised serious concerns about
bacterial resistance, leading to a global need for new antimicrobial treat-
ments. Metal-organic frameworks are a type of porous organization mate-
rial made up of metal ions and organic ligands. These structures have shown
promise in combining biomacromolecules like proteins and poly-
saccharides to create composite materials. In recent years, there has been
growing interest in using MOFs and their derivatives for antibacterial
purposes, demonstrating their effectiveness as powerful antibacterial agents.
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This thorough review explores the various ways MOFs and their composites
can be used to combat bacterial infections, detailing different synthesis
methods and antibacterial mechanisms. Additionally, it discusses the
challenges and opportunities associated with using MOF-based anti-
bacterial materials in the rapidly evolving medical field. By providing new
insights, this review aims to contribute fresh strategies for the medical
application of MOF-based antibacterial materials.

Bioactive factors play a pivotal role in fostering tissue regeneration and
fostering conducive microenvironments. In the realm of texture making
engineering scaffolds, incorporating privileged factors functionalities
through surface coating, internal loading, direct adsorption, or grafting
proves effective in enhancing cell attachment, fostering renewal, and sup-
port tissue scaffold vascularization. MOFs represent molecular architectures
featuring expansive cavities and diverse pore sizes, presenting an opportu-
nity for efficient loading and controlled release of bioactive drugs. The pore
dimensions of MOFs significantly influence drug loading efficacy and
release kinetics. Loading drugs into MOFs can be achieved through
encapsulation or surface modification techniques. Moreover, MOFs possess
the capability to respond to internal or external environmental changes
within the body, thereby enabling targeted drug delivery. Their potential in
breaching the blood-brain barrier makes them particularly valuable for drug
encapsulation applications. Integration of MOFs with tissue engineering
scaffold materials not only provides structural support but also enhances
tissue repair efficiency by delivering inflammation reducers, against bacteria
or tissue repair enhancer agents. Additionally, MOFs can encapsulate gene
therapy drugs, thereby augmenting their transfection efficacy and stability.
These frameworks have shown promises in fostering angiogenesis, osteo-
genic differentiation, and tissue regeneration. Leveraging MOFs for loading
bioactive factors onto tissue engineering scaffolds can significantly enhance
cell adhesion, regeneration, and vascularization processes. In summary,
MOFs harbor substantial potential for encapsulating drugs and bioactive
factors, thereby serving therapeutic objectives effectively.

In the biomedical field, iron-based Fe-MOFs, especially MIL-53 (Fe),
have garnered significant interest due to their low toxicity, structural
adaptability, and biodegradability. MIL-53 (Fe) is composed of Fe (III)
octahedra linked by terephthalate anions, making it a promising candidate
for various biomedical applications. Researchers have successfully synthe-
sized nanoscale Fe-MOFs that are used for delivering anti-tumor and ret-
roviral drugs. These nanoscale frameworks have demonstrated favorable
properties in both laboratory and animal studies, including excellent
degradability, safety, and imaging capabilities’’ ™. Ren et al.”’ multi-
functional antibacterial platform has been created using a chitosan (CS) and
HKUST-1 antibacterial film. This system is designed to release copper ions
in a controlled manner, minimizing the risk of cytotoxicity". Exploiting the
flexibility of Fe-MOFs, Leng et al.*" MIL-53 (Fe) was chosen for encapsu-
lating the anti-cancer drug oridonin, achieving a high drug loading capacity
of 56.25% (w/w) with a sustained release over seven days. Additionally, the
drug-loading potential of Fe-MOFs was explored using magnetic and
fluorescence imaging techniques”. Notably, Hollow Fe-MOFs-5-NH,
exhibited an impressive drug loading capacity of up to 35% (w/w) with pH-
responsive release properties. Additionally, the inclusion of Fe’* ions in
these MOFs enhanced their magnetic resonance imaging (MRI) capabilities
(Fig. 3A)*. Further functionalization of Fe-MOFs with folic acid (FA) and
fluorescent agents has been shown to improve their targeted drug delivery
and fluorescence imaging capabilities. This advancement could significantly
broaden the applications of Fe-MOFs in biomedicine™.

Copper (Cu) is an essential trace element crucial for maintaining
bioactivity, known for its chemical stability and low toxicity. Its significance
extends to various biological functions, including the activation of cell
energy production, regulation of metabolism, anti-aging properties,
synthesis of elastin, and formation of human nerve tissue. Consequently,
copper has emerged as a widely utilized material for long-term antibacterial
applications. Recent research has shown that copper-based MOF materials
can effectively eliminate S. aureus by releasing copper ions with strong
antibacterial properties. The Cu/1,3,5-benzenetricarboxylic acid (Cu/H,
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Fig. 3 | Graphical representation of different strategies for biomedical utilization
of MOFs. A Schematic summary illustrates the formation of an advanced drug
delivery system, Fe-MIL-53-NH,-FA-5-FAM/5-FU, by conjugating the fluorescent
probe 5-carboxyfluorescein (5-FAM) and the targeting molecule folic acid (FA) to
Fe-MIL-53-NH, loaded with 5-FU 49. Copyright 2017 American Chemical Society,
B Schematic summary illustrates the formation of Cu-BTC MOF directly within
PET and Nylon fabrics, imparting antimicrobial functionality and highlighting the
creation of safe, eco-friendly synthetic textiles with biocidal capabilities 50.

Copyright 2018 Elsevier, C schematic summary illustrates that biocompatible
chitosan/PV A fibers embedded with Cu-based MOF (HKUST-1), produced via
blend electrospinning, enabled the development of an effective MOF-based wound
dressing with strong antibacterial properties to support wound healing 51. Copy-
right 2020 Elsevier, D Schematic summary illustration below outlines the prepara-
tion methods and crystal structure of Cu-doped metal-organic frameworks (MOFs)
in vivo. 52. Copyright 2020 Elsevier.

BTC) MOF, formed from Cu** and 1,3,5-H, BTC, exhibits significant
antibacterial activity. This effect is attributed to the copper ions and the
carboxylic groups in the organic component. Additionally, HKUST-1,
also known as MOF-199 or Cus(BTC),, is a well-known MOF with unique
square-shaped pores and is widely recognized for its diverse
applications®.

In a study, Cu-MOF nanostructures were applied to silk fibers using
alternating plating solution layering techniques, resulting in a Cu-BTC
MOF that showed significant antibacterial effectiveness against Escherichia
coli (E. coli) and Staphylococcus aureus. Another investigation revealed that
Cu-BTC, when applied to in-situ formed polyester (PET) and nylon,
exhibited strong antibacterial activity against various microbial pathogens,
including E. coli, Staphylococcus aureus, and Candida albicans (Fig. 3B)*.
Wang et al."” HKUST-1/chitosan/PVA fibers were synthesized using the
electrospinning method, demonstrating exceptional antibacterial effective-
ness against E. coli and S. aureus, with a 99% inhibition rate. Additionally,
the production of reactive oxygen species (ROS) in energy-sensitive metal-

organic frameworks (MOFs) can be enhanced or initiated by external energy
sources, such as light or ultrasound (Fig. 3C).

Han et al." a Cu-based MOF was developed by incorporating Cu*" into
the porphyrin ring of PCN 224, which enhanced its photocatalytic prop-
erties and increased reactive oxygen species (ROS) production. This
improvement is due to Cu**s ability to capture electrons, reducing electron-
hole recombination and speeding up carrier transfer. Adding 10% Cu’* to
the MOFs significantly boosted their antibacterial activity against S. aureus,
achieving a 99.71% inhibition rate within 20 min. This effectiveness results
from the combined action of ROS and heat. Overall, Cu-MOFs have proven
to be highly effective in eliminating S. aureus and treating wound infections
in vivo (Fig. 3D).

In a similar study, found that the Cu-HKUST-1@HA composite dis-
played enhanced nanomechanical properties, with a Young’s modulus of
13.76 GPa, comparable to that of human cortical bone. It also had a negative
zeta potential of -16.3 mV at pH 7.4 and showed biocompatibility with
human dermal fibroblasts at concentrations up to 1000 pg/mL, without
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Fig. 4 | Schematic overview of MOF-based nanocomposites for biomedical
applications. A Schematic summary, Cu-HKUST-1@HA composite formed by
coating hydroxyapatite (HA) nanoparticles with Cu-HKUST-1 was shown to exhibit
excellent potential for bone tissue regeneration due to its strong antibacterial
properties, biocompatibility and bone-like mechanical strength 61. Copyright 2023
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American Chemical Society. B Schematic summary shows that hollow ZIF-8/Au/
CuS/FA nanocomposites serve as a promising platform for sensitive anticancer
therapy and generation of reactive oxygen species 62. Copyright 2020 American
Chemical Society.

causing ex vivo hemolysis. Additionally, the composite maintained che-
mical stability for 21 days in a buffer-simulated physiological fluid and
exhibited antibacterial properties. These attributes make it a promising
candidate for bone tissue regeneration (Fig. 4A)”.

