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ABSTRACT

Metal-organic frameworks (MOFs) are versatile crystalline porous materials with large surface areas, tunable pore architec-
tures, and modular chemical functionalities, enabling diverse applications in materials science and engineering. Hydrogels,
with their softness, high water content, biocompatibility, and responsiveness to external stimuli, have been widely explored as
smart platforms for flexible electronics and sensing technologies. Integrating MOFs into hydrogel networks synergistically
combines the advantages of both material classes, yielding multifunctional composites with enhanced structural and functional
properties. MOF-hydrogel composites overcome the limitations of each component, offering improved mechanical robustness,
environmental stability, and dynamic responsiveness, making them highly promising for next-generation sensing systems. This
review provides a comprehensive overview of recent advances in the synthesis, structural design, and characterization of
MOF-hydrogel composites, with a focus on their applications in optical, electrochemical, and electromechanical sensing. Their
use across healthcare diagnostics, environmental monitoring, food safety, public health, and flexible electronics is discussed.
We highlight how MOF-hydrogel integration influences key sensing metrics such as selectivity, sensitivity, adaptability,
detection limits, long-term stability, and dynamic working range. In summary, this review highlights the crucial role of MOF-
hydrogel composites in advancing high-performance sensing technologies, outlining key challenges and future directions to

inform ongoing research in this field.

1 | Introduction

Over the past few decades, metal-organic frameworks (MOFs)
have emerged as one of the most rapidly advancing classes of
crystalline porous materials, attracting considerable attention
across chemistry, materials science, and engineering disciplines
[1, 2]. Their exceptional chemical versatility, optical and phys-
ical tunability, high surface areas, well-defined pore structures,
and structural diversity have positioned MOFs as unique and
highly functional nanomaterials. A key advantage of MOFs lies
in their modular synthesis, which allows for the precise tuning

of their properties by strategic selection of metal nodes and
organic linkers. As a result, more than 95,000 distinct MOF
structures have been reported to date, encompassing a wide
range of topologies, porosities, and functionalities [3-5].

As illustrated in Figure 1A, the unique properties of MOFs offer
unparalleled diversity, enabling their customization for specific
applications. This versatility has led to their extensive use in gas
separation and storage [6], catalysis [7-9], membrane technol-
ogies [10], energy storage and conversion devices (e.g., batteries
and supercapacitors) [11-18], sensing platforms [19, 20], drug
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MOF-hydrogel composites

FIGURE1 | (A) Schematic representation of MOF nanoparticles highlighting their significant structural and functional advantages for sensing
applications. (B) Schematic representation of the unique properties of hydrogels. (C) Illustration of a MOF-hydrogel hybrid architecture that
combines the complementary properties of both materials in a single platform, thereby overcoming the individual limitations of MOFs and hydrogels

for enhanced sensing applications.

delivery [21-23], and environmental remediation [24, 25]. The
continuous innovation in MOF design and functionalization
strategies underscores their immense potential to address
pressing challenges in energy, environmental sustainability,
and advanced material development. Furthermore, owing to
their tunable multifunctionality, nanoscale dimensions, and
microporous structures, MOFs have garnered increasing inter-
est as functional reinforcing additives for chemically inert
composites.

Concomitantly, hydrogels are recognized as one of the most
innovative classes of soft materials due to their inherent flexibility,
stretchability, biocompatibility, mechanical recoverability, stimuli-
responsiveness, hydrophilicity, optical transparency, high water

content, and tissue-like mechanical properties, as highlighted in
Figure 1B [26-29]. These unique features closely mimic the
physical characteristics of natural extracellular matrices, making
hydrogels highly attractive for a wide range of applications. As a
result, hydrogels have been extensively explored in diverse fields
such as flexible and wearable sensors and electronics [30-34], soft
robotics [35, 36], energy storage systems [37], tissue engineering
scaffolds [38], bioengineering platforms [39, 40], regenerative
medicine therapies, wound healing, drug delivery systems [41],
and environmental remediation technologies [42]. Their intrinsic
ability to respond to external stimuli, combined with their bio-
compatibility and tunable physical properties, has further ex-
panded their utility across interdisciplinary research areas.
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Nevertheless, despite their remarkable advantages, conven-
tional hydrogels often suffer from limitations such as relatively
low mechanical strength, limited electrical conductivity, and
restricted functional tunability. To overcome these challenges
and further enhance hydrogel performance, significant research
efforts have focused on integrating functional nanomaterials
into hydrogel matrices. Among these, carbon-based materials
have been widely utilized for nanocomposite hydrogel sensing
applications due to their excellent electrical conductivity
[43-45]. Although numerous studies have demonstrated their
advantages, their applications have largely remained limited to
electromechanical or physical sensing systems, rather than
encompassing a broader range of sensing modalities [46, 47].
However, carbon-based nanomaterials also exhibit several
drawbacks, including high production costs, limited chemical
tunability, relatively low surface area, restricted functionality,
challenges in surface functionalization, and an inherently
hydrophobic nature. In contrast, MOFs can overcome these
drawbacks owing to their tunable size, surface chemistry, metal
nodes, and structural diversity, providing enhanced design
flexibility and functionality for next-generation multifunctional
sensing systems. As a result, MOF-based nanocomposite hy-
drogels have attracted particular attention, as they provide an
excellent platform for leveraging the unique properties of MOFs
to enhance overall material performance. The incorporation of
MOFs within hydrogel networks has enabled the development
of systems with improved mechanical robustness, enhanced
responsiveness, and multifunctionality, thereby driving notable
progress in the fields of polymer science and composite mate-
rials engineering. As shown in Figure 1C, given the diverse and
complementary properties of MOFs and hydrogels, the incor-
poration of MOFs as functional reinforcing fillers into hydrogel
matrices has opened new avenues for the development of next-
generation optical, electrochemical, and electromechanical
sensing platforms, particularly for applications requiring flexi-
ble, wearable, and biologically compatible devices.

To date, several review papers on MOF-hydrogel composites
have been published, primarily focusing on state-of-the-art
fabrication strategies and their functional advancements. For
example, Wang et al. [48] reviewed recent progress in MOF-
based hydrogels and aerogels, emphasizing synthesis strategies,
structural classifications, and multifunctional properties. While
their work highlighted applications in wound healing, water
purification, catalysis, and energy-related systems, it did not
comprehensively address MOF-based sensors and their emer-
ging applications in sensing technologies. Similarly, Sun et al.
[49] provided a comprehensive overview of engineering strate-
gies for the preparation of MOF-based hydrogels, categorizing
them according to different MOF types. Their review further
discussed the broad applications of these materials in environ-
mental, energy, and biomedical fields, while also offering per-
spectives on future directions in MOF-hydrogel research.
Focusing more specifically on biomedical applications, Lim
et al. [50] reviewed biomedically relevant MOF-hydrogel com-
posites, emphasizing synthesis strategies, structural design
considerations, and potential applications in areas such as drug
delivery, tissue engineering, and biosensing. They also dis-
cussed challenges associated with integrating MOFs into hy-
drogels while maintaining biocompatibility and functional
performance. In addition, Zhuang et al. [51] reviewed strategies

for the conversion between MOFs and gel materials, focusing
on design principles and synthetic methodologies for the sens-
ing field. However, their work primarily concentrated on MOF-
derived organic gels and metal-organic gels, rather than on
hydrogel-based systems. Furthermore, several studies have fo-
cused exclusively on MOF-based sensors, with limited attention
given to composites in which MOFs are embedded within or
structurally reinforced by hydrogels or other supporting matri-
ces. In the context of wearable technologies, Meskher et al. [52]
presented a mini-review on MOF-based wearable sensors, dis-
cussing current challenges and opportunities for advancing
MOFs in flexible and wearable sensing platforms. They high-
lighted critical issues such as material integration, mechanical
stability, and real-world applicability, while also proposing
future directions for research in this emerging field. Broadening
the scope to electronic integration, Stassen et al. [53] provided
an updated roadmap for the application of MOFs in electronic
devices and chemical sensors, addressing key challenges related
to processing, interfacing, and scaling MOFs for practical device
applications. Their review also outlined strategic approaches to
advance MOF-based electronics and sensing technologies.
Moreover, other reviews have comprehensively covered the use
of MOF-based sensors for detecting exogenous contaminants
in food, portable fluorescence sensing and visual detection ap-
plications, agricultural monitoring of metal ions, gas and
volatile compound detection, environmental contaminant
sensing, and electrochemical sensing platforms [54-59]. Despite
these valuable contributions, reviews specifically addressing
MOF-hydrogel composite-based sensors remain lacking, as
most existing studies have primarily concentrated on MOFs
without emphasizing hydrogel integration for sensing applica-
tions. Notably, where sensors were discussed, the focus was
often limited to specific sensing platforms rather than providing
a detailed and multidisciplinary overview of broader sensing
fields and applications.

Considering the unique advantages offered by both hydrogels
and MOFs, this review comprehensively and systematically
summarizes the state-of-the-art developments and recent
progress of MOF-hydrogel composites as a promising class of
advanced high-performance materials for sensing applications.
These hybrid systems combine the excellent flexibility, bio-
compatibility, and stimulus-responsiveness of hydrogels with
the high porosity, tuneable chemistry, and structural versatility
of MOFs, resulting in multifunctional composites uniquely
suited for sensing technologies. Particular emphasis is placed on
their applications across physical, chemical, electrochemical,
and optical sensing domains. Using this overview as a
foundation, we further highlight key challenges, emerging
opportunities, and future research directions to advance the
rational design, fabrication, and functional integration of
MOF-hydrogel composite-based sensors. Following a detailed
summary of the strategies employed for the synthesis and
characterization of MOF-hydrogel composites, this review dis-
cusses representative examples demonstrating their use in
diverse sensing platforms, including physical sensors, chemical
analyte detection, biosensing, and environmental monitoring.
Wherever possible, we endeavor to elucidate how the integra-
tion of MOFs into hydrogel matrices confers unique enhance-
ments, such as improved selectivity, sensitivity, multi-stimuli
responsiveness, and environmental stability. In addition, we
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explore how recent advancements in MOF chemistry, such as
stimulus-triggered structural transformations or optical properties,
can be harnessed to expand the capabilities of MOF-hydrogel-
based sensors. Finally, we conclude with our perspectives on the
critical challenges that must be addressed and future opportunities
that must be leveraged to fully realize the potential of MOF-
hydrogel composites in next-generation sensing technologies.

2 | Fabrication Strategies for MOF-Integrated
Hydrogels for Sensing Applications

The successful development of MOF-hydrogel composites for
sensing applications relies heavily on the selection of fabrica-
tion strategies that enable effective integration of MOFs into
hydrogel matrices without compromising the intrinsic ad-
vantages of either component. Given the distinct physico-
chemical properties of MOFs, such as high surface area,
porosity, and chemical tunability, and the structural softness
and aqueous compatibility of hydrogels, designing composite
systems requires careful consideration of material compatibility,
stability, loading efficiency, and network homogeneity. In
sensing platforms, particularly those intended for wearable,
stretchable, or biocompatible environments, the method of
MOF incorporation can significantly influence the mechanical
integrity, signal responsiveness, and overall performance of the
composite sensor. In this section, we focus specifically on the
fabrication approaches used to develop MOF-hydrogel com-
posites, rather than on the synthesis of standalone MOFs, which
have been thoroughly reviewed elsewhere [60-67]. Instead, we
emphasize the various strategies by which MOFs are integrated,
embedded, or distributed within hydrogel networks, and how
these composite systems are fabricated and tailored to achieve
optimal performance in sensing applications. MOF nano-
particles can either be pre-synthesized and incorporated into
hydrogels or synthesized in situ within the hydrogel matrix.
They can also be directly fabricated during additive manu-
facturing. The three approaches for obtaining MOF-hydrogel
composites are reviewed below.