In a recent study, researchers developed a novel approach using a
multifunctional system incorporated into a microneedle-like patch for
treating cutaneous melanoma and promoting skin regeneration. This sys-
tem utilized CuS-Zeolitic imidazolate framework-8 (ZIF-8), enhanced with
CuS nanoparticles for improved photothermal conversion. Additionally,
the framework was loaded with camptothecin, a hydrophobic chemother-
apeutic drug, making it a versatile platform for both photothermal therapy
and drug delivery (Fig. 4B)™.

Zirconium-based MOFs (ZrMOFs), notably UiO-66 (Universitetet i
Oslo), hold promise for applications in tissue engineering and biomedicine
due to their advantageous properties such as low toxicity and high stability
under various conditions including mechanical, thermal, acidic, and aqu-
eous environments. UiO-66, the first Zr-nano-MOF, comprises a zirconium
oxide complex linked by 1,4-benzene dicarboxylic acid ligands. By incor-
porating different functional groups like eNH, and NO,, ZrMOFs with
varying pore sizes and release kinetics can be tailored. Generally, nano
ZrMOFs are regarded as safe materials suitable for diverse biomedical
applications® .

In a similar study, IRMOF-1, with a pore size matching the drug
Oridonin (ORI), demonstrated high drug loading capacity (57.93% by
weight) and effective release profile (about 90% in 24 h at pH 7.4). When
modified with PEG and a cell-penetrating peptide (CPP44), it enabled
targeted delivery to hepatic tumor lines, exhibited acid-responsive drug
release, enhanced antitumor effects, minimal toxicity, and rapid clearance
from the body. This suggests that MOF-based systems with tailored pore
sizes have significant potential for personalized cancer therapy (Fig. 5A)™.

In a similarly study, has developed a novel nano-drug delivery system
aimed at tackling infections caused by methicillin-resistant Staphylococcus
aureus (MRSA), known for their resistance to many antibiotics. The system
features a nano silver metal-organic framework (Ag-MOF) using
2-methylimidazole as the ligand and silver nitrate as the ion source, with
vancomycin (Vanc) incorporated as the therapeutic agent. This Ag-MOF-
based delivery system demonstrated pH-responsive properties and

favorable biocompatibility, crucial for effective in vivo application. Testing
in a mouse model of MRSA pneumonia revealed that the PLT@Ag-MOF-
Vanc system provided significantly better anti-infective performance
compared to free vancomycin, without notable toxicity. These results sug-
gest that PLT@Ag-MOF-Vanc could be a promising and targeted approach
for addressing MRSA infections amidst rising antibiotic resistance
(Fig. 5B)".

In a separate study, a scaffold made from poly(L-lactic acid) (PLLA)
micro/nanofibers was used to deliver metal-organic framework (MOF)
nanomaterials containing curcumin and Zn’* for treating diabetic wounds.
The integration of curcumin into the MOF structure improved its bioa-
vailability at the wound site and allowed for a controlled release. This
regulated release of curcumin and Zn*" from the scaffold provided anti-
oxidant and anti-inflammatory effects, helping to reduce the inflammatory
response in the wound”. Silver-based antibacterial agents, including both
traditional and nano-silver forms, have been approved by the U.S. Envir-
onmental Protection Agency due to their low toxicity and broad-spectrum
sterilization capabilities. While silver nanoparticles (Ag NPs) are known for
their strong antibacterial properties, they are prone to aggregation, which
limits their even distribution in substrates. Conversely, silver-based metal-
organic frameworks (MOFs) serve as a reservoir for the controlled release of
silver ions (Ag’), harnessing their inherent bactericidal properties for sus-
tained antibacterial activity. Recent studies have also highlighted the anti-
bacterial potential of MOFs incorporating other metals such as magnesium,
cobalt, and zirconium. In the field of implant surgery, where residual
osteosarcoma cells or infectious bacteria can hinder successful implant
integration with natural bone, researchers have been exploring innovative
solutions. For example, Zhang et al.”*. The goal of this study was to assess the
effectiveness of a composite material combining magnesium-based metal-
organic frameworks (Mg-MOF74) with strontium-substituted hydro-
xyapatite (Sr-HA) for treating localized injuries. The research demonstrated
that Mg-MOZF74 was successful in eliminating nearby pathogens, including
S. aureus, E. coli, and Saos-2 cells, while simultaneously supporting the
growth and differentiation of osteoblasts (Fig. 5C).

Similarly, Aguado et al.”’ devised a straightforward method for syn-
thesizing Co-SIM-1, a novel analog of the zinc-based MOF SIM-1. This
material exhibited notable antimicrobial properties and durability
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biocompatibility for safe and targeted MRSA treatment in a mouse model 68.
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Copyright 2021 Springer Nature, C Schematic summary illustrates the possible
mechanisms by which Sr-HA-MOF74 substrates exert antibacterial effects, suppress
osteosarcoma and enhance bone regeneration 69. Copyright 2019 Elsevier,

D Schematic summary shows a PLGA/Mg-GA MOF composite scaffold functio-
nalized with human ADSC-derived exosomes that was evaluated for its ability to
promote bone healing, blood vessel formation and reduce inflammation in a rat skull
defect model 70. Copyright 2022 Elsevier.

attributed to its controlled release of cobalt ions in a biocide solution. Cobalt-
based organic frameworks present an attractive avenue for antimicrobial
applications due to their simplicity, cost-effectiveness, and accessibility of
commercial ligands. Thus, future developments in this area hold promise for
economically feasible antimicrobial materials. MOFs nanoparticles are
frequently utilized in antimicrobial therapy either independently or in
conjunction with other materials to bolster their antimicrobial properties.
Beyond the incorporation of antimicrobial drugs, MOFs exhibit several
mechanisms for antimicrobial action. Primarily, certain MOFs contain
antimicrobial metal ions such as Zn**, Cu’*, and Zr*". Through gradual
MOF decomposition, these metal ions are continuously released, serving as
effective antibacterial agents under specific conditions. For instance, San-
domierski et al.”’ developed a method to improve the clinical performance of
titanium-based materials by applying a coating of methyl vanillate-modified
ZIF-8 (MV@ZIF-8) onto titanium surfaces modified with polydopamine
(PDA). This modification aimed to enhance both the anti-infection prop-
erties and the bone regeneration capabilities of the titanium substrates. Their
research into the antibacterial mechanisms of MOFs revealed that ZIF-8
facilitates a controlled, sustained release of Zn*" ions. These Zn*" ions
interact electrostatically with the negatively charged bacterial membranes,
increasing their permeability. Furthermore, MV@ZIF-8 nanoparticles help
form pores in the cell membranes, disrupting membrane integrity and
leading to bacterial cell death®.

The process of tissue repair and regeneration heavily relies on mana-
ging inflammation effectively. Prolonged inflammation typically hampers
tissue regeneration, underscoring the importance of timely alleviation of
inflammation. Recent research has highlighted MOFs as promising mate-
rials with anti-inflammatory properties. For instance, Kang et al.*". The
potential of magnesium-based metal-organic frameworks (Mg-MOFs)

combined with gallic acid (GA) as an organic ligand within PLGA for
reducing inflammation in bone injury repair has been explored. Magnesium
ions (Mg“) are known to influence inflammatory responses, while GA, a
polyphenolic compound, offers antioxidant and anti-inflammatory prop-
erties by inhibiting inflammatory mediators and ROS production in mac-
rophages. In vivo studies have confirmed the anti-inflammatory benefits of
Mg-GA supplementation. Although the exact mechanisms through which
GA reduces inflammation are not fully understood, it is believed that GA
may work by decreasing the release of inflammatory cytokines, chemokines,
and adhesion molecules, as well as by reducing the infiltration of inflam-
matory cells. Further research has focused on functionalizing Mg-GA with
exosomes and integrating these into scaffolds to enhance their anti-
inflammatory, osteogenic, and vascularization-promoting effects, thereby
potentially accelerating bone regeneration. This approach opens up pro-
mising avenues for future research, particularly in understanding the spe-
cific mechanisms behind the anti-inflammatory, osteogenic, and
vascularization-enhancing properties of Mg-GA and EXO-Mg-GA
(Fig. 5D).

A critical factor for successful tissue regeneration in tissue engineering
is ensuring an adequate blood supply, regardless of the tissue type. One of
the significant challenges with biomaterials used for tissue repair is achieving
sufficient vascularization, particularly in the central regions of scaffolds
where blood vessel formation is often inadequate. Without proper vascu-
larization, newly formed tissues cannot obtain the necessary nutrients and
oxygen, leading to cell death and incomplete healing. Rapid formation of
new capillary networks is essential, especially in larger tissues, where new
blood vessels need to sprout from existing ones and connect through the
extracellular matrix. To overcome this challenge, developing biocompatible
materials that promote blood vessel formation is crucial. Research suggests
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Chemical Society. B The schematic summary illustrates the creation of an
innovative drug delivery system (MNs@CD-MOF@MPSS) that combines
B-cyclodextrin metal-organic frameworks (CD-MOF) with microneedles (MNs)
to enable precise transdural targeting of drugs for the treatment of spinal cord
injury (SCI) 75. Coyright 2023 Elsevier.

that MOFs may aid in angiogenesis through the release of metal ions during
their degradation. For instance, magnesium has been shown to enhance
angiogenesis and wound healing by promoting cell migration and pro-
liferation. Taking inspiration from this, Yin et al.”” Mg-MOFs were inte-
grated into a poly(y-glutamic acid) (y-PGA) hydrogel, which was
subsequently incorporated into a microneedle (MN) patch. The controlled
release of Mg”" ions from the Mg-MOFs were found to promote angio-
genesis (Fig. 6A).

Nerve injuries or defects pose significant challenges in clinical practice,
often leading to poor outcomes and considerable impairment in patients’
lives. In a recent study by Zhai et al.” a new method has been developed
using a B-cyclodextrin metal-organic framework (CD-MOF) incorporated
into a microneedle (MN) system for the controlled delivery of methyl-
prednisolone sodium succinate (MPSS) directly to the site of spinal cord
injury (SCI) through the dura. This innovative approach offers new potential
for spinal cord injury treatment with targeted drug delivery. While research
on MOFs in neural tissue engineering, especially in vivo, is still emerging, the
promising results of MOF-based biomaterials in bone and wound healing,
along with the potential of MOF nanoparticles for nerve repair, suggest a
hopeful future for these materials in neural tissue engineering (Fig. 6B).

The mechanical characteristics of natural biomaterials utilized in tissue
engineering scaffolds are often lacking. However, incorporating nano-
particles presents a viable approach to enhance these properties. Among
nanoparticle options, MOF nanoparticles are particularly noteworthy due to
their distinctive structure and chemical interactions. Within PLLA/ZIF-8
composites, the combination of ZIF-8 particles and PLLA matrix serves to
bolster tensile strength, compressive strength, and stiffness by establishing
robust interfacial bonds. Furthermore, the incorporation of ZIF-8 has
shown promise in significantly augmenting the mechanical properties of
HA. In bioprinted hydrogel structures, the addition of ZIF-8 nanoparticles
proves effective in regulating and enhancing mechanical properties. Studies
also demonstrate that MOFs contribute to enhancing hydrogel mechanical
strength through synergistic interactions. Consequently, leveraging MOFs
in the design and manipulation of hydrogels introduces novel avenues for
developing more resilient 3D printing bioinks (Fig. 7A)*.

Recent studies on MOFs have highlighted the antibacterial effective-
ness of various metal ions such as silver, zinc, iron, magnesium, manganese,
and copper. This review categorizes MOFs based on their metal components
and explores their antimicrobial applications, including those using silver,

zing, copper, cobalt, and other metals. In tissue engineering, which focuses
on repairing damaged tissues or organs, incorporating MOFs that release
drugs with anti-inflammatory, antibacterial, or tissue-repairing properties
into scaffold materials is a promising strategy. This method not only pro-
vides essential structural support but also promotes tissue regeneration
through the controlled release of therapeutic agents. Beyond traditional
pharmaceuticals, MOFs also offer the potential to encapsulate gene therapy
agents, such as microRNAs (miRNAs), for use in tissue engineering. For
example, Feng et al.”* encapsulation of pro-angiogenic miR-21 and pro-
osteogenic miR-5106 into ZIF-8 nanoparticles was accomplished using a
one-pot synthesis method. In vitro studies revealed that miRNA loading in
miR@ZIF-8 nanoparticles was highly efficient. The miRNAs contained
within the ZIF-8 pores are shielded from RNase degradation, resulting in
superior transfection efficiency and stable cellular expression compared to
traditional methods like Lipo3000. Additionally, the pH-responsive nature
of ZIF-8 enables controlled release of miRNAs in acidic endolysosomal
environments. Experiments demonstrated that ZIF-8 nanoparticles loaded
with functional miRNAs significantly promoted angiogenesis and osteo-
genic differentiation in bone marrow mesenchymal stem cells. These
miR@ZIF-8 nanoparticles were then integrated into an alginate gel to create
a composite hydrogel for cranial defect repair, leading to notable
improvements in both angiogenesis and bone formation. This study high-
lights the potential of MOFs as advanced nucleic acid delivery systems for
tissue regeneration, opening new research and application possibilities.

MOFs exhibit a diverse range of compositions, with organic ligands
playing a pivotal role in their 3D supramolecular organization and physi-
cochemical properties. Common organic linkers such as carboxylates,
phosphonates, sulfonates, and heterocyclic compounds influence MOF
characteristics including stability, degradability, bioavailability, and toxicity
in biological settings. Selecting the appropriate organic linker is crucial, as it
impacts MOF’s physical and chemical nature, with some chosen for their
low toxicity, biocompatibility, or ability to carry high drug loads. Biomo-
lecules like amino acids, nucleobases, and sugars also find application in
MOF structures, particularly in the emerging field of BioMOFs. For
instance, Chao et al.” devised an antioxidant system using MOF-818 inte-
grated with a hydrogel for wound healing. This innovative approach
effectively regulates the microenvironment of chronic wounds by mitigating
ROS, facilitating the transition from inflammation to tissue regeneration,
particularly beneficial in diabetic wound care.
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MIL-100 (Fe), examines its physicochemical stability under varying pH, tempera-
ture and physiological environments, and illustrates interactions in its biomedical
uses, including biosensing, phototherapy, encapsulation techniques and drug
delivery 80. Copyright 2021 Elsevier, D Schematic overview illustrates carbon
monoxide delivery using bioactive zinc metal-organic frameworks, inspired by
organisms’ self-repair processes. This method highlights cellular communication
and promotes cooperative interactions for enhanced effectiveness. 81. Copyright
2023 Elsevier.

The growing significance of nanozymes in disease diagnosis and
treatment is due to their many advantages. In bacterial therapy, various
nanomaterials with enzyme-like properties have been explored as potential
solutions for bacterial infections. Despite this, challenges such as poor dis-
persion, aggregation, toxicity, and non-specific catalytic activity have limited
the progress of these materials in bacterial theranostics. Additionally, con-
cerns about the environmental impact of metal oxide nanoparticles used in
nanozymes highlight the need for new, stable, and efficient nanomaterials.
To advance the field of nanozymes for antibacterial applications, it is crucial
to explore and develop innovative materials that address these issues.

Peroxidase nanozymes primarily catalyze the breakdown of hydrogen
peroxide, producing highly reactive hydroxyl (¢OH) free radicals. These
radicals are extremely toxic to bacterial cells. While hydrogen peroxide itself
has bactericidal properties, excessive concentrations can be harmful to
normal tissues and can interfere with wound healing. Recently, Hu et al.”” a
novel hybrid nanozyme was developed by integrating ultrathin two-
dimensional MOFs with ultra-small gold nanoparticles (UsAuNPs)
through an in-situ reduction process. Although UsAuNPs are known for
their excellent enzyme-mimicking capabilities, their high surface area makes
them prone to instability and aggregation. The MOFs serve as a stabilizing
matrix, preventing the aggregation of UsAuNPs while enhancing their
peroxidase-like activity in converting hydrogen peroxide (H,O,) into highly
reactive hydroxyl radicals («OH). This hybrid nanozyme demonstrated
significant antibacterial activity and promoted wound healing even at low
concentrations of H,O,.

Cardiovascular disease poses a major global health challenge, char-
acterized by high morbidity, mortality, and treatment costs, affecting both
individuals and society at large. MOFs have shown significant potential in
addressing these issues, particularly in two main areas: the development of
drug-eluting stents and the engineering of blood vessel tissues. Copper-
based MOFs are especially noteworthy for their ability to catalyze the pro-
duction of nitric oxide (NO) from endogenous S-nitrosothiols (RSNOs), a

key component in creating antithrombotic coatings for cardiovascular
implants. For example, M199 incorporated into polycaprolactone (PCL)
electrospun fibrous scaffolds demonstrates prolonged NO catalytic activity,
which supports endothelial cell migration, reduces platelet adhesion and
activation, and improves the uptake of acetylated low-density lipoprotein
(Ac-LDL) (Fig. 7B)®.