2.1 | Physical Embedding of Pre-Synthesized
MOF Nanoparticles Into Hydrogel Matrices

Incorporating pre-synthesized MOF particles into hydrogel
networks is commonly achieved through physical embedding
strategies. These approaches differ based on the sequence of
MOF and hydrogel formation, the type of interactions between
the two components, and the processing methods employed.
Understanding these distinctions is essential for engineering
MOF-hydrogel systems with enhanced sensing performance
and application-specific functionality. A widely adopted physi-
cal embedding method involves dispersing pre-synthesized
MOF powders into a pre-gel monomer or polymer solution, a
process referred to as direct mixing. As the hydrogel network
forms through gelation, the MOF fillers become uniformly en-
trapped within the matrix. This technique is valued for its
simplicity, versatility, and ability to preserve the structural and
chemical integrity of MOFs without requiring additional mod-
ification [50, 68, 69]. In this review, we categorize fabrication
strategies based on the physical embedding of MOFs and the

type of hydrogel network formation. Hydrogel matrices can be
established either through non-covalent interactions, such as
physical or ionic crosslinking, or through covalent approaches
like free-radical polymerization, which typically require ther-
mal or photoinitiators. The following sections describe these
approaches in detail.

2.1.1 | Physical Crosslinking With Embedded MOFs

To fabricate MOF-hydrogel composites for sensing applica-
tions, physical crosslinking methods are commonly employed.
These approaches allow pre-synthesized MOF nanoparticles to
be effectively incorporated into hydrogel networks, with the
choice of polymer influencing the resulting stability and per-
formance. Physically crosslinked hydrogels are typically formed
through intermolecular reversible interactions, including
hydrogen bonding, polymer chain entanglements, crystalliza-
tion, ionic interactions, and hydrophobic associations [70-72].
These interactions result in stable, yet reversible, three-
dimensional (3D) polymer networks that can effectively entrap
MOF particles without the need for chemical crosslinking
agents. Among the various polymer matrices explored, poly-
vinyl alcohol (PVA), agarose, carrageenan, alginate, and chit-
osan (CS) have been the most commonly utilized due to their
excellent biocompatibility, flexibility, and ability to form robust
physically crosslinked networks [73-81]. The combination of
these polymers with MOF nanoparticles has shown considera-
ble promise in enhancing the structural integrity and functional
performance of hydrogel-based sensing platforms. For example,
Mukundan et al. [73] demonstrated the fabrication of a wear-
able sweat sensor based on a novel bimetallic iron (Fe) and
cobalt (Co) MOF incorporated into a PVA-CS hydrogel matrix.
The Fe/Co-MOF was first synthesized via a solvothermal
method, and the resulting dried MOF powder was subsequently
dispersed into the PVA-CS solution. The hydrogel was then
physically crosslinked to entrap the MOF particles within the
network, followed by lyophilization for 24 h to obtain the final
MOF-hydrogel composite sensor. A schematic representation of
the fabrication process utilizing physical crosslinking with
embedded MOFs is shown in Figure 2A [73]. In addition to this
example, several studies have reported the use of physical
crosslinking with embedded MOFs to incorporate pre-
synthesized MOF nanoparticles into hydrogel matrices for
diverse sensing and sensory system applications [80-88]. A
comprehensive summary of these reports, along with other
fabrication methods, is provided in Table 1 [73, 74, 89-117].

2.1.2 | Ionic Crosslinking With Embedded MOFs

Ionic crosslinking, a form of physical crosslinking, has also
been employed in the fabrication of MOF-hydrogels for sensor
development. This approach has been primarily applied to hy-
drogels based on naturally derived polysaccharides, such as
alginate, which serve as the hydrogel matrix. Ionic crosslinking
involves the formation of a 3D polymer network through elec-
trostatic interactions between negatively charged functional
groups on the polymer chains and multivalent cations, such as
calcium (Ca*"), aluminum (A1*"), and barium (Ba?*), which act
as crosslinking agents [121, 122]. For example, Jiang et al. [82]
employed ionic crosslinking to fabricate a MOF-embedded,
hydrogel-based ratiometric fluorescence sensor. Pre-synthesized
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[73]. (B) Schematic diagram of the preparation of UiO-66-NH, integrated PAM hydrogel via thermally initiated free-radical polymerization. Re-
produced with permission: Copyright 2025, Royal Society of Chemistry [118]. (C) Schematic illustration of the fabrication of an ionic DMAA hydrogel
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[119]. (D) Schematic illustration of the 3D printing process for MOF-hydrogel fabrication, including printing, UV curing, and ionic crosslinking of a

PAM-alginate hydrogel matrix incorporated with HKUST-1. Reproduced with permission: Copyright 2020, American Chemical Society [120].

Ui0-66 MOF particles were uniformly dispersed in a sodium
alginate (SA) pre-gel solution, followed by the addition of cal-
cium chloride (CaCl,) to initiate ionic crosslinking and form the
hydrogel network. Several studies have also adopted this strat-
egy to fabricate MOF-hydrogels for various sensing applications
(listed in Table 1) [91, 94, 98, 100, 102, 107, 123-126].

2.1.3 | Free-Radical Polymerization With Embedded MOFs

The most widely used technique for fabricating hydrogels and
their composites is free-radical polymerization. In this
approach, free radicals initiate polymer chain growth in the
presence of multifunctional crosslinkers, which react with the
polymer chains to form covalent bonds and create a chemically
crosslinked hydrogel network [127, 128]. When monomers such
as acrylates, amides, and vinyl lactams are used to fabricate
MOF-hydrogel composites for sensing applications, free-radical
polymerization with embedded MOFs utilizes the functional
groups of the monomers to initiate and propagate the polymer
network. Two primary methods are commonly employed for
free-radical polymerization: photo-initiated polymerization, in
which light is applied in the presence of photo-initiators, and
thermal-initiated polymerization, where catalysts are used to

generate free radicals that initiate the polymerization process
[129-132]. A representative study by Li et al. [118] demon-
strated the fabrication of a single-network organohydrogel,
reinforced with UiO-66-NH, MOF within polyacrylic acid
(PAA) networks, to develop MOF-hydrogel composite-based
electromechanical sensors. Ammonium persulfate was used
as a thermal initiator to initiate free-radical polymerization by
heating at 60°C for approximately 30 min, in the presence of
N,N’-methylenebisacrylamide as a chemical crosslinker. Building
on this approach, Liu et al. [133] further demonstrated the fabri-
cation of a super-elastic MOF-hydrogel composite using a two-
component thermal initiator system and catalysts to achieve rapid
polymerization within minutes. In their study, various MOFs were
physically incorporated into a pre-hydrogel solution, and instead
of thermal initiation, polymerization was triggered by the addition
of N,N,N,N’-tetramethylethylenediamine as a catalyst in the
presence of ammonium persulfate, resulting in the rapid forma-
tion of a hydrogel network. For photo-initiated free-radical
polymerization, a light-responsive photoinitiator generates free
radicals upon exposure to ultraviolet or visible light, initiating the
formation of the hydrogel polymer network. For example, Xia
et al. [89] reported UiO-66 MOF-facilitated recyclable, ionic
hydrogel-based sensors, where MOFs were incorporated into
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an N,N-dimethylacrylamide (DMAA) hydrogel network, and
1-hydroxycyclohexyl phenyl ketone was used as an initiator under
365nm UV light exposure to initiate free-radical polymerization.
The procedure for fabricating MOF-hydrogel composites via free-
radical polymerization, by physically incorporating or mixing
MOFs and using either thermal or photo-initiated polymerization,
is schematically illustrated in Figure 2B [118] and 2C [119],
respectively. Several studies have also fabricated MOF-hydrogel
composites using these methods, as comprehensively summarized
in Table 1.

2.2 | In Situ Growth of MOFs Within Hydrogel
Networks

In situ growth of MOFs within hydrogel networks is another
method for fabricating MOF-hydrogel composites for sensing
applications. Unlike approaches that embed pre-synthesized
MOFs, this method involves the formation of MOF crystals
directly within the preformed hydrogel matrix or during the
gelation process itself [134-136]. The polymeric network of the
hydrogel serves as a confined template or scaffold, providing
nucleation sites that guide the crystallization and uniform dis-
persion of MOF particles throughout the matrix. As an example,
Tian et al. [137] used an in situ growth approach to prepare
MOF-hydrogel composite beads, which were successfully
applied as moisture sensors. In their study, HKUST-1 crystals
were generated within alginate hydrogel beads via an in situ
self-assembly process, where Cu?* ions coordinated with 1,3,5-
benzenetricarboxylic acid (BTC) ligands inside the hydrogel
network to form the MOF structure. Other studies have also
employed in situ growth strategies combined with different
polymerization techniques to fabricate MOF-hydrogel compo-
sites, as summarized in Table 1.

2.3 | Additive Manufacturing Approaches for
MOF-Hydrogel Composites

Additive manufacturing, or 3D printing, offers precise control
over architecture and material distribution and has emerged as
a powerful tool for fabricating functional hydrogels [138-142].
However, its application in MOF-hydrogel composite fabrica-
tion remains largely unexplored. To date, only a few studies
have reported the integration of MOFs into 3D-printed hydrogel
matrices, and examples specifically targeting sensing and sen-
sory systems remain scarce. A few studies, including work by
Liu et al. [120], have fabricated flexible MOF-hydrogel com-
posites using the direct ink writing (DIW) 3D printing tech-
nique. In their study, a copper (Cu)-based MOF, HKUST-1, was
incorporated post-printing by first UV-curing the printed poly-
acrylamide (PAM) hydrogel structure, followed by swelling it in
a MOF precursor solution to promote in situ growth of the MOF
within the hydrogel network. Another study by Zhu et al. [113]
employed a high-resolution digital light processing (DLP) 3D
printing technique to fabricate Cu-BTC MOF-hydrogels for
environmental sensing applications. An overall schematic of the
3D printing-based fabrication process for MOF-hydrogel com-
posites is shown in Figure 2D [120], and the relevant studies are
summarized in Table 1. Based on the foregoing analysis of
MOF-hydrogel fabrication methods for sensors and sensing
systems, most reported studies have employed the embedding

of pre-synthesized MOFs into hydrogel matrices, whereas
in situ growth and additive manufacturing remain compara-
tively underexplored for sensing applications. Although these
strategies have advanced sensor development, significant chal-
lenges persist, including scaling to industrial production, ensuring
structural and functional reproducibility, and minimizing batch-
to-batch variability. As summarized in Table 2, physical embed-
ding with different polymerization methods is valued for its
operational simplicity, mild processing conditions, and broad
compatibility with diverse MOFs, yet it is often limited by sedi-
mentation, microstructural non-uniformity, and restricted scal-
ability. In situ growth enables superior integration, enhanced
homogeneity, and improved interfacial stability, though it requires
precise reaction control and has yet to be widely implemented for
large-scale fabrication. Additive manufacturing offers unparalleled
opportunities for tailored architectures, geometric complexity, and
multifunctional integration, but faces constraints related to rhe-
ology, printing resolution, and reliance on advanced printing
platforms. Furthermore, large-scale MOF synthesis remains a
critical bottleneck comparable to the early production challenges
of graphene and carbon nanotubes, hindering broader application.
Overcoming these manufacturing, reproducibility, and design
limitations will be essential to fully exploit the synergistic potential
of MOF-hydrogels in next-generation sensing technologies.

3 | MOF-Hydrogel Nanocomposites for Sensors
and Sensing Platforms

The unique architecture and synergistic properties of MOF-
hydrogel composites provide significant advantages for sensor
design, enabling preconcentration, selective binding, sensitive
detection of specific molecules, contaminants, volatile organic
compounds, and various physical parameters. In recent years,
numerous MOF-hydrogel-based sensors have already demon-
strated exceptional performance in diverse application domains.
Their design and fabrication are guided by theoretical insights,
experimental findings, and structural characterization of the
composite materials, which directly inform their functional
properties and sensing performance. In the following sections,
we review the structural strategies, advantages, and sensing
principles of MOF-hydrogel-based sensors, along with their
implementations for rapid and highly sensitive detection of
physical, chemical, and biological stimuli across optical, elec-
tromechanical, electrochemical, and pH-responsive platforms.

3.1 | MOF-Hydrogel Nanocomposites in Optical
Sensing

The integrated structure of MOF-hydrogel composites enables a
broad spectrum of optical functionalities, including fluorescent,
phosphorescent, colorimetric, plasmonic, and scintillating
responses. Their diverse emission mechanisms encompass
metal-centered luminescence in lanthanide-containing MOFs
(LnMOF), typically arising from ligand-to-metal charge trans-
fer, as well as exciplex/excimer emissions and ligand-derived
luminescence [143-146]. Embedding MOFs within optically
transparent, hydrated hydrogel networks not only preserves but
often enhances their photophysical properties [147-150]. Fur-
thermore, the hydrogel framework ensures homogeneous MOF
distribution, biocompatibility, and responsiveness to external
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TABLE 2 | Comparative analysis of advantages and disadvantages of MOF-hydrogel fabrication methods for sensors and sensing systems.

Fabrication method

Advantages

Disadvantages

Physical crosslinking with
embedded MOFs

Ionic crosslinking with
embedded MOFs

Free-radical polymerization
with embedded MOFs

In situ growth of MOFs
within hydrogel networks

Additive manufacturing or
3D printing of MOF-
hydrogel composites

Mild processing conditions preserve MOF
crystallinity and surface chemistry.

Simple, low-cost, and solvent-free
fabrication supports scalability and low
production costs.

Uniform MOF dispersion before gelation
ensures signal homogeneity across
sensing surfaces.

Enables rapid, in situ hydrogel formation
without heat or radical initiators.

Good compatibility with biological
sensing platforms and delicate MOFs.

Tonically crosslinked networks can be
formed directly on sensor substrates.

Facilitates high water content for analyte
diffusion in sensing applications.

Strong covalent network improves
robustness of sensor components.

High control over monomer composition
for functional tailoring.

Scalable for complex or patterned sensor
architectures.

Compatible with photolithography and
additive manufacturing for integrated
devices.

Strong interfacial bonding between MOF
and hydrogel matrix improves
mechanical stability and sensing
durability.

Controlled nucleation within the
hydrogel ensures high MOF dispersion
and signal uniformity.

Potential for hierarchical pore structures
enhancing analyte diffusion and
preconcentration.

Good reproducibility due to confined
growth environment.

Enables precise spatial control of MOF
distribution for patterned or multi-
functional sensors.

Facilitates fabrication of complex
architectures for multi-analyte detection

Limited control over network density
and pore structure.

Susceptible to MOF leaching during
operation, especially in aqueous
environments.

Weak mechanical stability limits device
durability in handling and operation.

Small batch and highly variable

Poor long-term shape retention in
dynamic sensing setups.

Hard to achieve large-scale uniformity.

Mechanical stability depends on
environmental ionic strength.

Swelling/deswelling may alter
embedded MOF distribution.

Limited structural precision for device
miniaturization.

Potential interference from ions used in
crosslinking during sensor operation.

Partially block MOF pores or alter
surface chemistry.

Fabrication conditions (UV, heat,
initiators) may degrade sensitive MOFs.

Requires photoinitiators or thermal
initiators, adding cost and potential
toxicity for biosensing.

One-pot molding limits complex
geometries for sensor designs.

Long gelation times risk MOF
sedimentation/agglomeration, causing
non-uniformity and variable sensor
performance.

Longer processing times and multiple
synthesis steps can hinder scalability.

Metal ion or ligand diffusion limitations
may cause gradients in MOF loading.

Requires precise reaction control to
avoid non-uniform crystal size affecting
signal reproducibility.

Specific reaction conditions and
diffusion time make it slow for bulk
production.

Difficult to run in high throughput
without losing uniformity

Longer processing times and multiple
synthesis steps can hinder scalability.
Limited reports and processing protocols

for MOF-hydrogel systems, especially
for sensing.

(Continues)

SmartMat, 2026

9 of 36

85U8017 SUOWWOD SAEa.D 3|ded!dde au Ag peusenob a1 sajole YO ‘8Sn JO Sa|NI Joj Akeiqi8UlJUO AB]IA UO (SUONIPUOD-PUE-SWS)ALI0O" A3 | IM ARe.d 1[Bul[UO//SANL) SUOIPUOD Pue SWLB | 8U 89S *[9202/20/ST] U0 AReiqi8uliuo A8]im ‘needns a16ojouyde 1 8@ 21093 Aq T900L ZWWS/Z00T 0T/I0p/L0o" A IM Alelq1jeuljuo//sdny woy pepeojumod ‘T ‘9202 X6T88892



TABLE 2 | (Continued)

Fabrication method

Advantages

Disadvantages

or integration into flexible/wearable

devices.

— High design reproducibility ensures
batch-to-batch consistency.

— Digital fabrication allows rapid
prototyping and direct customization for

specific sensing needs.

— Printing resolution may be restricted by
hydrogel viscosity and MOF particle
size, with sedimentation, sagging, and
agglomeration further affecting quality.

— Scalability depends on the availability of
high-throughput printing systems.

stimuli, making these composites well-suited for diverse optical
sensing applications. The following subsections review key
categories of MOF-hydrogel-based optical sensors, including
luminescent, colorimetric, and plasmonic systems, highlighting
their unique detection mechanisms and application potential.

3.1.1 | MOF-Hydrogel-Based Luminescent Sensor

Luminescence is the emission of light from a material following
excitation by external energy sources such as photons, electrical
input, or chemical reactions [151, 152]. Among its various
forms, photoluminescence is the most common and is classified
into fluorescence, a rapid emission from the excited singlet
state, and phosphorescence, a delayed emission arising from
spin-forbidden transitions between the triplet state and the
ground state. In contrast, chemiluminescence represents a dis-
tinct type of luminescence that does not require external
irradiation but instead results from chemical reactions that
generate electronically excited species, which release light upon
relaxation [153]. Luminescent sensors leverage these mecha-
nisms to detect target analytes through changes in light inten-
sity, wavelength, or lifetime, providing highly sensitive and
selective readouts. Their non-invasive operation, fast response
time, and capability for real-time detection make them partic-
ularly attractive for biomedical diagnostics, environmental
monitoring, and food safety applications.

The luminescent properties of MOFs arising from their ligands,
metal ions, guest species, or catalytic activity have been the
most extensively exploited in MOF-hydrogel-based optical
sensors [154-159]. Their chemically tunable frameworks and
specific host-guest interactions enable the selective detection of
metal ions, small organic compounds, or biomolecules. Coupled
with their strong light-matter interaction, MOFs are particularly
well-suited for fluorescence-based sensing. Embedding them
within hydrogels provides additional benefits, including struc-
tural control, tunable porosity, and functional site modifica-
tions, enabling the creation of diverse and responsive
luminescent sensors. MOFs also offer intrinsic biodegradability
and compatibility with biological building blocks, enhancing
their applicability in biomedical fields. Hydrogels complement
these features by supplying optical transparency, uniform MOF
dispersion, environmental protection, swelling capability, bio-
compatibility, and tissue-like mechanical properties. Together,
these synergistic attributes have established MOF-hydrogel
composites as versatile luminescence-based sensing platforms,
surpassing traditional optical platforms in versatility and per-
formance. Fluorescence remains the most widely exploited due

to its high sensitivity and rapid response time, while chemi-
luminescence is emerging as a promising strategy by leveraging
the catalytic activities of MOFs to amplify light emission during
chemical reactions.

The sensing performance of these systems primarily relies on
host-guest interactions with analytes, which trigger measurable
luminescence changes such as intensity modulation, including
turn-on or turn-off effects and or emission peak shifts. Repre-
sentative mechanisms include photo-induced electron transfer
(PET), intermolecular charge transfer (ICT), and fluorescence
resonance energy transfer (FRET). A comprehensive overview
of these mechanisms is available in reviews by Yan and col-
leagues [160].

Among these mechanisms, fluorescence quenching has been most
widely exploited, typically using luminescent MOFs with emissive
metal centers. For example, Zhao et al. [89] developed a europium
(Eu) based MOF-hydrogel optical fiber as a novel platform for
photoluminescent sensing of picric acid, a nitroaromatic explosive
compound. Water and thermally stable luminescent EuNDC
MOFs (NDC = 1,4-naphthalene-dicarboxylic acid) were embedded
within poly(ethylene glycol) diacrylate (PEGDA) hydrogel matri-
ces to enable real-time, on-site monitoring. The core-clad fiber
design, featuring a step-index profile, facilitated efficient propa-
gation of excitation light and collection of emission signals.
Additionally, embedding the MOFs within the hydrogel core not
only protected them from direct exposure to harsh environments,
thereby preventing leakage of luminescent particles, but also
preserved open channels for analyte diffusion. This configuration
enhanced the sensor's operational stability and longevity. By
combining the photoluminescent properties of MOFs with the
optical transparency and flexibility of hydrogels, the system dem-
onstrated high sensitivity, with fluorescence quenching visibly
detectable at picric acid concentrations as low as 5.7 ppm.