Recently, non-copper-based MOFs have gained attention as promising
alternatives. A notable example is the iron-based MOF MIL-101(Fe).
(Fig. 7C)* MIL-101(Fe) has shown promise in cardiovascular applications.
It serves multiple roles when incorporated into PVA/DCS vascular scaffolds,
including acting as a mechanical enhancer, a sustained-release heparin
(Hep)-loaded MOF, and an agent for B-ultrasound and CT imaging. These
modifications have been effective in preventing blood coagulation and
promoting vascular endothelialization”. Additionally, ZIF-8 nanoparticles,
which are loaded with carbon monoxide and coated with HA-CAG peptide
to boost bioactivity, show promise in targeting and modulating vascular
endothelial cells and macrophages, thereby facilitating angiogenesis. While
these nanoparticles are currently used in treating critical limb ischemia, they
present exciting possibilities for angiogenesis therapy and may extend to the
development of tissue-engineered blood vessels (Fig. 7D)".

Currently, the preparation methods for MOF-based functionalized
biomaterials primarily involve solution blending and in-situ growth tech-
niques. Diversifying these methods would facilitate broader applications of
these materials. While existing research has mainly focused on wound
healing and bone repair due to MOFs’ prominent antibacterial properties
and the high risk of infection in these injuries, there is potential for broader
applications. Previous studies have indicated that MOFs not only exhibit
antibacterial effects but also promote tissue regeneration, angiogenesis, and
inflammation inhibition, suggesting their significant potential in various
areas of tissue engineering. Therefore, it is crucial to explore and expand the
applications of MOF-based functional materials in tissue engineering
beyond traditional uses.

npj 2D Materials and Applications | (2025)9:81

13


www.nature.com/npj2dmaterials

https://doi.org/10.1038/s41699-025-00603-y

Review

For a composite to be suitable for intra-articular administration, it
must be injectable. While MOFs in solution can be injected, incorporating
them into hydrogel formulations offers additional advantages, such as
slower clearance and the ability to transition from a liquid to a solid state
after injection. This combination ensures that the composite will adapt to
the defect site upon injection. Injectable MOF-hydrogel composites, such as
RB@MPMW?’, and MOF@HA@PCA’’, has shown effectiveness in animal
models for treating osteoarthritis. Specifically, the injectability of
RB@MPMW has underscored the potential of MOF microcarrier compo-
sites with coatings. The accompanying graphical representation outlines the
key factors necessary for designing and fabricating an optimal composite for
osteoarthritis treatment, as previously discussed.

Imaging and bioelectronic applications

Metal-organic frameworks are crucial in bioelectronic applications due to
their ability to conduct ions and electrons, their hybridization with bio-
molecules, and their role in sensing mechanisms for biosensors. These
functionalities enhance the capabilities of MOFs in biomedical and envir-
onmental fields by improving processes like biomolecule transport, con-
trolled release, and detection.

¢ Tonic and Electronic Conductivity: MOFs possess the unique ability to
exhibit both ionic and electronic conductivity. This dual functionality is
particularly beneficial in bioelectronic devices, as it facilitates the
integration of electronic signals with ion transport in biological sys-
tems. Riberio et al. explores MOFs as innovative materials offering both
ionic and electronic conductivity. A proton-electron dual-conductive
MOF was developed, incorporating tetrathiafulvalene (TTF)-phos-
phonate linkers and lanthanum ions. The formation of partially
oxidized TTF stacks, along with S---S interactions, facilitates electron
transport through a hopping mechanism, achieving a conductivity of
72 x 10A-6 S cmA-1 at room temperature. Additionally, the material
demonstrates proton conductivity of 4.9 x 10/-5 S cmA-1, attributed to
the presence of free -POH groups. These findings highlight the
significant potential of MOF-based systems for developing advanced
ionic and electronic conductivity materials™.

* Biomolecule-MOF Hybrids: MOFs can integrate with biomolecules to
create biohybrid structures, which facilitate biocatalytic reactions and
biosensor applications. Biomolecules such as saccharides, nucleobases,
amino acids, peptides, proteins, and porphyrins can be incorporated
into bio-MOFs to improve their properties. The exceptional
physicochemical characteristics, biocompatibility, and multifunction-
ality of bio-MOFs are highlighted in areas like drug delivery,
bioimaging, biosensing, separation, catalysis, and environmental
cleanup. By merging biology, medicine, and materials science, these
materials represent a promising interdisciplinary field. The optimiza-
tion of biocompatibility, morphology, and multifunctionality drives
advancements in biomedical, therapeutic, diagnostic, and environ-
mental technologies”.

* Biosensors and Detection: MOFs serve as a valuable platform for
biosensors due to their distinct features, including high surface area,
adjustable pore sizes, and excellent adsorption properties. In the con-
struction of electrochemical (EC) biosensors, MOFs are employed to
immobilize probe molecules such as antibodies, DNA, and aptamers.
They offer an efficient platform for detecting critical biomarkers for
early cancer detection, including cancer markers, microRNA, and live
cancer cells. Various strategies have been developed for creating EC
biosensors, including the use of monometallic MOFs, bimetallic MOFs,
luminophore-linked MOFs, and MOF-based nanocomposites. These
advancements are poised to make significant contributions to the
future development of biosensing technologies”.

* Biomolecule delivery and transport: MOFs have garnered significant
attention in anticancer therapy and the controlled release and transport
of biomolecules due to their distinctive features, including high surface
area, adjustable porosity, biocompatibility, and ease of fabrication.
Smart MOFs are especially promising due to their capacity to be

activated by specific endogenous or exogenous triggers, releasing their
therapeutic payloads only under designated conditions. The tumor
microenvironment (TME) offers an opportunity to leverage MOFs for
targeted delivery, allowing the controlled release of therapeutic agents
specifically aimed at cancer cells. This review focuses on recent
advancements in the development of MOF-based nanoparticles loaded
with biomolecules, emphasizing their potential for controlled release

and efficient cargo transport”®.

MOFs are hybrid materials comprising metal ions or clusters con-
nected by organic ligands. The flexibility of their structure, their porous
nature and their capacity to precisely adjust pore size and surface features
make MOFs highly suitable for applications in biological sensing and
imaging. In contrast to inorganic nanomaterials such as graphene, graphene
oxide, and gold nanoparticles, MOFs offer distinctive benefits for biological
applications due to their biodegradability and the utilization of biocompa-
tible components. MOFs have recently been employed in the detection of
DNA, RNA, enzyme activity, and small molecules, as well as in magnetic
resonance imaging (MRI) and computed tomography (CT), which are
essential for clinical diagnostics. MRI is an advanced medical imaging
technique that generates detailed images of the human body. It allows for the
observation and analysis of various physiological processes and anatomical
structures through the use of electromagnetic radiation, magnetic field
gradients, and magnetic fields.

MRI s particularly useful for distinguishing between tumors and other
tissues, including healthy ones. Unlike PET or CT scans, MRI does not
involve ionizing radiation or X-rays, making it a safer option. It provides
superior spatial resolution and can penetrate tissues without limitation.
However, MRT’s lower sensitivity is a notable drawback, which is addressed
by using contrast agents.Contrast agents in MRI fall into two main cate-
gories: T1 (positive contrast) agents augment the longitudinal relaxation
time, thereby rendering tissues to appear brighter on MRI scans. Conversely,
T, (negative contrast) agents abbreviate the transverse relaxation time,
which results in darker images. In clinical practice and diagnostic imaging,
contrast agents containing iron, manganese, and gadolinium are frequently
employed.These agents, particularly those containing transition metals like
Mn** or Gd’* with significant magnetic moments and multiple unpaired
electrons, are effective in enhancing the relaxation of water protons, thus
improving MRI contrast. They also help to reduce the toxicity associated
with traditional contrast agents.Conversely, gold, with its high atomic
number and increased X-ray attenuation, is a promising candidate for CT
imaging using X-rays. The multifunctional properties of MOFs) make them
highly effective as MRI contrast agents at targeted locations, thanks to their
exceptional tumor-targeting and loading capabilities. The use of contrast
agents in computed tomography (CT) and magnetic resonance imaging
(MRI) has gained significant attention, leading to the development of var-
ious methods for early cancer diagnosis. New MOFs (NMOFs) incorpor-
ating gadolinium (Gd), which offer adjustable sizes and high multi-valence
for Gd (III), hold promise for addressing the limitations of current Gd-
chelate contrast agents used in clinical settings. Research by Tian et al.”’
explored the potential of combining Gd-NMOFs with gold nanoparticles
(AuNPs) to create a bimodal imaging agent suitable for both CT and MRIL
They developed AuNPs/Gd-MOF composites with enhanced stability by
coating Gd-NMOFs with poly (acrylic acid) (PAA) and then reducing and
depositing Au ions. These hybrid nanocomposites were subsequently
assessed for their performance in both CT and MRI imaging.