In another example, a fluorescence-quenching-based sensing
platform was constructed using a modified MOF embedded
within a photo-crosslinked hydrogel matrix [161]. Specifically,
Ui0-66-NH, MOF was post-synthetically modified via aldimine
condensation with 2,3,4-trihydroxybenzaldehyde to yield fluo-
rescent material (Figure 3A) [161]. Subsequent coordination
with Fe** produced modified UiO-66-NH, MOF, which ex-
hibited quenched fluorescence due to Fe** binding. In the
presence of bilirubin, which has a strong affinity for Fe3*, the ions
were displaced, leading to fluorescence recovery and enabling a
turn-on sensing response (Figure 3B) [161]. To enhance detection
performance and usability, post-synthetically modified MOF was
embedded within a photo-crosslinked gelatin methacryloyl
(GelMA) hydrogel, forming a GelMA-functionalized MOF
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FIGURE 3 | MOF-hydrogel-based optical luminescence sensors. (A) Schematic illustration of a fluorescence-quenching-based sensing platform

constructed using UiO-66-NH, MOF embedded in a photocrosslinkable GeIMA hydrogel. Reproduced with permission: Copyright 2024, Elsevier
[161]. (B) Fluorescence characterization of the UiO-66-NH,-integrated GeIMA hydrogel system, showing excitation/emission behavior, Fe** induced
quenching, bilirubin-responsive fluorescence recovery, and visible fluorescence changes under daylight and UV light. Reproduced with permission:
Copyright 2024, Elsevier [161]. (C) Schematic diagram of visual detection using a ratiometric fluorescence sensor based on a PCN-221(Zr/Ce)@Eu-
MOF-incorporated hydrogel. Reproduced with permission: Copyright 2024, Elsevier [76]. (D) Schematic illustration of the sensing mechanism for
sulfonamide detection using the proposed PCN-221(Zr/Ce)@Eu-MOF-based ratiometric fluorescence sensor. Reproduced with permission: Copyright

2024, Elsevier [76].

composite. This hybrid hydrogel composite provided a stable,
biocompatible, and porous matrix that promoted bilirubin en-
richment at the sensing interface, thereby amplifying the fluores-
cence response. The resulting sensor achieved an ultralow
detection limit of 5.67 pM and demonstrated excellent perform-
ance in real human urine samples. Several additional studies have
also adopted MOF-hydrogel-based optical luminescence sensors
utilizing fluorescence quenching mechanisms for the detection of
various environmentally and biologically relevant analytes, as
systematically summarized in Table 3 [74-80, 82-84, 89, 91, 94,
102-106, 123, 125, 161-166].

In a separate approach, a luminescent MOF-hydrogel film-
based portable sensor array was developed by Wang et al. [91]
for the selective detection of nitrophenol isomers. The sensor
integrated Eu*" and terbium (Tb**) ions into a mixed-ligand
luminescent MOF, specifically Eu**/Tb**@Ui0-66-(COOH),/
NDC, which was embedded within a SA hydrogel matrix to
create three distinct luminescence centers. This configuration
enabled discrimination among o-nitrophenol, m-nitrophenol,
and p-nitrophenol isomers using linear discriminant analysis.
The fluorescence resonance energy transfer-based sensing
mechanism relied on differential quenching of Eu** and Tb**
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Ref.
[84]

LOD

2.06 pg/mL

Sensing parameters Target analyte

Sensing mechanism

Sensor type

(Continued)

Composition

TABLE 3

Sarafloxacin

Absorbance

Peroxidase-like catalytic

activity

Colorimetric

HAA-MOFzyme

[78]

Kanamycin & 0.44nM

Absorbance

Peroxidase-mimicking activity

Colorimetric

Agarose-UiO-66(Fe/

Zr) -NH,

oxytetracycline

H,S

[104]

5.4 uM

Fluorescence intensity &
visible color change

Electronic structure disruption
& fluorescence quenching

Colorimetric and
fluorescence
SERS

SERS

SA-AuNCs@Pb-MOF

[125]
[165]

0.63nM/L

Putrescine

Raman intensity

Schiff base reaction

SA-Au@Cu -MOF
PEGDA-

Acetaminophen 0.45 uM

Raman intensity

Surface plasmon resonance

Plasmonic MOFs

[166]

0.158 pM

Raman intensity Kanamycin

Localized surface plasmon

resonance

SERS

PVA-UiO-66- NH,

emissions upon interaction with each isomer, generating un-
ique optical signatures for statistical analysis. The lanthanide-
based MOFs provided sharp, stable dual-emission properties,
while the hydrogel contributed flexibility, optical transparency,
and efficient analyte diffusion. This composite system demon-
strated excellent portability, environmental stability, and
selective sensing performance. It successfully detected ni-
trophenol isomers at concentrations ranging from 40 to 100 uM,
enabled semi-quantitative analysis in the 0 to 80 uM range, and
distinguished binary and ternary mixtures at 60 uM. This fluo-
rescence resonance energy transfer-based sensing mechanism
was also employed in the development of another MnO,@ZIF-
8-luminol MOF-hydrogel-based sensor for the fluorescence
detection of alanine aminotransferase [103].

Building on similar MOF-hydrogel integration strategies, Sha
et al. [82] developed a dual-emission MOF-hydrogel hybrid film
for selective amino acid sensing. The system was fabricated by
embedding Eu**-functionalized zinc-based MOFs into an SA-
based hydrogel network. The Zn-MOF contained uncoordinated
carboxyl groups that provided binding sites for Eu** ions,
forming luminescent centers within the hydrogel. Under acidic
conditions, the composite film exhibited distinct fluorescence
responses, enabling the detection of aspartic acid and arginine.
This pH-responsive behavior, coupled with the antenna effect of
Eu®* contributed to the sensor's high selectivity and semi-
quantitative detection capability. Additionally, the tunable flu-
orescence shifts in response to target analytes were utilized to
fabricate fluorescent hydrogel films for anti-counterfeiting and
information security applications. Notably, the study did not
report the limit of detection (LOD) for the analytes but em-
phasized the qualitative and semi-quantitative potential of the
system under controlled pH environments.

In a related study, Lian et al. [102] developed a luminescent
MOF-hydrogel composite sensor by embedding Zr-based PCN-224
MOFs into SA for detecting (-lactamase, a biomarker associated
with penicillin allergy. This system employed a unique “ON-OFF-
OFF-ON” fluorescence switching mechanism initiated by enzy-
matic hydrolysis of a f-lactam ring. The hydrogel ensured analyte
accessibility and biocompatibility, while the MOF served as a
robust fluorescent core. The sensor achieved a low LOD of 1.25 U/
mL for 3-lactamase and could also detect penicillamine with high
sensitivity, demonstrating potential for point-of-care diagnostics
with visual fluorescence readouts.

Another simple yet effective strategy was employed to develop a
ratiometric fluorescence sensor by incorporating dual-emissive
MOF probes into a color-transition hydrogel [83]. Specifically,
functionalized Ru@UiO-OH (Ru=Ruthenium) MOFs were em-
bedded within a carrageenan matrix for the visible and selective
detection of biogenic amines. Upon exposure to trimethylamine,
the fluorescence intensities exhibited distinct changes under a
single excitation wavelength, resulting in a ratiometric signal and a
noticeable color shift from orange-red to bright yellow. This “turn-
on” yellow emission was attributed to the inhibition of ligand-to-
metal charge transfer (LMCT) and excited-state intramolecular
proton transfer (ESIPT) processes, both affected by MOF frame-
work degradation and ligand deprotonation. The Ru@UiO-OH-
loaded hydrogel served as a “sniffing” indicator for volatile tri-
methylamine vapor and was further coupled with a smartphone-
based platform for real-time, quantitative visual analysis. To sup-
port user-friendly field deployment, Jie et al. [76] proposed a
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Eu-postfunctionalized porphyrin-based trimetallic PCN-221
(Zr/Ce)@Eu-MOF-hydrogel for visual ratiometric fluorescence
sensing of sulfonamides in food samples. This trimetallic MOF and
PVA-based hydrogel fluorescent biosensor employed inner filter
effect, FRET, and electron transfer as the sensing mechanisms,
illustrated in Figure 3C,D [76]. It offered a convenient, rapid, and
efficient approach for detecting antibiotic residues in raw pork and
milk samples, achieving a low LOD of 45nM/L and satisfactory
recovery rates. Similarly, another ratiometric fluorescent sensing
platform, integrated with both a paper-based sensor and a skin-
attachable hydrogel, was developed using enoxacin-embedded
EuMOF for user-friendly detection of glyphosate [106]. This plat-
form demonstrated excellent sensitivity, achieving a LOD of
0.35 mg/L for fluorescence-based detection and 10 mg/L for visual
detection. Similarly, Liu et al. [123] developed a ratiometric fluo-
rescence sensor by incorporating carbon dots and Eu**-modified
UiO-67b into a SA hydrogel for monitoring ofloxacin and tetracy-
cline residues, achieving a detection limit of 22-27 nM. Addition-
ally, several other studies have reported MOF-hydrogel-based
ratiometric fluorescence sensors for various applications [80, 167].

As an alternative to fluorescence mechanisms, another study
introduced a “signal-on” chemiluminescence biosensor for
thrombin detection by integrating metalloporphyrinic MOF na-
nosheets (Cu-TCPP(Co)) with a DNA-functionalized magnetic SA
hydrogel [94]. In this system, the hydrogel served as a capture
matrix for thrombin via aptamer interactions and was subse-
quently dissolved with EDTA to release the bound target. The
released complex activated the chemiluminescent reaction, with
the MOF acting as a catalytic signal enhancer. Upon specific
thrombin recognition, the MOF-Au-ssDNA complex was liber-
ated, resulting in amplified light emission. This biosensor ex-
hibited excellent sensitivity, achieving a detection limit of
0.2178 pM/L and a broad linear range from 0.893 to 595.6 pM/L.
Building on this chemiluminescence strategy, Lu et al. [75] re-
ported another hydrogel-based sensor that employed platinum (Pt)
MOFs to achieve long-lasting chemiluminescence imaging for the
detection of pesticides and D-amino acids. Inspired by the per-
sistent luminescence of hydrogels and the highly stable catalase-
like activity of MOF-Pt, they constructed a glow-type chemilum-
inescence imaging sensor using a long-lasting N-(4-aminobutyl)-
N-ethylisoluminol/Co*/CS hydrogel system. The high viscosity of
the hydrogel matrix slowed molecular diffusion, prolonging
the chemiluminescence emission, while the catalytic activity of
MOF-Pt enhanced the signal intensity by sixfold. This synergistic
effect enabled sensitive quantification of chlorpyrifos with a
detection limit of 0.21 ng/mL, and D-alanine in serum with an LOD
of 0.12uM. These examples collectively demonstrate the broad
applicability and strong potential of MOF-hydrogel composites in
the field of optical sensing. Their unique combination of tunable
luminescent properties, structural flexibility, and biocompatibility
offers a powerful platform for the development of next-generation
optical sensors. By integrating the dynamic responsiveness of hy-
drogels with the highly customizable photophysical characteristics
of MOFs, these hybrid systems can be engineered to achieve mul-
tifunctionality, high sensitivity, and selectivity.

3.1.2 | MOF-Hydrogel-Based Colorimetric Sensor

Colorimetric sensors are analytical devices that detect and
quantify target analytes through a visible color change. This

optical response, often perceivable with the naked eye, arises
from chemical or biochemical reactions and eliminates the need
for complex instrumentation [168]. The observed color change
typically results from alterations in molecular structure, oxi-
dation state, or the aggregation behavior of chromogenic agents
upon interacting with specific analytes. Among various optical
sensing approaches, colorimetric sensing has attracted consid-
erable attention due to its low cost, fast response time, and
straightforward visual interpretation [169]. These features make
colorimetric sensors especially suitable for use in portable or
on-site applications, where access to advanced equipment and
trained personnel may be limited. When integrated into MOF-
hydrogel systems, colorimetric sensors leverage the high
porosity, tunable functionalities, and selective adsorption
characteristics of MOFs, significantly enhancing their sensitiv-
ity and analyte specificity [170]. Although substantial progress
has been made in developing colorimetric sensors based on
MOFs alone, their integration into hydrogel matrices remains in
its early stages, with only a limited number of MOF-hydrogel-
based colorimetric sensors reported to date.