Recent research has concentrated on the development of sophisticated
imaging contrast agents for the accurate, non-invasive in vivo evaluation of
pathological conditions. Notwithstanding the aforementioned advance-
ments, challenges such as false positives, ambiguous imaging outcomes, and
the dearth of efficacious dual-mode imaging methodologies persist. One
promising approach is the creation of MRI contrast agents (CAs) with
intrinsic dual-mode T1/T2 imaging capabilities. This study examines the
development and characterization of nanostructured coordination poly-
mers (NCPs) synthesized in a single step, which exhibit dual-mode T1/T2
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Fig. 8 | Schematic overview of MOF-based nanomaterials developed as MRI
contrast agents. A Schematic summary demonstrates the dual T1/T2 MRI contrast
potential of Fe-based NCPs with high colloidal stability. The study includes in vitro
models, ex vivo tests and in vivo MRI and focuses on a preclinical murine glio-
blastoma model 90. Copyright 2018 American Chemical Society. B Schematic
overview explores the role of metal-organic frameworks (MOFs) and composite
materials as MRI contrast agents, highlighting their structural features, design
approaches, and potential for heteronuclear MRI applications 91. Copyright 2022
American Chemical Society.

MRI contrast. The synthesis of these NCPs integrates various paramagnetic
ions (Fe’*, Gd**, Mn*") with organic ligands, facilitating polymerization and
stabilizing the nanostructure. Among the materials tested, iron-based NCPs
demonstrated superior colloidal stability, low toxicity, and effective dual
T1/T2 MRI contrast, addressing limitations observed in previous contrast
agents. The dual-mode functionality was evaluated through in vitro phan-
toms, ex vivo and in vivo MRI studies, and a preclinical murine glioblastoma
model. The Fe-NCPs demonstrated high-contrast performance, offering
simultaneous positive and negative contrast rapidly and safely. Biodis-
tribution studies revealed that the nanoparticles remained within the tumor
and were gradually cleared from the system, indicating their biodegrad-
ability. Compared to commercially available contrast agents, these nano-
platforms offer significant advantages, highlighting their potential as
advanced dual-mode MRI contrast agents (Fig. 8A)".

In a related study examined the potential of metal-organic frameworks
(MOFs) and their composite materials as contrast agents for magnetic
resonance imaging (MRI). Metal-organic frameworks (MOFs) are regarded
as a highly promising avenue of research for potential applications in
magnetic resonance imaging (MRI) due to their adaptable designs and high
metal ion content. This review examined significant advancements in the
field over the past five years and classified the materials into three main
categories. The subject of this study is the classification of materials into
three main categories: MRI-active MOFs, MOF-based composite materials,
and MRI-active compounds incorporated into MOFs. Furthermore, the
study presented an overview of MOF-based materials employed in het-
eronuclear MR, including imaging techniques utilizing 129Xe and 19 F
(Fig. 8B)".

Theragnostic nanoagents, which combine diagnostic and therapeutic
capabilities into a single platform, have gained significant interest in cancer
treatment. However, there remains a need for more effective and safer
agents for both detection and treatment. To meet this need, a core-shell
PB@MIL-100(Fe) dual metal-organic framework (MOF) nanoparticle
(d-NMOF) has been developed for multimodal imaging applications

(Fig. 9A)". Wang et al.” effectiveness of combining chemotherapy with
theragnostic functions was assessed through both in vitro and in vivo stu-
dies. The core-shell PB@MIL-100(Fe) dual metal-organic framework (d-
NMOF) nanoparticles demonstrated significant advancements in the field
by integrating the benefits of each MOF component. The MIL-100(Fe)
provides a high surface area for pH-responsive release of artemisinin, while
the inner PB layer contributes a photothermal effect. Additionally, the
nanoparticles serve as potent contrast agents for dual-modal T1-T2 MRI
imaging. The d-NMOFs combine multimodal imaging capabilities with
synergistic chemo-photothermal treatment, and the reduced toxicity of both
artemisinin and the d-NMOFs highlight their potential as a promising, safe,
and effective approach for cancer therapy (Fig. 9B). The analysis of pores
and the characterization of exceptionally large surfaces in MOF particles
underscore the significance of designing multifunctional MOFs for drug
delivery. In a separate notable study, Liu et al.”” reported the development of
a Mn-bisphosphonate nanocarrier (NCP) that self-assembled with high
loadings of zoledronate (63 + 5 wt%) and Mn’" ions (13.3 + 4 wt%). This
NCP shows considerable promise for applications in cancer therapy and
magnetic resonance imaging (MRI). To optimize drug release kinetics and
improve targeting specificity for cancer cells, the Mn-bisphosphonate NCP
was coated with a lipid, pegylated, and functionalized with anisamide. These
modifications significantly enhanced the cytotoxicity of the agent against
human breast and pancreatic cancer cells. In vitro MRI studies confirmed
the effectiveness of the Mn-bisphosphonate NCP as a T1 contrast agent and
validated the targeting capability of the anisamide-functionalized NCP. This
multifunctional NCP offers a promising platform for developing ther-
agnostic nanomaterials with a wide range of biomedical applications.

A significant challenge in the field of healthcare is the effective and safe
delivery of drugs using non-toxic nanocarriers. A significant limitation of
the majority of current carrier materials is their low drug-loading capacity,
frequently below 5 wt% of the drug relative to the carrier. Additionally, these
materials often exhibit a rapid release of the drug from their external sur-
faces. The use of porous hybrid solids, which can be manufactured with
bespoke structures and pore sizes, represents a promising avenue for
enhancing drug delivery and imaging applications. This is due to the fact
that such solids can facilitate more effective drug interactions and achieve
higher loadings. This study underscores the potential of non-toxic porous
iron(IIT)-based metal-organic frameworks (MOFs) with engineered cores,
surfaces, and imaging capabilities as effective nanocarriers. These MOFs
have demonstrated significant promise for the controlled delivery of chal-
lenging drugs, including busulfan, azidothymidine triphosphate, doxor-
ubicin, and cidofovir, which are used in cancer and AIDS treatments.
Furthermore, the incorporation of diagnostic capabilities could facilitate the
development of personalized theragnostic therapies.

In another study, Manganese-doped titanium metal-organic frame-
work (Mn-Ti MOF) nanosheets were synthesized and employed in
microwave therapy for the treatment of liver cancer. The Mn-Ti MOFs
displayed a rapid temperature increase in normal saline solutions, which
was enhanced by their porous structure and facilitated ion collisions
induced by microwaves. Furthermore, the Mn-doped Ti MOFs exhibited an
enhanced generation of singlet oxygen ('1;0°) under low-power microwave
irradiation in comparison to the undoped Ti MOFs. This is likely due to the
narrower band gap resulting from manganese doping. Furthermore, the
introduction of manganese doping resulted in an enhancement of T1
contrast in magnetic resonance imaging, with a r2/rl ratio of 2.315. In
mouse models with HepG2 tumors, the administration of microwave-
triggered Mn-Ti MOFs resulted in a considerable reduction in tumor size
after 14 days of treatment. These findings indicate that Mn—-Ti MOFs have
the potential to serve as effective sensitizers for integrated microwave
thermal and dynamic therapies in liver cancer treatment (Fig. 9C)*. In a
related study, a novel core-shell nanoparticle, CuS@Fe-based metal-organic
framework (Fe-MOF), was developed for the purpose of cancer therapy.
The nanoparticles in question feature a hexagonal CuS nanoplate core
encased in an amorphous Fe-MOF shell. This design enhances near-
infrared (NIR) photo absorption and photothermal conversion efficiency
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combined cancer therapies. 90. Copyright 2023 Elsevier, B Schematic summary
illustration depicts a stimuli-responsive drug delivery system based on metal-
organic frameworks (MOFs) 91. Copyright 2018 Wiley, C Schematic summary
presents the application of Mn-doped Ti MOF nanosheets in microwave therapy
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and highlights their ability to achieve targeted tumor ablation, enhanced 'O pro-
duction, improved T1 MRI contrast and successful treatment outcomes in HepG2
tumor models. 23. Copyright 2023 Elsevier, D Schematic summary shows the
multifunctional design of CuS@Fe-MOF nanoplatforms including photothermal
therapy, chemotherapy, MRI, LSPR enhancement and pH-sensitive DOX release.
This integrated system provides effective tumor ablation through synergistic therapy
while maintaining high biocompatibility, resulting in minimal side effects. 94.
Copyright 2020 Elsevier.

(39.7%) due to the localization of surface plasmon resonance (LSPR) in CuS.
The Fe-MOF shell enables the efficient loading of doxorubicin (DOX) at
27.5%, facilitates pH-responsive drug release, and provides strong magnetic
resonance imaging (MRI) capabilities. The combination of photothermal
effects from CuS and controlled DOX release resulted in the effective tar-
geting and destruction of cancer cells in vitro. In vivo, the CuS@Fe-MOF-
DOX nanoparticles enabled tumor monitoring through MRI and thermal
imaging, resulting in a significant reduction in tumor size and destruction
via a combined photothermal and chemotherapy approach. This approach
proved more efficacious than either treatment alone, with minimal adverse
effects observed in mice (Fig. 9D)*. Overall, the incorporation of MOFs in
bioelectronic applications offers promising advancements in medical ima-
ging and diagnostics, providing more precise, efficient, and targeted
approaches to healthcare.

MOFs exhibit great potential in various applications such as gas sto-
rage, separation, catalysis, and sensors due to their high surface area, tunable
pore sizes, and functional properties. However, several challenges must be

addressed for their practical implementation. One significant issue is the
limited pore size, often below 2nm, which can hinder mass transfer;
introducing hierarchical porosity by selectively removing unstable organic
linkers can overcome this problem®. Additionally, MOFs generally have
poor electrochemical stability and low electrical conductivity, limiting their
use in electrocatalysis; incorporating nanostructured materials like metal
oxides or porous carbons can enhance their performance. Another crucial
challenge is water stability, especially for wastewater treatment applications;
designing MOFs with strong acidic metal ions (e.g., Cr’", A", Fe’, Zr*)
and weak basic azolate ligands (e.g., imidazolates) can improve durability in
aqueous environments. Furthermore, the efficiency of MOFs in photo-
catalytic applications, such as CO, reduction, water splitting, and
pollutant degradation, depends on optimizing their structural and
electronic properties, which can be achieved by precisely tuning
metal nodes and organic linkers. Ultimately, maximizing the practical
potential of MOFs requires optimizing their structural properties,
enhancing stability, and modifying them with suitable functional
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groups, enabling more effective and efficient solutions in energy
storage, environmental remediation, and catalysisg“.

MOFs have emerged as promising materials in biomedical imaging due
to their inherent properties such as high porosity, customizable structures,
and multifunctionality. However, their practical application is often hin-
dered by concerns related to toxicity and degradability. Addressing these
challenges is crucial to enhance their safety and efficacy in imaging appli-
cations. One of the primary concerns is the potential toxicity arising from
the metal ions used in MOF structures. Certain metals, such as cadmium
(Cd*), though commonly utilized, pose significant toxicity risks. In con-
trast, metals like iron (Fe’") and zinc (Zn?") are less toxic and more com-
patible with biological systems, offering safer alternatives for biomedical use.
To mitigate toxicity, current research emphasizes the use of biocompatible
metals such as magnesium (Mg) and calcium (Ca)*’. Additionally, surface
modifications, including polymer coatings and functionalization, are being
explored to reduce cytotoxic effects, thereby enhancing the safety profile of
MOFs in imaging contexts. Degradability presents another challenge, as
many MOFs are prone to decomposition under physiological conditions,
leading to the release of potentially harmful metal ions or organic linkers.
Stability during imaging procedures is critical. Strategies to enhance MOF
stability include the use of hydrophobic coatings, cross-linking agents, and
biodegradable linkers. These approaches help ensure that MOFs maintain
structural integrity during imaging and degrade safely post-application,
facilitating efficient biological clearance. Furthermore, controlling degra-
dation rates by adjusting metal-ligand bond strength or employing specific
linkers can prevent premature breakdown and aggregation in vivo. For
instance, zirconium-based MOFs like UiO-66 exhibit high stability in acidic
environments, making them suitable candidates for biological
applications®. In addition to structural optimization, rigorous biocompat-
ibility assessments are essential. Comprehensive in vitro and in vivo studies
focusing on biodistribution, metabolism, and clearance are vital for
understanding how MOFs interact with biological systems. Such investi-
gations provide critical insights for optimizing MOF design, ensuring safety,
and paving the way for their clinical application. By implementing these
strategies—thoughtful metal selection, surface modifications, and con-
trolled degradation—MOFs can be designed to overcome current limita-
tions, advancing their potential as effective and safe imaging agents®.

Regarding sensing applications, MOF-based sensors are primarily
categorized into four types: fluorescence, colorimetric, electrochemical, and
surface-enhanced Raman scattering (SERS). Each type offers distinct
advantages and faces specific limitations, as summarized in Table 3.

Other bioelectronic applications

In the field of contemporary biomedical research, significant progress has
been achieved in various domains, including disease diagnosis and treat-
ment. A key driver of these advancements is the development of innovative
materials facilitated by materials science and nanotechnology. Among these
materials, metal-organic frameworks (MOFs) stand out due to their pro-
mising structural properties. MOFs have attracted substantial interest in
biomedical research for several compelling reasons. Their unique structural
characteristics, formed through the coordination of metal ions with organic
ligands, lead to the creation of highly porous frameworks with large surface
areas. This distinctive structure is a primary factor behind their growing use
in biomedical applications. These frameworks exhibit ideal properties for
numerous biomedical applications, including use as drug carriers, imaging
agents, and biosensors. For example, the nanoporous nature of MOFs
enables them to encapsulate large amounts of drugs or biological molecules,
rendering them effective carriers for drug delivery systems. Another sig-
nificant benefit of MOFs in the biomedical field is their tunable chemical and
physical properties. The synthesis of MOFs can be achieved through the
combination of different metal ions and organic ligands, thus allowing for
the design of MOFs with desired properties. For instance, if a specific drug is
to be targeted to a particular tissue, the surface chemistry and size of MOFs
can be customized to facilitate this goal. Moreover, the biocompatibility of
MOFs represents another crucial feature that renders them an attractive

option for biomedical applications. When the appropriate metal ions and
ligands are selected, MOFs present minimal toxicity risks and are unlikely to
cause harm to the body. This ensures the safe utilization of MOFs in bio-
medical applications. In conclusion, the reasons and benefits of utilizing
MOFs in the biomedical field are numerous and diverse. Due to their dis-
tinctive nanoporous structures, adaptable chemical and physical properties,
and high biocompatibility, MOFs are regarded as optimal materials for a
multitude of biomedical applications.

In a study by Liu et al,, gold nanoparticles (AuNPs) were used with
metal-organic framework (MOF) composites as signal probes to create an
ultra-sensitive electrochemical immunoassay for detecting C-reactive pro-
tein (Fig. 10A)*. This immunoassay employs an electron transfer
mechanism. Gold nanoparticles (AuNPs) are particularly advantageous in
electrochemical biosensors due to a number of factors, including their
exceptional biocompatibility, ease of functionalization with -SH and -NH2
groups, extensive surface area, stability, and distinctive optical character-
istics (Fig. 10B)”". It is established that gold nanoparticles (AuNPs) facilitate
electron transfer and support the immobilization of biomolecules. In this
study, gold nanoparticles (AuNPs) are attached to metal-organic frame-
works (MOFs) using a silicon dioxide layer, thereby facilitating the inte-
gration of multiple sensor probes. A highly sensitive and selective
electrochemical sensor for lead ions (Pb*") has been developed using a
DNA -functionalized iron-porphyritic metal-organic framework (MOF) (Fe-
P) n. The stable (Fe-P) n-MOF generates a number of signaling species,
thereby enhancing the sensitivity of the sensor. The incorporation of gra-
phene (GR) linked to the (Fe-P) n-MOF through AuNPs enhances the
selectivity of the detection process. The research introduces an advanced
electrochemical biosensor, comprising a three-dimensional origami device
designed for the detection of Pb**. The sensor employs an AuNP-modified
paper working electrode (Au-PWE) and DNA-functionalized (Fe-P) n-
MOF-Au-GR hybrids as signal probes. Upon encountering Pb**, GR is
cleaved at the ribonucleotide (rA) site, generating short oligonucleotide
fragments that are associated with the (Fe-P) n-MOF. Subsequently, these
fragments hybridize with the hairpin DNA that is immobilized on the surface
of the Au-PWE”. This study presents a sensitive electrochemical (EC)
bioanalytical method for detecting Pb*", using signal probes composed of Au-
modified paper working electrodes (Au-PWE) and (Fe-P)n-MOF-Au-GR
hybrids”. The Au-PWE demonstrated a large active surface area and excel-
lent conductivity, essential for efficient hairpin DNA binding and electron
transfer. As a result, the u-PAD EC biosensor emerges as a straightforward,
affordable, and highly sensitive tool with strong stability, making it an ideal
choice for detecting Pb**. Additionally, it shows potential as an effective
device for measuring Pb*" levels in biological systems (Fig. 11A)™.

The proposed microfluidic origami electrochemical biosensor shows
significant promise for local market applications. Further research suggests
that MOF-based logic platforms could be an effective method for diagnosing
asthma in clinical environments. Asthma, a common chronic condition, is
associated with reduced hydrogen sulfide (H2S) production in the lungs,
which can serve as an early biomarker. However, detecting H2S in biological
systems poses challenges, requiring sensors that are nanoscale, highly bio-
compatible, capable of real-time detection, and exhibiting excellent selec-
tivity, sensitivity, and water stability.