Recently, Yu et al. [74] developed a hydrogel-based colorimetric
sensing platform integrated with a smartphone for the detection
of isoniazid in human urine and serum. The system utilized
gold nanoparticle (AuNP)-functionalized bimetallic MOF na-
nozymes (NMOF-Co-Fe, g), which mimic peroxidase activity to
catalyze the oxidation of 3,3’,5,5'-tetramethylbenzidine in the
presence of hydrogen peroxide, yielding a blue-colored product.
Isoniazid inhibited this reaction, yielding a concentration-
dependent decrease in color intensity. The sensor exhibited a
linear detection range of 0.25-120uM with a low detection
limit of 0.2uM, and it demonstrated excellent recovery
(97.0%-103.7%) along with high reproducibility, as indicated by
relative standard deviations (RSD < 3%). Similarly, Lin et al.
[77] exploited peroxidase-like catalytic activity based on Cu-
hemin-MOF embedded in an agarose hydrogel for glucose
detection. Another example involved a colorimetric aptasensor
in which catalase was encapsulated within MOF cavities and
integrated into a nucleic acid hydrogel for selective sarafloxacin
detection [84].

Building on these colorimetric designs and the peroxidase-
mimicking paradigm, Nie et al. [104] introduced a gold na-
nocluster (AuNC)-embedded MOF as a dual-channel hydrogel
optical sensor for simple, efficient, and real-time monitoring of
hydrogen sulfide (H,S). To address prior challenges such as
limited anti-interference capacity, inadequate selectivity, and
operational complexity, the study employed a bottle-around-
ship approach to encapsulate AuNCs within lead (Pb)-based
MOFs. Embedding the AuNCs@Pb-MOF into a dual-channel
SA hydrogel with high porosity and optical transparency sig-
nificantly enhanced the sensor's luminescence efficiency and
stability (Figure 4A) [104]. This compact and portable sensor
combines fluorescence and colorimetric detection modes, of-
fering a low detection limit of 5.4 uM, rapid response time
(<30s), strong interference resistance, and seamless compati-
bility with smartphone-based analysis systems. These recent
developments suggest the emerging potential of MOF-hydrogel
composites in colorimetric sensing platforms. Continued inno-
vation in MOF design and hydrogel integration is expected to
broaden their applicability across diverse biomedical and en-
vironmental domains.
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FIGURE 4 | (A) Schematic illustration of a dual-channel SA hydrogel-based optical colorimetric sensor constructed using gold nanocluster-

embedded Pb-MOF for sensitive and visual detection applications. Reproduced with permission: Copyright 2025, Elsevier [104]. (B) Corn-inspired
high-density plasmonic MOF-hydrogel-based microneedle sensor for non-destructive monitoring of biological analytes via surface-enhanced Raman

scattering. Reproduced with permission: Copyright 2024, Elsevier [165].

3.1.3 | MOF-Hydrogel-Based SERS Sensor

Complementing luminescence-based and colorimetric strate-
gies, plasmonic sensing via surface-enhanced Raman spectros-
copy (SERS) provides an additional pathway for optical
detection. SERS is a vibrational technique that enables ultra-
sensitive detection of low-concentration analytes by amplifying
electromagnetic fields through localized surface plasmon ex-
citation [171]. SERS typically relies on noble metals such as Au

and Ag, whose strong plasmonic coupling greatly enhances Ra-
man scattering. By contrast, MOFs by themselves are non-
plasmonic. They provide adsorption capacity and selectivity but
cannot create the required electromagnetic hot spots, so effective
MOF-based SERS pairs them with plasmonic metals. Nevertheless,
functionalizing MOFs with plasmonic materials has shown great
promise. Their high surface areas and microporosity provide
abundant adsorption sites and selective size screening, thereby
enhancing sensitivity and enabling single-molecule detection.
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Several MOF-hydrogel-based plasmonic hybrids have recently
been proposed. Li et al. [165] reported a corn-inspired high-
density plasmonic MOF-hydrogel-based microneedle sensor for
non-invasive SERS monitoring of interstitial fluid analytes. The
device integrated MIL-101, an Fe-based MOF, with densely
packed Au nanospheres on a PEGDA hydrogel core to form a
hybrid SERS-active substrate (Figure 4B) [165]. This architec-
ture combines a large specific surface area, hierarchical poros-
ity, and strong electromagnetic field enhancement, yielding
efficient analyte enrichment and highly sensitive detection. The
microneedle format allowed skin penetration with minimal
tissue damage while maintaining structural integrity, achieving
a detection range of 1-100 uM with a LOD of 0.45uM for
acetaminophen.

In a related study, Cao et al. [125] developed a SERS-active
hydrogel nanoreactor by embedding Au nanobowls within a
Cu-MOF layer supported on a sodium alginate hydrogel scaf-
fold. This hybrid material was employed for the highly specific
and sensitive detection of putrescine, a biogenic amine linked to
food spoilage. The Cu-MOF component selectively captured
putrescine, while o-phthalaldehyde reacted with the analyte to
form a Raman-active Schiff-base complex positioned at the
MOF-hydrogel interface, which enabled strong signal amplifi-
cation. The sensor achieved ultralow detection limits of 1.2 nM
in gaseous samples and 0.63nM in liquid samples, along with
excellent selectivity against common interfering molecules.
More recently, an intelligent dual-mode sensing platform was
engineered by incorporating Au nanostructures, Prussian Blue
nanozymes, and DNA aptamers within a MOF-hydrogel matrix
[166]. This system was applied for SERS and colorimetric
detection of kanamycin, where MOFs acted as gated reservoirs
for tetramethylbenzidine and aptamers provided selective
recognition. The platform achieved ultralow detection limits, high
specificity, and demonstrated strong potential for integration into
portable antibiotic monitoring devices. In particular, the sensor
enabled ultrasensitive kanamycin identification with a detection
limit of 0.158 nM and a broad linear range from 1 nM to 1000 uM
across both colorimetric and Raman modes. Together, these
findings underscore the potential of the MOF-hydrogel plasmonic
hybrid for advanced SERS sensing. They also highlight the limi-
tations of standalone MOFs or hydrogels, which often lack the
necessary plasmonic enhancement or molecular recognition
capabilities required for high-performance SERS-based optical
sensing applications.

3.2 | MOF-Hydrogel Nanocomposites in
Electrochemical Sensing

Electrochemical sensors are analytical devices that detect spe-
cific analytes through selective interaction with a sensing ele-
ment [172, 173]. The interaction generates a response that is
converted into an electrical signal by a transducer, with the
signal intensity reflecting analyte concentration. These devices
can be classified into potentiometric, amperometric, voltam-
metric, impedimetric, and conductometric sensors, depending
on whether they measure ion concentration, current, imped-
ance, or conductivity [174].

MOFs and hydrogels possess distinct yet complementary
properties that make them highly attractive for electrochemical

sensing. MOF derivatives provide high surface area, well-
defined porosity, and structural tunability, which facilitates
access to active sites and selective analyte interaction, enhan-
cing sensitivity and selectivity [175-177]. Hydrogels, in turn,
offer hydrated, biocompatible 3D networks that undergo volu-
metric, ionic, or conductivity changes in response to external
stimuli [178-180]. Integrating MOFs into hydrogel matrices
combines these advantages, yielding versatile, transducer in-
terfaces with improved sensitivity, lower detection limits, en-
hanced signal stability, and adaptability to complex
environments, including wearable and in vivo systems.

A notable example was reported by Liu et al. [181], who deve-
loped a smartphone-compatible electrochemical sensor for
adrenaline detection. The device employed microspherical
bimetallic Co-Ni MOFs embedded within a CS-PAM hydrogel
network (Figure 5A) [181]. This architecture synergistically
combined the high surface area and redox activity of MOFs with
the ionic conductivity, mechanical flexibility, and hydrophilicity
of the hydrogel. The catalytic properties of the hydrogel matrix
were tuned by varying MOF loading, producing a hierarchically
structured material with enhanced electrocatalytic perform-
ance. The optimized sensor exhibited dual linear detection
ranges (0.5-10 and 10-2500 uM), a remarkably low detection
limit of 0.167 uM, and high sensitivity values of 0.182 and 0.133
MA uM/cm?. It also demonstrated stability across 60 repeated
measurements, excellent selectivity against common interferents,
and efficient charge transfer with abundant electroactive sites.
This study highlights the ability of MOF-hydrogel composites to
fine-tune electrocatalytic interfaces for portable bioanalytical
platforms. Building on this approach, Sun et al. [182] created a
hybrid electrochemical sensor by incorporating rigid MOF
nanocrystals into a CS-PAM supramolecular hydrogel. The
composite consisted of a MIL-88 B MOF containing Fe and
Cu, coated with a covalent organic framework (COF) shell
(Figure 5B) [182]. The resulting MOF-COF-Hydrogel system
enabled highly sensitive and selective detection of noradrenaline
bitartrate. The hydrogel matrix improved MOF/COF dispersion,
provided diffusion pathways, and contributed ionic conductivity,
while the COF shell supplied m—m interactions. The sensor
achieved a wide linear range (0.06-1600uM), a low LOD
(0.02 uM), and excellent selectivity, stability, and repeatability,
without requiring sealing agents.

Another innovative design integrated MOF-71 with vana-
dium carbide MXene (V,C MXene) into a porous, hydrophilic
hydrogel via a solvothermal and freeze-drying process [109].
This hybrid material was employed for the simultaneous
electrochemical detection of levothyroxine (LT4) and carba-
mazepine (CBZ) in simulated blood serum. The MOF-MXene
hydrogel exhibited a broad linear detection range (10
nM-100 uM for LT4 and 10 nM-500 uM for CBZ) with low
detection limits (5.6nM for LT4 and 6.7nM for CBZ). It
further demonstrated excellent selectivity against common
interfering species and high reproducibility, with RSD of
1.65% for LT4 and 2.81% for CBZ. These results were attrib-
uted to the hydrogel's high ion mobility, enhanced electro-
chemical activity, and stable electrode interfacing, which
together enabled sensitive and selective detection in complex
biological environments. Such properties highlight the
potential of MOF-MXene hydrogels for integration into
wearable and portable diagnostic platforms.
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FIGURE 5 |

(A) Schematic illustration of a portable smartphone-based adrenaline sensing platform constructed using microspherical bimetallic

Co-Ni MOF and CS-PAM hydrogel composites. Reproduced with permission: Copyright 2024, Elsevier [181]. (B) A portable electrochemical sensing
platform for noradrenaline bitartrate detection using a bimetallic Fe-Cu integrated hydrogel-modified screen-printed electrode. Reproduced with

permission: Copyright 2024, Elsevier [182].

Despite these advances, research on MOF-hydrogel electro-
chemical sensors remains relatively limited, with only a few
studies involving bimetallic MOFs reported to date. These
representative examples are summarized in Table 4 [73, 85, 109,
111, 181-189].