In order to address these challenges, the INHIBIT logic gate, which
utilizes a Europium complex (EUC), incorporates Ag" and H,S as input
signals, with the fluorescence intensity of EUC serving as the output. The
MOF-based probe exhibits a rapid response, high selectivity, and excellent
sensitivity for the detection of H.,S in physiological conditions, effectively
distinguishing it from other substances. EAUC has been demonstrated to
possess low cytotoxicity and good biocompatibility, as evidenced by MTT
assays and cell viability tests on PC12 cells, thereby establishing its suitability
for in vivo H,S detection. Furthermore, the EAUC system demonstrated the
capacity to detect H,S in diluted serum samples. These findings suggest that
MOF-based logic platforms have considerable potential for the detection of
H.S in biological systems, making them valuable tools for the preliminary
diagnosis of asthma (Fig. 11B)”.
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The design of EAUC is driven by two key advantages over the
previously reported Eu’*/Cu**@UiO-66-(COOH),. Firstly, EAUC
exhibits a notable increase in lanthanide luminescence compared to
Eu*t/Cu’*@Ui0-66-(COOH),, a benefit attributed to the sensitizing
effect of Cu’* ions™. Secondly, respiratory virus infections are known
to play a significant role in triggering asthma attacks. In this regard,
the antibacterial properties of Ag" ions are especially valuable. The
presence of Ag’ ions enhance the signal-to-noise ratio significantly,
improving the accuracy of detection. Thus, Ag" ions not only help in
addressing the bacterial component but also contribute to more
precise detection capabilities””. In a separate study, Mohan et al.”
objective is to introduce a novel approach that employs luminescent
and electrochemical MOF sensors for the detection of cancer bio-
markers. In the field of healthcare, there is a pressing need for the
development of rapid and cost-effective diagnostic techniques that
can be relied upon to provide accurate results. The current methods
used for the detection of cancer often exhibit low sensitivity and
selectivity, in addition to being time-consuming and expensive. To
address these challenges, Mohan et al. investigated the potential of
porous metal-organic frameworks (MOFs), which offer advanced
structural and porous properties that could facilitate the detection of
biomarkers. In a similar study, investigated the potential application
of analogous approaches to ovarian cancer, which is the most lethal

gynecological malignancy and a principal cause of cancer-related
mortalities globally. The high mortality rate associated with ovarian
cancer is largely attributable to late-stage diagnoses, which are often
the result of a lack of early and specific biomarkers for the disease.
Recent research has indicated the potential of ovarian cancer-
associated microRNAs (miRNAs) as key biomarkers, given their role
in regulating cellular processes. These miRNAs offer considerable
promise for the enhancement of diagnostic, prognostic, and ther-
apeutic strategies. Despite the excellent analytical performance of
traditional miRNA assays, such as RT-qPCR, microarrays, and RNA
sequencing, their high cost and impracticality in low-resource set-
tings have prompted interest in simpler, faster, and more affordable
miRNA biosensor technologies. Electrochemical sensors have
demonstrated considerable potential for point-of-care diagnostics,
offering a combination of simplicity, sensitivity, multiplexing cap-
abilities and low cost. This study reviews the role of microRNAs
(miRNAs) in ovarian cancer and examines recent advancements in
biosensing technologies, including nanotechnology-based, optical
and electrochemical methods, for the detection of miRNAs'”. In this
study, Wang et al.'" electrochemical biosensor method has been
developed for the precise detection of exosomes positive for pro-
grammed death ligand-1 (PD-L1) using DNA amplification-sensitive
metal-organic frameworks, specifically PVP@HRP@ZIF-8. Exosomes,
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110. Copyright 2019 Elsevier, C Schematic summary shows the sensitive electro-
chemical detection of PD-L1 positive exosomes captured using magnetic beads via
the HRCA-sensitive PVP@HRP@ZIF-8 biosensor platform 111. Copyright 2020
Elsevier, D Schematic diagram shows the preparation of Fe-MOF-on-Tb-MOF and
Tb-MOF-on-Fe-MOF nanostructures, along with the fabrication process for an
aptasensor utilizing these two types of TbFe-MOFs. For illustrative purposes, the
aptasensor based on Tb-MOF-on-Fe-MOF will be discussed as an example 112.
Copyright 2019 Elsevier.

which are small vesicles released by cancer cells, have gained con-
siderable attention in liquid biopsy applications due to their higher
abundance compared to circulating tumor cells, which are often
present in very low numbers, even in advanced cancer stages.
Moreover, exosomes offer a more comprehensive profile than cell-
free nucleic acids. The surface proteins of these exosomes are indi-
cative of the originating tumors, providing valuable information for
targeted cancer management, including the detection of PD-LI, A
critical immune checkpoint molecule has been identified on exo-
somes originating from breast cancer cells, which represent the most
common cancer among women worldwide. The detection of PD-L1-
positive (PD-L1 + ) exosomes can act as a prognostic indicator for
anti-PD-1 immunotherapy, offering valuable insights for the devel-
opment of targeted cancer treatment strategies'’'. Cao et al.'”” a new
electrochemical biosensing method has been developed for the
accurate detection of PD-L1+ exosomes using DNA amplification-
responsive metal-organic frameworks, specifically PVP@HRP@ZIF-8.
This technique targets PD-L14- exosomes, which are associated with
breast cancer progression and responses to immunotherapy. The
method involves capturing exosomes with anti-CD63-functionalized
magnetic beads, which are then paired with an anti-PD-L1 capture

probe. Following this, hyperbranched rolling circle amplification
occurs in-situ, leading to the disassembly of PVP@HRP@ZIF-8 and
the release of enzymes that boost electrochemical signals for
detecting exosomes. The technique demonstrated a linear detection
range for PD-L1+ exosomes from 1x 10’ to 1x 10" particles/mL,
with a detection limit of 334 particles/mL. Elevated levels of circu-
lating PD-L1+ exosomes were observed in undiluted serum samples
from breast cancer patients, especially those with metastatic disease,
and these levels were found to correlate with tumor stage and disease
progression. This biosensing approach shows promise for enhancing
the diagnosis and monitoring of breast cancer through the detection
of exosomes (Fig. 11C).

Aptamers are distinguished by their ability to bind specifically and
strongly to target molecules through complementary shape interactions and
intricate three-dimensional structures'”. Aptamers have become an
attractive alternative to antibodies in biosensing applications. Various
methods have been utilized to develop aptamer-based sensors (apt sensors)
for detecting target analytes, including fluorescence spectroscopy and
surface plasmon resonance (SPR)'", colorimetric methods'” and elec-
trochemical techniques'”. Electrochemical apt sensors are highly
esteemed for a number of advantages, including their compact design,
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Table 4 | Comparison of different detection techniques.

Technique Advantages Disadvantages References
Fluorescent Simple design, high sensitivity and selectivity, good reproducibility Poor stability and reusability, expensive equipment, interference 135
from background fluorescence, quenching effect

Colorimetric Cost-effective, easy fabrication and operation, rapid visual detection, Lower sensitivity and selectivity, limited stability 136

good reproducibility
Electrochemical Fast analysis, potential for miniaturization, extremely low detection limits, = Complex interface design, low repeatability and stability, limited 137

high selectivity reusability
SERS Ultra-high sensitivity and selectivity, rapid detection, minimal sample Poor reproducibility, requires large and expensive equipment, need 138

volume, applicability to complex samples, non-destructive

for labeling

Addressing these challenges through design improvements and functional modifications will be essential to fully leverage the potential of MOF-based sensors and imaging agents in biomedical

applications.

Table 5 | Electrochemical biosensor performances based on 2D MOFs.

2D MOF Modified Electrode Method Analyte Linear Range LOD References
2D MOFs as Non-enzymatic Electrochemical Sensors

NiCo-MOFNs Amperometric Glucose 1 M-8 mM 0.29 uM 139
Co-MOF/GCE Amperometric H,0, 0.5-832.5 yM 0.69 pM 140
Cu-TCPP/Au/p(PX)/GCE DPV Dopamine 5-125 pM 1.0pyM 141
Ni-MOF/Hemin/GCE DPV H,0, 1 pM-0.4 mM 0.2 pM 142
Co-MOF/NF Amperometric Glucose 0.001 mMM-3 mM 1.3 mM 143
Ni@Cu-MOF/GCE cVv Glucose 5 yM-2500 pM 1.67 pM 144
2D MOFs as Electrochemical Nucleic Acid Based Biosensors

Apt/521-MOF/AE EIS Mucin 1 0.001-0.5 ng/mL 0.12 pg/mL 145
SGC8/Zn-MOF-on-Zr-MOF/AE EIS PTK 7 0.001-1.0 ng/mL 0.84 pg/mL 146
aptamer-BPNSs/TH/Cu-MOF/GCE SWv miR3123 2 pM-2 uyM 0.3 fM 147
Apt/Co-MOF@TPN-COF/AE EIS AMP 1.0 fg/mL-1.2 ng/mL 0.217 fg/mL 148
Ru-MOF/Fe;0,@SiO,@Au ECL miRNA-141 1fM-10 pM 0.3fM 110
2D MOFs as Electrochemical Immunosensors