3.3 | MOF-Hydrogel Nanocomposites in
Electromechanical Sensing

Electromechanical sensors have attracted significant attention
as key technologies for converting mechanical stimuli into
measurable electrical signals. They underpin many emerging
applications in flexible and wearable electronics, human-
machine interfaces (HMIs), healthcare monitoring, and soft
robotics [190, 191]. By transducing external stimuli such as
pressure, strain, or motion into electrical outputs, electro-
mechanical sensors enable real-time interaction with the

surrounding environment. Based on their signal transduction
mechanisms, they are typically classified into four main cate-
gories: piezoresistive, piezocapacitive, piezoelectric, and tribo-
electric nanogenerator (TENG) sensors, each offering distinct
advantages in terms of sensitivity, response speed, energy effi-
ciency, and fabrication compatibility. As technological demands
continue to evolve, the development of advanced functional
materials such as MOF-hydrogel composites has opened new
pathways for designing high-performance and multifunctional
electromechanical sensors. This section outlines the funda-
mental principles of electromechanical sensing and introduces
recent progress in MOF-hydrogel-based sensor platforms.

Hydrogels have been widely used in electromechanical sensors
owing to their exceptional properties, including mechanical
stretchability, flexibility, skin-like compliance, recoverability,
and responsiveness to multiple stimuli [47]. Their ability to
incorporate salts provides ionic conductivity, making them
highly suitable for conductive sensing platforms. While
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composites of hydrogels with carbon-based nanofillers have
been extensively studied, MOF-hydrogel composites remain
relatively underexplored, primarily due to the predominantly
insulating nature of most MOFs. However, recent studies have
demonstrated increasing interest in these composites for elec-
tromechanical applications [49]. This emerging focus is driven
by the unique features of MOFs, which not only enhance the
mechanical strength of hydrogels but also impart multi-
functional properties such as adhesion, self-healing ability, and
improved sensing capabilities. In the following subsections,
recent advances in MOF-hydrogel composites for electro-
mechanical sensing are reviewed, with particular emphasis on
their use in strain sensors and triboelectric devices.

3.3.1 | MOF-Hydrogel-Based Strain Sensor

Strain sensors transduce external mechanical stimuli such as
stretching or deformation into measurable electrical signals,
typically observed as changes in resistance, capacitance, or
voltage [192, 193]. Their performance depends on how effec-
tively the material structure responds to mechanical input and
converts it into an electrical output. Among various electro-
mechanical sensors, strain sensors have been the most widely
reported using MOF-hydrogel composites, owing to the inher-
ent flexibility and stretchability of hydrogels. In a recent study,
Rahman et al. [194] developed a ZIF-8-based MOF nano-
composite hydrogel using PAM and hydroxyethyl acrylate
(HEA) through a one-pot synthesis method for strain sensing
applications. The study highlighted the synergistic electrostatic
interactions between the PAM-HEA polymer chains and the
nanoporous ZIF-8, which significantly enhanced the mechani-
cal properties of the hydrogel. In addition, abundant hydrogen
bonds from the polarized surface of ZIF-8 imparted multi-
functional features, such as self-healing, anti-freezing capabil-
ity, and strong adhesion to various substrates, as demonstrated
in Figure 6A [194]. By tuning the ZIF-8 content, the hydrogel
achieved outstanding properties such as excellent stretchability
(808%), high toughness (453.5kJ/m>), and minimal hysteresis
(as low as 2.6%). The resulting strain sensor also exhibited
strong adhesion, repeatable self-healing, resilience at —20°C,
and high sensitivity with a gauge factor (GF) of 2.98 across a
broad range, along with rapid response and recovery times of
280 and 330 ms, respectively (Figure 6A). In another study,
Nimra et al. [116] created a supramolecular hydrogel composite
by integrating Co-manganese MOFs (Co-Mn-MOFs) into a poly
(lauryl methacrylate-acrylamide) network. To prevent MOF
aggregation, the team used cetyltrimethylammonium bromide,
a cationic surfactant, enabling uniform dispersion. This strategy
led to synergistic reinforcement through hydrophobic and
supramolecular interactions, yielding a hydrogel with remark-
able mechanical properties, including ultra-stretchability
(1655%), high toughness (447kJ/m?), and excellent anti-
fatigue resistance (Figure 6B) [116] and a conductivity of
0.33S/m. The strain sensor offered a wide detection range of
0.5%-700%, and a GF of 9.47 and ultrafast response/recovery
times of 100 ms and 80 ms (Figure 6B). Other studies have
likewise demonstrated the role of MOFs in enhancing the
overall functional properties and sensitivity of hydrogels for
strain sensing applications, as summarized in Table 5 [92, 96,
99, 114, 116, 118, 119, 194-200].

3.32 | MOF-Hydrogel-Based TENG

TENGsS are a class of electromechanical sensors, often described
as self-powered devices, since they can harvest energy from
their surroundings. Their operation relies on triboelectrification
(contact electrification), whereby electrical charges are trans-
ferred between two materials with differing electron affinities
during repeated contact and separation [201-203]. Sliding,
pressing, or vibrating motions generate electrostatic charges on
the material surfaces, producing a potential difference that can
be harnessed for sensing or energy harvesting.

Given this mechanism, MOFs have attracted growing interest
for designing high-performance TENGs. Their tunable porosity
and large surface areas provide abundant active sites for charge
accumulation, while molecular-level tunability allows functio-
nalization with electron-donating or withdrawing groups,
thereby improving charge transfer efficiency [204-207]. More-
over, their molecular-level tunability enables the introduction
of functional groups or metal centers with specific electron-
donating or electron-withdrawing characteristics, improving
charge transfer efficiency between triboelectric layers. MOFs
can also enhance surface roughness and contact intimacy,
leading to more effective charge generation. Their structural
versatility also supports integration with various substrates,
making them promising candidates for next-generation TENG-
based energy harvesting and sensing systems. Furthermore,
some MOFs exhibit intrinsic dielectric properties, enhancing
capacitance and energy conversion efficiency.

Concomitantly, hydrogels offer unique advantages for TENG
due to their flexibility, stretchability, and ionic conductivity
[208-210]. Their soft, hydrated networks conform closely to
triboelectric layers, improving contact and boosting triboelec-
trification efficiency. The high water content and tunable
polymer networks within hydrogels facilitate ion migration and
dynamic electrical double-layer formation, enhancing output
performance. Hydrogels can also be engineered with tailored
chemistries and mechanical properties to optimize triboelectric
polarity and interface behavior. Their biocompatibility, trans-
parency, and compatibility with diverse substrates make them
excellent candidates for wearable, implantable, and en-
vironmentally adaptive TENG platforms. The chemical versa-
tility of MOFs thus complements the mechanical and ionic
advantages of hydrogels, enabling the development of flexible,
lightweight, and multifunctional TENG devices. This hybrid
approach overcomes the limitations of TENGs based solely on
MOFs or hydrogels, offering enhanced performance through
synergetic properties.

Rahman et al. [199] recently reported the development of a
MOF-reinforced hydrogel electrode for wearable TENG by
incorporating zeolitic imidazolate framework-8 (ZIF-8), a
widely used MOF, into a PAM-co-hydroxyethyl acrylate
hydrogel (Figure 7A) [199]. ZIF-8 nanocrystals acted as
reinforcing nanofillers, enhancing the physical crosslinking of
the hydrogel through numerous hydrogen bonds with the
copolymer chains and improving stretchability and fatigue
resistance of the hydrogel. LiCl was added to enhance ionic
conductivity and impart anti-freezing properties. In this
biphasic system, ZIF-8's cationic framework adsorbed CI- ions
through electrostatic interactions, thereby increasing the local
ionic concentration within the hydrogel matrix. This interaction
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FIGURE 6 | (A) Demonstration of a ZIF-8-enhanced multifunctional nanocomposite hydrogel exhibiting excellent mechanical strength,

stretchability, flexibility, toughness, strong adhesion, self-healing capability, and anti-freezing performance, enabling its application as a flexible and

reliable strain sensor. Reproduced with permission: Copyright 2024, Springer Nature [194]. (B) Summary of the mechanical and strain-sensing

performance of Co-Mn-MOFs reinforced hydrogel, demonstrating enhanced tensile strength, toughness, fatigue resistance, and stable, high sensi-

tivity across both small and large strain ranges. Reproduced with permission: Copyright 2025, Royal Society of Chemistry [116].

plays a critical role in boosting the output performance of the
ZIF-8 incorporated PAM-co-hydroxyethyl acrylate hydrogel.
Under identical device configurations and input conditions, a
TENG with 2 wt% ZIF-8 has achieved a maximum output voltage
of 232V and a current density of 56.3 mA/m?, values around 1.8
times higher than those of the pure hydrogel-based device.

In a related study, Xu et al. [92] developed ZIF-8
nanoparticles as multifunctional crosslinkers within a
PAM-polyvinylpyrrolidone double-network hydrogel (Figure 7B).
Here, ZIF-8 acted as physical crosslinking sites, while NaCl
introduced ionic conductivity. The resulting hydrogel displayed
high flexibility, low mechanical hysteresis, and excellent electrical
properties, making it a promising candidate for use as a flexible
electrode in TENGs for efficient energy harvesting.

Although research into MOF-hydrogel-based TENG is still in
its early stages, these findings demonstrate substantial poten-
tial. Continued work is needed to expand material design
strategies and optimize device performance, as highlighted by
the promising results summarized in Table 5.

4 | Advanced Applications of MOF-Hydrogel
Nanocomposites-Based Sensors

As highlighted in the previous sections, MOF-hydrogel com-
posites have been utilized in the development of various types
of sensors, including optical, electrochemical, and electro-
mechanical systems. By leveraging the synergistic properties
of both MOFs and hydrogels, these composites offer high
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(A) Schematic illustration of the ZIF-8@PAM-co-HEA with LiCl hydrogel-based TENG, along with the chemical structures and

cross-linking networks of the nanocomposite hydrogel. Reproduced with permission: Copyright 2024, Wiley [199]. (B) ZIF-8 reinforced
PAM/polyvinylpyrrolidone (PVP) flexible and stretchable hydrogel utilized in a TENG device as a self-powered sensor. Reproduced with permission:
Copyright 2024, Royal Society of Chemistry [92].
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sensitivity, multifunctionality, and adaptability, making them
suitable for a wide range of sensing applications. In this section,
we focus specifically on the application domains of these sen-
sors. Based on the information summarized in Table 1, the
applications have been categorized into healthcare and bio-
medical diagnostics, environmental monitoring, food safety and
public health, flexible and wearable electronics, and human-
computer and machine interaction technologies.

4.1 | Healthcare and Biomedical Diagnostics

The development of flexible healthcare sensing systems relies
heavily on advanced materials with tailored functional,
mechanical, and electrical properties. Among these, MOF-
hydrogel composite-based sensors have emerged as highly
promising candidates for healthcare and biomedical diagnostics
due to their unique integration of functionality, bio-
compatibility, and mechanical adaptability. The incorporation
of MOFs into hydrogels enabled the design of soft, flexible
sensors with dynamic responsiveness to physiological stimuli,
creating innovative platforms for personalized health manage-
ment. Biocompatible, conductive nanocomposite hydrogels
serve as key building blocks in soft, flexible sensor systems,
offering dynamic responsiveness to physiological stimuli. By
engineering MOFs surface chemistry or introducing specific
functional groups, sensor selectivity can be precisely tailored to
detect targeted analytes or biomarkers. MOFs can selectively
capture biomolecules for disease monitoring or recognize
volatile organic compounds indicative of pathological states.
When embedded into hydrogel matrices, these functionalized
MOFs yield unobtrusive, highly sensitive sensors suitable for
real-time physiological monitoring and disease diagnostics.
Figure 8 illustrates representative MOF-hydrogel-based sensors
across optical (Figure 8A-C) [74, 79, 80], electrochemical
(Figure 8D) [107], and electromechanical (Figure 8E,F)
[194, 198] domains, emphasizing their applications in health-
care and biomedical diagnostics.

Several optical platforms highlight this potential. A Zn-MOF
embedded SA hydrogel, doped with Eu®*, enabled a pH-
responsive luminescent film for dual detection of amino acids
(aspartic acid and arginine), demonstrating its potential for real-
time monitoring of biochemical markers in bodily fluids [82].
Another dual-readout biosensor was designed using hyaluronic
acid (HAA) hydrogel integrated with aptamer-functionalized
UiO-67-NH, MOFs via a viscosity-based flow sensor and
fluorescence-based detection of Mucin 1, a biomarker linked to
cancer [93]. Pyrene-based MOFs incorporated into hydrogels
facilitated a robust pH-responsive fluorescence platform for
detecting cardiac troponin I, relevant for early myocardial
infarction diagnosis [124]. In cardiovascular diagnostics, MOF-
525 nanosheets embedded in magnetic SA hydrogels allowed
ultrasensitive thrombin detection, aided by magnetic separation
and signal amplification [94].

For therapeutic drug monitoring, several MOF-hydrogels were
developed. Among them, a MOF-hydrogel composite integrated
with a smartphone readout platform enabled point-of-care iso-
niazid detection in urine and serum [74]. A nanocomposite
hydrogel sensor utilizing MOF and SA was developed to iden-
tify B-lactamase in serum, relevant for penicillin allergy

diagnostics [102]. A tetranuclear Eu-MOF combined with car-
bon dots and immobilized in a PAM hydrogel demonstrated
ratiometric fluorescence sensing of phenylglyoxylic acid, an
environmental exposure biomarker [167]. Another Eu-based
MOF-hydrogel sensor was designed for the selective detection
of hydroxyindole-3-acetic acid, a carcinoid tumor biomarker,
integrated with smartphone imaging for real-time, point-of-care
cancer diagnostics [80]. Glucose monitoring was advanced by
embedding defective MOFs with immobilized enzymes in
hydrogel matrices, significantly enhancing enzyme stability and
enabling smartphone-assisted real-time diabetes management
[107]. Multifunctional gelatin-based hydrogels encapsulating
mixed-ligand MOFs and carbon dots demonstrated dual sensing
and therapeutic capabilities with pH-responsive fluorescence
for monitoring and wound healing promotion [108].

Other innovations extended MOF-hydrogel composites to
wearable and implantable systems. Cu-hemin MOF-hydrogel
biosensors enabled noninvasive glucose detection, while MOF-
hydrogel microneedle arrays facilitated real-time cortisol mon-
itoring, advancing stress diagnostics through skin-compatible
wearable platforms [77]. A zirconium-based MOF integrated
into photo-crosslinked hydrogels enabled free bilirubin detec-
tion in urine, useful for early liver dysfunction screening [161].
Lanthanide MOF-hydrogel composites served as ratiometric
sensors for phosphate in human serum, supporting renal
function diagnostics [87]. A corn-inspired microneedle array
embedded with plasmonic MOFs allowed label-free SERS
detection of acetaminophen, facilitating rapid and noninvasive
drug monitoring [165].

Wearable electrochemical sensors further broaden applications.
Fe/Co MOFs embedded in CS-PVA hydrogels enabled sweat-
based lactic acid detection, while Ni-Co MOF-hydrogel smart
contact lenses measured urea in tears, both with strong
potential in personalized metabolic and physiological monitor-
ing [73, 111]. For neurological and stress-related applications,
Co-Ni MOFs embedded in CS-PAM hydrogels enabled adren-
aline sensing with high electrocatalytic activity [181]. ZnS/
MnO, MOF-hydrogel composites facilitated sensitive detection
of glutathione in serum, highlighting their clinical relevance
[186]. Core-shell MOF/COF composites in supramolecular hy-
drogels enabled portable electrochemical sensing of nor-
adrenaline bitartrate [182]. Additionally, Co-MOF and
vanadium carbide MXene hybrid hydrogel simultaneously
detected levothyroxine and carbamazepine in serum, showing
potential in point-of-care therapeutic drug monitoring [109].

4.2 | Environmental Monitoring, Food Safety,
and Public Safety

With growing concerns over environmental pollution, food-
borne illnesses, and public safety risks, the demand for sensi-
tive, rapid, and cost-effective sensing platforms has intensified.
MOF-hydrogel composite-based sensors have emerged as
powerful tools for addressing challenges related to environ-
mental contamination, food quality control, and public safety.
Their combined properties, including the high surface area and
chemical selectivity of MOFs along with the flexibility,
responsiveness, and moisture retention capabilities of hydro-
gels, enable the detection of a wide range of hazardous
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Representative examples of MOF-hydrogel-based sensors for applications in healthcare and biomedical diagnostics. (A) A colori-

metric sensing platform with integrated smartphone, based on a hydrogel matrix, constructed for the detection of isoniazid in urine and serum
samples, with a focus on tuberculosis treatment. Reproduced with permission: Copyright 2023, Elsevier [74]. (B) Lanthanide MOF-hydrogel-based

ratiometric photoluminescence sensor for on-site visual detection of the carcinoid biomarker 5 hydroxyindole 3 acetic acid. Reproduced with

permission: Copyright 2024, American Chemical Society [80]. (C) Eu-MOF embedded in PEGDA and alginate hydrogel as a wearable sensor for

visual monitoring of cortisol, applicable to conditions such as sleep disorders, depression, and chronic fatigue. Reproduced with permission:

Copyright 2024, American Chemical Society [79]. (D) Encapsulation of enzymes into a defective MOF within a double crosslinked alginate hydrogel

for a miniaturized portable glucose biosensor, enabling smartphone-assisted colorimetric detection of glucose. Reproduced with permission:
Copyright 2022, American Chemical Society [107]. (E) ZIF-8 enhanced hydrogel-based strain sensors for rehabilitation training and improved
patient-caregiver interactions. Reproduced with permission: Copyright 2024, Springer Nature [194]. (F) ZIF-67 incorporated organohydrogel-based
capacitive pressure and temperature sensors for gait analysis and fever monitoring, offering potential applications in healthcare and sports science.
Reproduced with permission: Copyright 2025, Elsevier [198].
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substances. These include toxic gases, heavy metals, pesticide
residues, and spoilage-related volatile compounds. In food sys-
tems, MOF-hydrogel sensors allow real-time monitoring of
freshness and microbial contamination, supporting opportuni-
ties for intelligent packaging and spoilage prevention. In public
safety contexts, such as air quality surveillance and detection of
surface contamination in shared environments, these materials
support rapid and portable sensing solutions.

Among the various sensing modes, optical and electrochemical
MOF-hydrogel platforms are most frequently applied to en-
vironmental, food safety, and public safety monitoring. For
example, a self-propelled fluorescence sensor was created by
integrating ZIF-8 and Fe;O, nanoparticles into a poly(acrylic
acid-co-acrylamide) hydrogel, enabling both detection and
removal of uranium from water, addressing nuclear waste risks
[211]. A Eu-MOF-hydrogel bioreactor with programmable DNA
probes was engineered for smart and portable fluorescence
detection of heavy metal ions in water, offering real-time en-
vironmental surveillance [86]. UiO-66-NH, MOF embedded in
agarose hydrogels enabled the detection of diethyl chloropho-
sphate vapor (a chemical warfare simulant), contributing to
public safety through portable air monitoring [81]. A flexible
gas sensor incorporating Fe-Co MOF within a PVA hydrogel
was developed to detect acetone vapors at room temperature,
aiming to monitor air quality in enclosed and industrial en-
vironments [110].

In food safety applications, MOF-hydrogel sensors have been
employed for detecting spoilage markers, antibiotic residues,
harmful additives, and antioxidant capacity. A dual-emission
fluorescence sensor combining Ru(bpy);>* and UiO-OH MOF
in a smart hydrogel was tailored for visual detection of tri-
methylamine in seafood [83]. A ratiometric fluorescence na-
nosensor encapsulating Rhodamine 6 G within an amino-
functionalized UiO-66 MOF in gelatin hydrogel detected
nitrite in meat products [88]. A portable Cu-MOF/SA hydrogel
SERS platform selectively detected putrescine, a spoilage-
related biogenic amine, in salmon and seawater [125].

Antibiotic detection has also advanced with MOF-hydrogel
composites. Smartphone-compatible optical sensors using Fe/Zr
bimetallic MOFs detected kanamycin and oxytetracycline,
while a ratiometric fluorescence sensor integrating Eu’*/
carbon-dot modified MOF into a gelatin hydrogel for
quantifying ofloxacin and tetracycline [78]. Other examples
include a MOF-hybrid embedded in a nucleic-acid-based
hydrogel for colorimetric detection of sarafloxacin, while a
Eu-functionalized porphyrin-based MOF hydrogel for detection
of sulfonamides in pork and milk, and an enoxacin-loaded Eu-
MOF hydrogel integrated into paper and skin-attached devices
for glyphosate detection [76, 106].

For broader food quality evaluation, MOF-hydrogel composites
have also been used to measure total antioxidant capacity
(TAC) and detect Cu®* contamination and sense Fe** in water
with long-term stability and reusability [105, 126]. Additionally,
a Ce/Zr-MOF hydrogel with dual catalytic pathways was inte-
grated into a wearable hydrogel patch for visual colorimetric
sensing, enhancing on-site public safety [122].

Electrochemical sensors were also explored using MOF-hydrogel
composites. A MOF-derived material in a nitrogen-doped gra-
phene hydrogel enabled sensitive and selective detection of trolox

in complex samples, demonstrating versatility across food, en-
vironmental, and biological contexts [85]. In addition, MOF-
hydrogel beads fabricated by growing HKUST-1 in alginate and
loading tea tree essential oil demonstrated antimicrobial action in
fruit preservation, particularly for fresh-cut pineapple, offering an
environmentally friendly strategy for food spoilage prevention
through controlled release [137].

Figure 9A-E [85, 86, 105, 106, 211] highlights representative
MOF-hydrogel-based sensors for environmental food safety and
public safety applications, demonstrating their versatility
in addressing real-world analytical challenges. Together,
these advances demonstrate the versatility and efficacy of
MOF-hydrogel composite sensors across a spectrum of real-
world scenarios, including the detection of environmental
contaminants, food spoilage, chemical threats, and harmful
additives. Their integration with smartphones, different
substrates, and wearable formats highlights their potential
for point-of-use diagnostics in both resource-limited and
advanced settings.

4.3 | Flexible and Wearable Electronics and
Human-Machine Interface

MOF-hydrogel composites have recently emerged as promising
materials for next-generation flexible and wearable electronics,
as well as HMI technologies. Hydrogels have been extensively
explored in these areas due to their tunable conductivity,
mechanical flexibility, softness, and skin-like properties. By
integrating the structural and functional advantages of MOFs
with the stretchability and adaptability of hydrogels, these
advanced hybrid materials enable the development of advanced
sensing platforms with multifunctional capabilities. Their abil-
ity to adhere to diverse substrates, recover from deformation,
and operate under repeated mechanical stress makes them
robust platforms for long-term, real-world use.

Recent studies show that MOF-hydrogel-based electro-
mechanical sensors are being predominantly explored in these
applications due to their reliable signal output, adaptability to
complex geometries, and compatibility with emerging technol-
ogies such as wearable displays and interactive interfaces. These
developments position MOF-hydrogel composites as key en-
ablers in the growing field of flexible and interactive electronics.