PtNi@Cu-TCPP(Fe)-Ab,/BSA/Ab/Au@MWCNTs/GCE Amperometric CALP 200 fg/mL-50 ng/mL 137.7 fg/mL 149
PEI-GO@Ab,/Ab,/BSA/Ag/Cu-TCPP(Fe)/MWCNTs/GCE Amperometric SMM 1.186-28.051 ng/mL 0.395 pg/mL 150
AntiSNE/Er-TAPPI/AE EIS NSE 10.0 fg/mL-1.2 ng/mL 7.1 fg/mL 151
Co/Ni MOF/luminol-AgNps ECL AFP 1 pg/mL-100 ng/mL 0.417 pg/mL 152

cost-effectiveness, high efficiency, ease of use, and exceptional selectivity
and sensitivity'”. In a related study, an ultra-sensitive electrochemical
immunosensor was developed for detecting RACKI, utilizing 11-
cyanoundecyltrimethoxysilane (11-CUTMS) as the immobilization
matrix for the biorecognition element. This approach proved effective for
loading anti-RACK1 antibodies. The electrochemical properties of the
sensor were evaluated using electrochemical impedance spectroscopy
(EIS) and cyclic voltammetry (CV). The interaction between anti-
RACK]1 antibodies and RACK1 antigens was monitored using the single
frequency technique (SFI). The sensor demonstrated a notable response
to the RACK1 antigen, with a detection limit of 10.8 fg/mL and a linear
detection range of 0.036-2.278 pg/mL (R* = 0.999). It is distinguished by
its high sensitivity, selectivity, and specificity, as well as its excellent
reproducibility, stability, and reusability. The sensor’s effectiveness
was validated in human serum samples, highlighting its potential for
clinical use'”. Wang et al.'"” two novel bimetallic core-shell nanos-
tructures, Tb-MOF-on-Fe-MOF and Fe-MOF-on-Tb-MOF, were
designed and synthesized for the first time using a MOF-on-MOF
approach. These advanced nanostructures serve as transducer
materials in apt sensors. For demonstration, an apt sensor was
developed to detect carbohydrate antigen (CA) 125 with high sen-
sitivity by immobilizing it on these bimetallic nanomaterials
(Fig. 11D)'”.

MOFs stand out in electrochemical biosensor applications due to their
high surface area, tunable porosity, and chemical flexibility. The presented
data in Table 4 confirms the high sensitivity and low detection limits (LOD)
of MOF-based sensors, particularly for critical analytes like glucose (LOD as
low as 0.29 pM) and miRNA (LOD as low as 0.3 fM). These results clearly
demonstrate the potential of MOFs in achieving high-performance bio-
sensing. However, to provide a comprehensive understanding of MOF
performance, it is crucial to compare these findings with other established
material systems such as carbon nanotubes (CNTs), graphene derivatives,
and metal nanoparticles. Table 5.

* Carbon Nanotubes (CNTs): CNTs are known for their exceptional
electrical conductivity and large surface area, allowing rapid electron
transfer. While they offer ultra-low detection limits similar to MOFs,
their surface often requires chemical modification to ensure effective
biomolecule immobilization, which can complicate fabrication
processes.

* Graphene and Derivatives: These materials provide high electrical
conductivity and mechanical flexibility. Nevertheless, the production
processes can be complex, and ensuring reproducibility at large scales
remains challenging.

* Metal Nanoparticles: Although they offer high catalytic activity and
sensitivity, challenges such as particle aggregation and limited bio-
compatibility can affect long-term stability and performance.
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In comparison, MOFs offer distinctive advantages, such as tunable
porosity and versatile chemical structures, allowing for the fine-tuning of
selectivity towards target analytes. Moreover, MOFs enable the design of
hybrid materials (e.g., MOF-carbon composites) to overcome intrinsic
limitations like low electrical conductivity, thereby achieving detection
limits comparable or superior to other material systems.

The detection limits presented in Table 4 highlight that MOF-based
sensors can reach femtomolar levels, which is on par with or even superior to
other advanced materials. For instance, miRNA detection achieved with Ru-
MOF/Fe;0,@Si0,@Au (LOD: 0.3 fM) is among the most sensitive results
reported. Similarly, glucose detection with NiCo-MOFNs shows a compe-
titive LOD of 0.29 uM. These benchmarks underscore MOFs’ capacity to
meet the stringent sensitivity requirements in bioelectronic sensing, parti-
cularly for applications demanding ultra-low analyte concentrations'".
While MOFs demonstrate exceptional performance metrics, integrating
comparative insights with other material systems enriches the discussion.
The adaptability of MOFs for hybrid systems (e.g., MOF-carbon nanotube
composites) positions them as versatile materials that can be optimized for
specific bioelectronic applications. Future research should focus on
expanding these comparisons, particularly under standardized conditions,
to further clarify the unique advantages and potential limitations of MOFs

relative to alternative materials'"'.

Future opportunities and conclusion

The future of metal-organic frameworks (MOFs) in biotechnology and
biomedical engineering holds vast potential. In biosensors, further
advancements could lead to the development of more compact, portable,
and cost-effective devices, enabling point-of-care diagnostics and real-time
monitoring of health conditions. Enhancing the selectivity and sensitivity of
MOFE-based biosensors for a wider range of biomolecules could revolutio-
nize early disease detection and personalized medicine. Stimuli-responsive
metal-organic framework nanoparticles (NMOFs) offer a versatile platform
for controlled drug release and biomedical applications due to their porous
structure, biocompeatibility, low toxicity, and efficient permeability. Drug
release can be triggered through external stimuli like chemical factors,
physical triggers, or biological markers. Another approach involves incor-
porating structural information within NMOFs to induce degradation and
release the drug. These systems are used in cancer therapy, anti-coagulation
treatments, and artificial pancreas development. The potential of multi-
functional drug delivery systems and future applications of these stimuli-
responsive nanoparticles continue to expand in various biomedical fields'”.
MOFs exhibit remarkable advantages in the realms of biotechnology and
biomedical engineering, particularly when compared to other nanomater-
ials. Their highly customizable pore structures, extensive surface area, and
flexible architecture make them ideal for delivering drugs in a controlled and
sustained manner. These attributes are especially beneficial for long-term
treatment strategies, such as managing chronic illnesses and facilitating
targeted drug delivery. Beyond drug delivery, MOFs possess the capability to
integrate imaging agents within their porous networks. This characteristic
allows them to be utilized in both diagnostic and theranostic platforms,
where they can act as effective contrast materials in imaging methods like
magnetic resonance imaging (MRI), computed tomography (CT), and
fluorescence imaging. MOFs have also proven to be highly effective in
biosensing technologies. The presence of metal ions within their frame-
works serves as active catalytic sites, significantly improving the sensitivity
and specificity of biosensors. As a result, MOFs are well-suited for detecting
and transporting a broad spectrum of biological molecules, including small
compounds, peptides, proteins, nucleic acids, and tools used in gene editing.
Additionally, MOF-based biosensors can be engineered to selectively
interact with specific cell types or anatomical regions, increasing their
potential for use in clinical diagnostics and biomedical imaging. In con-
clusion, the structural adaptability and multifunctional nature of MOFs
distinguish them from traditional nanomaterials, offering promising
opportunities across various biomedical and biotechnological
applications'". For bionic materials, exploring new MOF compositions and

structures can improve the integration and functionality of artificial organs
and tissues. Advances in MOF synthesis and processing techniques could
lead to materials with superior mechanical properties and biocompatibility,
opening up possibilities for more complex tissue engineering applications.
In biomedical imaging, future research could focus on optimizing MOFs for
multimodal imaging, combining MRI with other imaging techniques such
as PET or CT, to provide comprehensive diagnostic information. Devel-
oping MOFs with targeted delivery capabilities could further enhance the
precision of imaging and therapy. Bio electrochemical applications of MOFs
can be expanded to include more efficient energy storage and conversion
devices, such as biofuel cells and supercapacitors. Investigating the elec-
trochemical properties of MOFs at the nanoscale could lead to break-
throughs in sustainable energy technologies. However, MOFs encounter
significant challenges in large-scale manufacturing and cost management,
such as expensive raw materials, low efficiency, waste production, and
stability concerns. To address these issues, it is important to focus on
developing affordable and sustainable materials, optimizing manufacturing
processes, utilizing environmentally friendly solvents, and adopting inno-
vative synthesis techniques. Additionally, enhancing the durability of MOF
structures and advancing production technologies are key factors in over-
coming these challenges. MOFs have already shown immense promise
across various applications in biotechnology and biomedical engineering.
Their versatility, combined with ongoing advancements in materials
science, points to a future where MOF-based technologies become
integral to medical diagnostics, therapeutic interventions, and bioe-
lectronic devices. Continued interdisciplinary research and colla-
boration will be key to unlocking the full potential of these innovative
materials, ultimately improving healthcare outcomes and advancing
the field of bioengineering.
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