As a representative example, a self-powered wearable keypad
system was developed using an array of ZIF-8 MOF-reinforced
hydrogel-based TENG sensors integrated with a signal
conditioning unit, as schematically illustrated in Figure 10A,
demonstrating its suitability for self-powered HMI [199].
Another study reported the development of bimetallic-MOF-
based tunable conductive hydrogels with artificial epidermis-
like properties. These hydrogels exhibited smooth and respon-
sive interaction with mobile touchscreens without noticeable
delay, underscoring their potential to mimic human skin
functionality (Figure 10B) [96]. Such performance highlights
their promise as artificial e-skin materials for next-generation
flexible electronic sensors, contributing to the advancement of
interactive and adaptive electronic devices. Furthermore, a
cascade catalytic system combining MXene and Fe-MIL-88NH,
MOF enabled rapid, energy-free gelation of highly stretchable,
tough, and conductive hydrogels, designed for wearable
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FIGURE 9 | Example of MOF-hydrogel-based sensors for applications in environmental monitoring, food safety, and public safety. (A) ZIF-8

MOF-hydrogel-based luminescent optical sensor for dual detection of acetylcholinesterase and organophosphates, highlighting its potential for
contaminant monitoring. Reproduced with permission: Copyright 2023, Elsevier [105]. (B) MOF-derived nitrogen-doped graphene hydrogel-based
electrochemical sensor for the sensitive detection of antioxidant Trolox in food, environmental, and biological samples. Reproduced with permission:
Copyright 2024, Elsevier [85]. (C) Magnetically actuated ZIF-8 hydrogel composite micromotor-based fluorescence sensor for uranium detection,
demonstrating fluorescence quenching with increasing uranium concentrations and enhanced performance for radioactive wastewater remediation.
Reproduced with permission: Copyright 2024, Elsevier [211]. (D) Eu-MOF-hydrogel ratiometric sensors for applications in food safety, environ-
mental, and agricultural monitoring, demonstrating glyphosate detection in contaminated food samples, including corn, sunflower seed, soybean,
eggplant, citrus, and tea. Reproduced with permission: Copyright 2025, Elsevier [106]. (E) MOF-integrated hydrogel bioreactor for on-site detection of
heavy metal ions, incorporating target recognition and smartphone-based imaging for portable environmental monitoring. Reproduced with per-

mission: Copyright 2025, Elsevier [86].

electronics due to their exceptional mechanical and electrical
performance [99]. In addition, mechano-responsive MOF-
hydrogel-based sensors have been developed for handwriting
recognition, capable of tracking and distinguishing different
words written on their surfaces. These sensors function as
handwriting sensors, accurately capturing and transmitting
encrypted information, which offers significant potential for
secure communication (Figure 10C) [92, 116, 200]. Notably,
wearable systems of this type can transmit distress signals in
emergencies, serving as vital tools for individuals with limited
mobility or communication abilities.

Together, these developments highlight the high sensitivity,
responsiveness, and multifunctionality of MOF-hydrogel com-
posites, making them promising candidates for advanced HMIs
and assistive technologies.

5 | Challenges and Future Perspectives

Building on the advances surveyed here, several priorities
must be addressed for MOF-hydrogel sensors to move from

laboratory prototypes to reliable devices across health, en-
vironmental monitoring, food safety, and public health. A
comparative overview of advantages, disadvantages, chal-
lenges, and future perspectives for optical, electrochemical,
and electromechanical platforms is provided in Table 6 and
can serve as a practical checklist for study design and
translation.

A key challenge is the integration and dispersion of MOFs
within hydrogel precursors. While some studies report homo-
geneous dispersion under specific conditions, achieving uni-
formity remains difficult across pre-gel solutions of differing
viscosities and rheological properties that depend on monomer
type and solids content. In aqueous or low-viscosity media, slow
or uneven gelation promotes aggregation, sedimentation, and
spatial non-uniformity, which in turn lowers sensitivity and
produces device-to-device variation. Beyond simple mixing,
there is a need for pre-gel rheology control, compatibilizers that
do not block pores or active sites, and in situ growth of MOFs
within forming networks to improve interfacial bonding, spatial
uniformity, and pore accessibility. Reporting standards should
include quantitative analysis of MOF loading, dispersion maps
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FIGURE 10 | Example of MOF-hydrogel-based sensors for applications in electronics and HMI. (A) System architecture of a ZIF-8 MOF-
reinforced hydrogel-based TENG wearable keypad, demonstrating its application as an HMI for real-time interactive computer game control.
Reproduced with permission: Copyright 2023, Wiley [199]. (B) Pressure-sensing behavior of the bimetallic MOF-hydrogel sensor used as a metallic
pen for smart and touchscreens, demonstrating its potential in wearable electronic applications. Reproduced with permission: Copyright 2024,
American Chemical Society [96]. (C) 2D conductive MOF-hydrogel-based self-powered TENG sensor for underwater communication, highlighting
its application in wearable electronics for real-time signal transmission in aquatic environments. Reproduced with permission: Copyright 2025,
Wiley [200].

across area or thickness, and pore accessibility checks by dye batch variation. Additive manufacturing is promising for pat-
uptake or gas sorption after embedding. terned and multiplexed devices but remains underused; print-
ing windows should be defined in terms of ink viscosity, yield
stress, and relaxation times, together with rules for avoiding
sedimentation and sagging.

Scalability and reproducibility remain bottlenecks. One-pot and
mold casting routes are simple but rarely support high
throughput or tight process control. Translation will require
continuous mixing, slot die or blade coating, and roll-to-roll Geometry and mass transport are often under-optimized.

manufacturing with inline metrology for film thickness, swell- Thickness, lateral dimensions, and microstructure strongly
ing ratio, ionic conductivity, MOF loading proxies, and auto- influence diffusion paths and response time. Thicker gels slow
mated rejection of out-of-spec material. Lot traceability, transport and increase lag, whereas thin films, fibers, micro-
statistical process control, and shared reporting of percent rel- needles, porous or microstructured surfaces, and microfluidic
ative standard deviation for key metrics will reduce batch-to- handling layers can shorten paths, stabilize sampling, and
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reduce matrix effects. Future studies need to emphasize quan-
tifying characteristic diffusion lengths, response half-times, and
the coupling between swelling state and signal.

Environmental robustness is another constraint. Hydrogels
dehydrate at elevated temperatures and freeze at low temper-
atures, causing baseline drift in wearables and outdoor use.
Organohydrogel formulations with benign cryo and humectant
additives, together with breathable encapsulation that controls
water loss while allowing vapor transport, can extend operating
windows. Shelf life should be established through accelerated
aging at elevated temperature and humidity with periodic
checks of conductivity, modulus, and sensor baseline.

Electronic transduction presents additional challenges.
Because most MOFs are not conductive, devices often rely on
secondary fillers, introducing extra interfaces and contact
resistance. Progress requires direct incorporation of conductive
MOFs or mixed ionic electronic networks, careful preservation
of pore accessibility and catalytic or optical function during
polymerization, and engineered electrode interfaces or inter-
layers that lower resistance without blocking transport. Re-
porting should include contact resistance, percolation
thresholds, and stability of electrical pathways under repeated
strain and hydration cycles.

Adhesion and interfacial stability are critical in wearables.
Hydrophilic matrices lose adhesion under perspiration and
motion. Solutions include bioadhesive chemistries, topological
interlocking, porous interlayers, and soft packaging to maintain
conformal contact with skin, textiles, or device substrates.
Practical metrics include wet/dry peel strength, water vapor
transmission rate for comfort, and irritation testing on skin
analogs or ex vivo tissue.

Safety and leachability need explicit evaluation, especially for
on-body, food, or biomedical use. Strategies include covalent
anchoring or in situ growth of MOFs inside networks, thin
protective or permselective overcoats, and rigorous extractables
and leachable testing alongside cytotoxicity and irritation as-
says. Metal release limits, residual monomer levels, and solvent
residues should be quantified, and regeneration or end-of-life
pathways should be considered to improve sustainability.

At the system level, effective sensing requires more than optimized
material. Antifouling and permselective overcoats, low-power
electronics, wireless telemetry, and on-device baseline correction
must be integrated with robust calibration in complex matrices.
For optical sensors, lifetime or wavelength encoded readouts
reduce intensity drift; for colorimetric formats, standardized color
cards and phone-to-phone calibration improve portability. For
electrochemical devices, stable solid contact references, differential
channels, and temperature and pH compensation are important.
Data-driven methods and machine learning can support calibra-
tion transfer, drift compensation, and inference under variable
conditions, but should be paired with transparent validation
against reference methods.

Finally, standardization and benchmarking will accelerate progress.
Community protocols for optical stability under ambient light,
mechanical cycling to high cycle counts, humidity and temperature
exposure, fouling resistance in relevant matrices, storage stability,
and biocompatibility will enable fair comparisons across studies.
Future research directions should focus on reporting a minimum
set of performance metrics including limit of detection, linear range,

response and recovery times, hysteresis, drift per hour under
defined humidity and temperature, and operational lifetime under
specified duty cycles.

Looking forward, the tunable surface chemistry, adjustable surface
area and pore size, and diverse metal node configurations of MOFs,
combined with the flexibility, biocompatibility, and tissue-like
mechanics of hydrogels, define a co-design space for sensors that
are selective, sensitive, and mechanically adaptive. Multifunctional
features already demonstrated in MOF-hydrogel systems, including
self-healing, adhesion, and freeze resistance, should be engineered
deliberately to extend service life and enable stable operation in real
environments. With coordinated advances in integration, scale-up,
and quality control, environmental stability, electronic transduction,
adhesion, safety, and system-level analytics, MOF-hydrogel plat-
forms can become durable, reproducible, and integrable sensing
systems for next-generation applications.

6 | Conclusion

This review comprehensively summarizes recent progress in
MOF-hydrogel nanocomposite-based sensors and sensory sys-
tems, underscoring their broad potential across healthcare,
environmental monitoring, food safety, and public health. We
have outlined advances in optical, electrochemical, and elec-
tromechanical sensing, covering material chemistry, fabrication
strategies, sensor architectures, performance parameters, and
application landscapes. Integrating MOFs into hydrogel net-
works enhances mechanical strength, chemical stability, and
thermal durability while imparting multifunctional properties
such as self-healing, adhesion, and freeze resistance. The syn-
ergistic combination of tunable MOF chemistry and the flexi-
bility and biocompatibility of hydrogels creates customizable,
conformable, and highly integrable platforms ideal for advanced
wearable and flexible electronics. Despite these advantages,
real-world deployment remains constrained by challenges in
uniform MOF dispersion, scalable manufacturing, environ-
mental stability, and seamless integration of conductive and
multifunctional architectures. Addressing these issues will
require standardized characterization protocols, innovations in
hybrid material chemistry, and advanced micro-nanofabrication
methods. Looking ahead, coupling MOF-hydrogel sensors with
wireless communication, self-powered operation, and AI-driven
data analytics offers a pathway toward intelligent, autonomous,
and adaptive sensing systems. With sustained interdisciplinary
collaboration, these hybrid materials are poised to play a
transformative role in next-generation high-performance, flex-
ible, and application-adaptive sensing technologies.
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